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in Basaltic Rocks from Northern Kyushu, Japan
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Kiyoshi ISHIBASHI

Abstract

Basic and ultrabasic inclusions are found in the post-Miocene alkali olivine
basalts of the southwestern Japan. A sharp boundary of the most inclusions
with basaltic host rocks and translation lamellae of some constituent minerals
suggest that the inclusions were captured in the solid state by basaltic magmas.
The main constituent minerals of the inclusions are olivine, orthopyroxene,
clinopyroxene, chromite-spinel and plagioclase, All of them are separated
from the host rocks and investigated through chemical and X-ray analyses.

New chemical data of nine spinels, ten olivines, twenty-five clinopyroxenes,
ten orthopyroxenes and five plagioclases are given. Bulk chemical composition
of basaltic and limburgitic host rocks and also chemical composition of five
inclusions are presented.

On the grounds of the mode of occurrence, petrological and chemical char-
acters of constituent minerals, as well as geotectonic considerations, the basic
and ultrabasic inclusions from southwestern Japan can be divided into two
groups on account of the assemblage of silicate and oxide minerals as follows:

(1) The green type inclusions, i.e. the group of dunite, Cr-diopside

peridotite, Cr-pyroxenite and anorthite-bearing Cr-pyroxenite.

(2) The black type inclusions, i.e. the group of Al-pyroxenite, olivine

gabbro and olivine-free gabbro.

The green type inclusions are probably derived from the upper mantle
materials brought up with basaltic magma, whereas the black type inclusions
are formed on one hand by the reaction of the green type inclusions with the
enclosing basaltic magma, and on the other hand, a part of them is formed
by settling of early formed crystals in the basaltic magma.

The zonal distribution of the basic and ultrabasic inclusions and acid
xenolithes in the post Miocene basaltic rocks is discussed briefly on the basis
of geotectonic model of the Japanese Islands.
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I. Introduction

The basaltic magmas may be produced in the upper part of the mantle by
sudden release of pressure (YoDER and TILLEY, 1964) or by the elevation of
temperature which exceeds over the melting point of the mantle materials. The
magma, however, does not always exist in the mantle but it occurs in definite
time and in definite scale. In recent years the basic and ultrabasic inclusions in
the basaltic rocks have become more and more important to study the generation
of basaltic magmas. The reason is essentially due to the assumption that basaltic
magmas are produced by the partial fusion of the mantle materials, and basic
and ultrabasic inclusions in basaltic rocks are unmelted part of the mantle ma-
terials or residue of the mantle matter brought up with basaltic magmas.
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It is, however, impossible to see the mantle at present. For this reason,
the great efforts have been made by geologists, geochemists, petrologists and
geophysicists to find out the information about the mantle by various methods of
investigations of the basic and ultrabasic inclusions in basaltic rocks.

Many authors have discussed the origin of olivine-rich inclusions in basaltic
rocks in connection with host rocks. Essentially the discussions can be divided
broadly into two groups; one is the hypothesis of cognate origin and the other is
that of accidental one. They are still in controversy. The former hypothesis is
based on the fabric, mineralogical composition and mode of occurrences of the
inclusions, as has been maintained by LACROIX (1982), TURNER and VERHOOGEN
(1951), BROWN (1955) and SEARLE (1960).

They considered that the olivine-rich inclusions are formed by the accumula-
tion of crystals in the early stage from the enclosing basaltic magma and/or
related magmas. Olivine-rich inclusions are, however, usually found in alkali
basalts and/or basic volecanic rocks with alkaline affinity and almost absent in
the tholeiitic basalts (KuNo, 1960; WHITE, 1966).

Ross et al. (1954), DERIU (1959) and WILSHIRE and BINNS (1961) have
pointed out that, in spite of the great variability in the chemical composition of
basaltic host rocks, the olivine-rich inclusions in them show a remarkable uniform
composition of constituent minerals. The distribution of the inclusions is
world-wide scale. This argument has no agreement with the hypothesis of
crystal accumulation.

The latter hypothesis is based on the similarity of the chemical composition
of constituent minerals, the texture and the shape of world-wide distribution of
the inclusions. (Ross et al., 1954).

WILSHIRE and BINNS (1961) have suggested that the inclusions are the frag-
ment of unmelted mantle materials brought up with basaltic magmas.

The relation between the packing index and 2-Si of constituent clinopyroxene
of olivine-rich inclusions, as well as the same relation of intrusive peridotite, was
discussed by YAMAGUCHI (1964). He pointed out that the clinopyroxene of
olivine-rich inclusions in basaltic rocks has high packing index and high 2-Si,
whereas the clinopyroxene of intrusive peridotite has low packing index and low
2-8i, and accordingly he concluded that olivine-rich inclusions in basaltic rocks
come from deeper part of the upper mantle than those of intrusive peridotite.

Recently in the study of the basic and ultrabasic inclusions in basaltic rocks
from Hawaiian islands, WHITE (1966) has pointed out that olivine nephelinite is
characterized by lhezolite inclusions, whereas alkali olivine basalt has inclusions
of dunite, wehrlite and gabbro. Olivine tholeiite has a small amount of plagio-
clase peridotite. From these facts WHITE (1966) concluded that the origin of
olivine-rich inclusions in basaltic rocks has more than one origin.

For the purpose of clarifying the problem, I have been engaged in the
petrological and mineralogical studies of the basic and ultrabasic inclusions in
basaltic rocks from northern Kyushu for these several years. The research has
been concentrated on the chemical behaviour of constituent minerals, bulk chem-
ical composition of olivine-rich inclusions, as well as bulk chemical composition
of basaltic host rocks. In this paper the results of the studies are given with
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some petrogenetic discussions.
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II. Geological setting and petrography of basic and
ultrabasic inclusions in basaltic rocks

The petrography of the Cenozoic basaltic rocks from San-in and northern
Kyushu and geology of these areas have already been studied by several authors
(AOKI1, 1951; MATSUMOTO, 1960; OJI, 1960a, 1960b, 1961a, 1961b, 1962, 1964;
YAMAGUCHI, 1964). Therefore in the present paper only the description is given
for the samples used in this study.

The basic and ultrabasic inclusions occur in the basaltic rocks which are
usually exposed in a small scale mostly near volcanic necks or eruption vents.
Various rock types of basic and ultrabasic inclusions described in this paper are
collected at the following localities in southwestern Japan (Fig.1):

1) Takashima island, Karatsu City
2) Kurose in Hakata Bay, Fukuoka City
3) Ogusoyama, Shimane Prefecture

At each locality, the samples have been collected from a selected single lava

flow.

A. Basic and ultrabasic inclusions from Takashima island

Takashima is a small island in Karatsu Bay, with about 8 km in circum-
ference, composed of pre-Tertiary granodiorite, granite and small dykes of
lamplophyre and Pleistocene basaltic flows unconformably covering the granitic
rocks. Thick beds of scoriaceous tuff and volcanic bombs are also found in the
southwestern cliff of the island. The basalt flows commonly contain basic and
ultrabasic inclusions, which are up to 20-30 cm in diameter, and also xenolithes
of the basement rocks.

Modal abundance of basic and ultrabasic inclusions in basaltic rocks from
this island has already been described by YAMAGUCHI (1964). The inclusions
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Fig. 1. Distribution of basic and ultrabasic inclusions in basaltic rocks from south-
western Japan, complied from AovyAMA (1942), HARUMOTO (1951, 1952), OJI (1961a,
1961c) and YAMAGUCHI (1964).

have a wide range in modal composition from dunite through peridotite and
pyroxenite to gabbro. In this paper they are divided into seven types as follows:

Dunite

Cr-diopside peridotite
Cr-pyroxenite
Anorthite-bearing Cr-pyroxenite
Al-pyroxenite

Olivine gabbro black type inclusion
Olivine-free gabbro

green type inclusion

O TN

Dunite, Cr-diopside peridotite, Cr-pyroxenite and anorthite-bearing Cr-
pyroxenite contain spring green to grass green pyroxenes. Olivine gabbro,
olivine-free gabbro and Al-pyroxenite have pyroxenes of pitch black to brownish
black varieties. Thus we can easily classify the inclusions into two groups, the
green type and the black type as defined above.

Gigantic phenocrysts of pitch black augite and hypersthene (Aovama, 1942;
ISHIBASHI, 1962) up to 6 cm in diameter are also found in the basalt (Plate 18,
Figs.1 and 2). A few crystals of kaersutite are found in the same basaltic lava
flows (KuUNoO, 1964). In addition to the gigantic phenocrysts, there are smaller
crystals of olivine and augite which appear to be ordinary phenocrysts of the
basalt.
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a) Dunite

It consists essentially of olivine and chromite with a small amount of
Cr-diopside and with or without Cr-enstatite (Plate 20, Figs.5 and 6). The
amount of chromite in dunite ranges from one to twenty per cent. The zonal
band of chromite and olivine is always recognized. The chromite is euhedral
with reddish color. The olivine in dunite is usually 0.8-4 mm, sometimes
reaches 2-3 cm in length. The crystals are fresh with light green color. In
thin section olivine is transparent and homogeneous with some inclusions of
chromite, rutile and some other oxide minerals. Translation lamellae are some-
times observed (Plate 24, Fig. 12).

b) Cr-diopside peridotite

This rock consists largely of Cr-diopside and olivine with a small amount
of Cr-enstatite and chromite. The amount of olivine varies from about ten to
ninety per cent. Some Cr-diopside peridotite shows distinct foliation or banded
texture due to different concentration of olivine in layer of variable thickness
ranging from a few milimeter to several centimeters. Olivine and orthopyroxene
show undulated extinction and have translation lamellae, suggesting that the
rock underwent the deformation in the solid state.
¢) Cr-pyroxenite and anorthite-bearing Cr-pyroxenite

These rocks consist of a large amount of Cr-diopside and a small amount
of Cr-enstatite (Plate 25, Fig.23). Olivine may or may not be present. Spinel
occurs in a small amount. In some Cr-pyroxenite, anorthite is present about
five per cent in volume. Rhythmical layering of plagioclase and Cr-pyroxene
is recognizable in some pyroxenite (Plate 19, Fig. 3). Dustic inclusions of rutile,
chromite and some other oxide minerals are discernible in Cr-diopside or Cr-
enstatite.

d) Al-pyroxenite

This rock consists of pitch black Al-augite, Al-hypersthene and a small
amount of olivine and aluminous spinel. Al-augite is somewhat rich in TiO,
and Al-hypersthene shows distinct pleochroism in thin section.

Spinel is dark green and/or almost translucent. Al-pyroxenite is often
formed around dunite, Cr-diopside peridotite and Cr-pyroxenite as a reaction
rim (Plate 24, Figs. 17 and 18). Both Al-augite and Al-hypersthene are partly
decomposed at the margin of the crystals to fine-grained aggregate of olivine,
augite, pigeonite, plagioclase and opaque minerals. The same phenomenon is
observed in large phenocrystic augite and hypersthene (Plate 24, Figs. 19 and 20;

Al-augite and

euhedral crystals of
Al-hypersthene

. . L, o*e ,
r-diopside peridotite Nitg
Fig. 2. A sketch showing the relation between Al-pyroxnite and Cr-
diopside peridotite.
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Plate 23, Figs. 13 and 14).

Figure 2 shows the relation between peridotite and Al-pyroxenite; the core
is peridotite, the outer zone is Al-pyroxenite. In the outermost part, euhedral
crystals of Al-augite and Al-hypersthene are developed, having crystal faces of
a(100), u(111), m(110), ¢(001) and b(010).

B. Gabbro and dunite in the basaltic rocks from Kurose in Hakata
Bay, Fukuoka City

Kurose near Genkai-jima island in Hakata Bay is the locality of pyroclastic
rocks, scoriaceous rocks and basaltic flows. The basement is not exposed.

Basic and ultrabasic inclusions occur in basaltic lava flows and also in
pyroclastic rocks. Banded gabbro and dunite are the most predominant. Cr-
diopside peridotite and Cr-pyroxenite are also found in the same basaltic rocks,
although they are small in size and very scanty in amount.

a) Olivine gabbro and olivine-free gabbro

Gabbro shows wide variation in modal composition from allivalite to Al-
pyroxenite even within a single rock specimen due to the variable amount of
plagioclase. Zonal arrangement of mafic and felsic minerals is common (Plate 19,
Fig. 4).

In the dark part, Al-augite and Al-hypersthene are predominant, while in
the white part, plagioclase is the main constituent. A small amount of aluminous
spinel is also present together with or without olivine. Under the microscope,
the spinel shows deep green color and euhedral outline. Myrmekite-like texture
of spinel and pyroxene (symplectite ?) is observed.

b) Dunite

The dunite from Kurose shows the same mineralogical composition and mode

of occurrence as the dunite from Takashima.

C. Peridotite inclusions in the limburgite from Ogusoyama, Shimane
Prefecture

Ogusoyama is a small rise, about 15 km SSE of Hamada City in the western
part of Shimane Prefecture. Limburgite occurs at the top of the hill with the
thickness of about 60 meters, lying on granodiorite and Palaeozoic formations.
Limburgite is gray to black in color and porphyritic with a large amount of
olivine and clinopyroxene as phenocryst. The groundmass is composed of olivine,
augite, magnetite, apatite and glass with or without sodic plagioclase. Dunite
and peridotite inclusions up to 10 ecm in diameter are found in the limburgite
mass, and it is easy to collect them where the host rock has altered to soil by
weathering. Most of my samples were collected in the altered limburgite near
the top of the hill, but olivine-rich inclusions are fresh enough to be supplied for
chemical analyses. In thin section olivine is strongly striated, shows wavy
extinction, and sometimes has translation lamellae. Diopside and augite have
pleochroism. Each constituent minerals of these inclusions have been affected
at the margin by basaltic magma. Namely, olivine has changed to fine mosaic
aggregate of olivine, plagioclase and pigeonite. Augite shows a spongy texture
(YAMAGUCHI, 1964).
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II1. Optical properties of constituent minerals and modal
composition of basic and ultrabasic inclusions

The modal analyses of constituent minerals in basic and ultrabasic inclusions
have been done by ordinary method of volumetry by using a line integrator, and
the results are set in Table 2 and in Fig. 3. The optical properties of constituent
minerals are shown in Table 1.

Table 1. Optical properties of constituent mineral in basic and ultrabasic
inclusions and phenocrysts of basalts.

No. spinel olivine clinopyroxene orthopyroxene | plagioclase
1 reddish Nx=1.652 Ny=1.679—1.684 Nx=1.664 non
brown Nz=1.604 2Vz=5b4 Nz =1.684
2 reddish Nx=1.648 Ny=1.677—1.682 Nx=1.664 non
brown Nz=1.693 2Vz=53 Nz=1.681
reddish Nx=1.649 Ny=1.676—1.680
3 | brown Nz—1.693 | 2Vz=54 non non
4 reddish Nx=1.646 Ny=1.677—1.682 Nx=1.664 non
brown Nz=1.692 2Vz=>55 Nz =1.682
5 reddish Nx=1.650 Ny=1.676—1. 682 Nx=1.662 non
brown Nz =1.694 2Vz=>54 Nz=1.681
Nx=1.657 Ny=1.682—1.686 Nx=1.665
6 | brown Nz=1.704 | 2Vz=48 Nz=1.683 hon
Nx=1.660 Ny=1.679—1.685 Nx=1.666
7 non Nz=1.711 | 2Vz=51 Nz=1.688 non
8 reddish Nx=1.653 Ny=1.683—1.689 Nx=1.663 non
brown Nz =1.698 2Vz=>54 Nz =1.684
reddish Nx=1.648 Ny=1.684—1.691
9 brown Nz =1.691 2Vz=51 non non
Ny=1.680—1.685 Nx=1.671
10 non non 2V2=50 Nz—1.692 non
reddish Ny=1.675—1.683
11 brown non 2Vz—E2 non non
reddish Ny=1.683—1.688 Nx=1.671
121 prown non 2Vz—=52 Nz—1.692 non
Ny=1.683—1.687 Nx=1.670
13 non non 2Vz=53 Nz=1.692 non
14 reddish non ;\I\; z:= 15(? 83—1.686 II:II;{ - % %615 non
trans- Ny=1.692—1.702 Nx=1.675
15 lucent non 2Vz=54 Nz =1.702 non
grass Ny=1.685—1.690 Nx=1.670 Nx=1.570
16 | Green non 2Vz—54 Nz=1.690 Nz—1.585
17 greenish non Ny=1.684—1.689 Nx=1.677 Nx=1.554
brown 2Vz=53 Nz=1.693 Nz =1.569
grass Ny=1.683—1.689 Nx=1.688 Nx=1.572
18 | green non 2Vz=53 Nz=1.709 Nz=1.588
19 trans- Nx=1.65b Nx=1.690—1. 698 Nx=1,678 Nx=1.547
lucent Nz=1.702 2Vz=>54 Nz=1.701 Nz =1.561

As is clear in Figure 3, the basic and ultrabasic inclusions show a wide
range in modal composition but their optical properties (Table 2) and chemical
composition (Tables 9, 10, 14, 16) of each constituent minerals, such as olivine,
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Table 2. Modal analyses of basic and ultrabasic inclusions in basaltic rocks

SpeI\cIioITlen spienl |olivine | clino-px. | ortho-px. 1:}13%2- locality rock type
1 3 M 3 0.1 0 Takashima
2 8 88 3 1.0 0 Takashima ;: dunite
3 15 83 2 0 0 Takashima
4 1 83 8 8 0 Takashima
5 20 75 5 0.1 0 Takashima } Cr-diopside
6 1 59 35 5 0 Takashima [ peridotite
7 1 30 59 10 0 Ogusoyama
8 8 5 13 0 Takashima
9 0.1 5 94.9 0 0 Takashima
10 0 0 96 0 Kurose
11 0.1 0 99.9 0 0 Takashima } Cr-pyroxenite
12 trace 0 95 5 0 Takashima
13 0 0 90 10 0 Takashima
14 0.1 0 70 30 0 Takashima
15 2.5 0 82.5 15 0 Takashima .- Al-pyroxenite
16 0.1 o0 75 20 4.9 | Takashima | %’;‘_’;’;ﬁgﬁ;‘;ﬁgﬂg
17 0.1 0 40 20 33.9 | Takashima
18 2 0 23 25 50 | Kurose } Gabbro
19 phenocryst minerals in basaltic rocks Takashima Basalt

Pyroxenite
or
(herzburgite)

PL

Fig. 8. Modal composition of basic and ultrabasic inclusions in basaltic
rocks used for the present work. The content of spinel is exculded.
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orthopyroxene and clinopyroxene are not so different from a specimen to another,
except in the case of Al-pyroxenite and some gabbros which are probably formed
by the crystals accumulation of basaltic host magmas.

The modal frequency of basic and ultrabasic inclusions in basaltic rocks
from southwestern Japan is shown in Table 3.

Table 3. Frequency of rock types of basic and ultrabasic inclusions in
basaltic and limburgitic host rocks from southwestern Japan
(Nos. 1-6, YAMAGUCHI 1964, Nos. 7 and 8 are new mesurments).

o olivine

No. localities and host rock dunite |peridotite %fﬁ; 22}‘)’1‘;}2 gsfxll‘)%i .
I S AR 0 15 15 30 40
2 83;;‘{,?3;@5 Meyama 0 100 0 0 0
3 (Sﬁl%gar;ogzltg)a and Kajikoyama 08 0 9 0 0
4 (I;I)?é:gi(:eaggs;tlst)em’imns 0 20 80 0 0
5| Qlbereite 5 | o | 5 | o0 | o
6 E)ﬁf/?zsé basalt) 70 1 1 0 28
7 E}%l;?rslgir)?;saa}gd its environs 40 39 14 0 12
8 (Iglglglsrlllér%z Sz;rlxg its environs 0 0 0 10 90

IV. Chemical and X.ray analyses

A. Preparation of sample for chemical and X.ray studies

For the purpose of clarifying the paragenesis, the chemical composition, and
the distribution of elements of co-existing minerals within the same fragment,
a single block about 1 Kg to 2 Kg in weight of basic and ultrabasic inclusion is
treated by the following method.

As the marginal part of the inclusions had always been altered to some
extent, the surface was completely peeled off. The block was crushed to the
grain size of 100-150 mesh. The pulverized materials were washed with water
and after that washed again with alcohol, and were dried. From the dry materials,
the constituent minerals, such as spinel, olivine, orthopyroxene, clinopyroxene
and plagioclase were separated by using Frantz isodynamic separator. By
repeating this procedure, the pure sample of olivine, orthopyroxene, clinopyroxene
and plagioclase were obtained.

In the separation of spinel, however, a small amount of olivine or some other
silicate minerals still remained as impurities. To get a pure sample of spinel,
therefore, the material was treated with mixture of perchroic and hydrofroric
acids at temperature 70-80°C in platinum dish. By this treatment silicate

minerals were completely dissolved and an almost pure sample of spinel was
obtained.
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The phenocryst minerals in the basaltic rocks are larger enough for chemical
analyses even with a single crystal. All of the analyses of phenocryst minerals
in this study were done by using one colt of crystal, or several cleavage flakes of
a single crystal.

B. Method of chemical analyses of silicate minerals

The ordinary method of silicate analyses described by HILLEBRAND and
LUNDEL (1929), WASHINGTON (1930) and IWASAKI et al. (1958) was modified a
little by the writer in the present study. The scheme of analysis is shown in
Table 4.

Table 4. The scheme of analysis for silicate minerals and rocks

(SAMPLE 400-500 mg.)

Na,CO; fusion
add. HCl and H;0, evaporate up
add. HC], digest and filter, wash with 5% HCl

Si0, F
1 ignite and
weight

add. NH,Cl and NH,OH
filter, wash with 5% NH,Cl

R;Oa ignite and weight F

fusion with Na,0, add. (COOH); and NH,0H
iga}*.\IhI ((:iltuzlslzle after 4 hoursz, filter wi4th
1 L1gest, 1G-4 glass filter
add. centrlftl:xlgal ‘

separation ]

100 ml. volume- Ca0  KMnO, F

tric flask titration add. (NH,),HPO,
and NH,OH
after 12 hours, filter
wash with 5% NH,OH

10ml. 10ml. MgO+MnO F
—Si0; Cr;03 ignite and weight

colorimetry colorimetry

—25ml. Na,0
_25ml. K,0 } flame photometry
(lg)——— 250 ml. volumetric —|
evaporate flask 1ml. T.Fe;0s
to fumes —25 ml. Cr;0s colorimetry
—25ml. TiO,
—2.5ml. P205
H,SO,+HF
SAMPLE (300-500 mg) FeO

KMnO, titration
Al;0;=R;03—(P:05+Ti0s+ Cry05+T.Fes03+Si0; co1.)
MgO=(MgO+MnO)wt. —MnOco.

C. Method of chemical analyses of spinel and chromite

We cannot break down spinel or chromite completely with sodium carbonate
fusion. Potassium pyrosulphate or sodium peroxide fusion is undesirable be-
cause of subsequent treatment. Therefore a new method of analysis for spinel
and chromite is required. Table 5 shows the new procedure of analysis for
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Table 5. The scheme of analysis for spinel and chromite

(SAMPLE 300-400 mg)

Na;CO3+By03 (10 : 1) fusion
add. HC] and H,0, evaporate up
add. conc. HCI and H,0, digest and filter

Si0, F

ignite and weight
add. H,SO, and HF, weight

add. NH,Cl and NH,OH
filter, wash with 5% NH,Cl

Rzos——————’Rle::. II?
HCI solv. add NH,Cl
add. NH,OH, filter

wash with 5% NH,CI

|

add. (COOH)2 and NH4OH
after 4 hours filter with
1G-4 glass filter

R.0s F  Ca0
ignite and weight KMnO, tritration dd. (NH,),HPO d
after weighting agg. 4)2 4 an
N2,CO; fusion (I;Ié?rOH after 12 hours
add. H,0, digest
and filter
T.Fe;05+ TiO; F MgO+MnO F
KHS,0; fusion 200 ml. volumetric add. H,SO4 and solv.
%200, 1so]v, flask add. (NH,);S;:05 and AgNO;
ml. .
yolumetric 150 ml. 20ml, 20m1 MBO colorimetry
flas add. H,SO, add. HCIO, and HCI, evaporete
1510ml 20rlnl add. FeSO, to fumes CrO,Cl, evaporation
: : KMnO, Na,CO; fusion, add. H,O and solv.
Zn-amalgam ’ H,0, titration add. (NH,)sMo;0s,
lg&c:l:%l; TiO, . Cr,03 Si0; colorimetry
titration colorimetry add. (NHy)sMo;054 and SnCl
T.Fez()a

P;05 colorimetry
A1203= RzOs—(T.FGzOs-I' Ti02 + Cr203+ Si02 col.)

spinel and chromite devised by myself. This treatment was repeatedly tested by
different analysts using the same sample and the results in good agreement with
one another. The ferric iron content could not be determined by this method.
Accordingly, FeO was calculated by the formula for spinel RO:R,0,=1:1.
In the present case RO=FeO+MgO+MnO and R,0;=Fe,0;+Cr,0;+ Al,05+
Ti0,+Si0,.

D. List of analysed sample
Chemical analyses have been made on the constituent minerals of eighteen
basic and ultrabasic inclusions, and all of them are listed in Table 6 (Nos. 1-18).
Additional analyses are also made on the phenocrystic minerals (gigantic

phenocrysts) of inclusion-bearing basalts, which are listed in the same table
(Table 6, No. 19).

E. Chemical composition of constituent minerals
a) Spinel group
The spinel group has a number of end-members, but they occur in a limited
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Table 6. List of analyzed samples
Speﬁlig.lens spinel olivine clino-px. ortho-px. plagioclase

1 1-A 1-B 1-C — —

2 2-A 2-B 2-C — —

3 3-A 3-B — — —

4 4-A 4-B 4-C 4D —

5 5-A g:g; 5-C 5-D -

6-C,

6 — 6-B 6-C. — —

7 — 7-B -C 7-D —

8 — 8-B 8-C 8D —

9 — — 9-C — —
10 — — 10-C — —
11 — — 11-C — —

— — 12-C; — —
12 12-C,
13 — — 13-C 13-D —
14 — — 14-C 14-D —
15 15-A — 15-C 15-D —
16 — — 16-C 16-D 16-E
17 — — 17-C 17-D 17-E
. 18-C, . .
18 18-A 18-Cy 18-D 18-E
T
19 - 19-B 19-Cs - 15
19-C, e
19-Cs

Specimen numbers are the same as in Table 1.

extent in natural rocks. The principal end-members of spinel group discussed in

this paper are tabulated as follows:

FeOFe.0; magnetite
MgOFe,0; magnesioferrite
FeOFe;0; magnetite
MgOFe,0; hercynite
FeOCr;0; chromite
MgOCr;0; magnesiochromite

} magnetite series
} spinel proper

} chromite series

1) Chemical composition of spinel group
Table 7 shows the results of chemical analyses of spinels in the basic and

ultrabasic inclusions in basaltic rocks.

Two analyses of chromites (Nos.1 and

2) in serpentinite from Shigiyama Mine, Ehime Prefecture, Japan are shown
The host rocks of Nos.3 and 4 are dunites, Nos.5 to 7 are
peridotites and No. 8 is aluminous pyroxenite which is formed around peridotite

for comparison.

inclusions (Fig. 2).
rated from banded gabbro from Kurose.

They are collected from Takashima island. No. 9 is sepa-
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Table 7. Chemical composition and lattice constant of spinels in the

No. ! 2 (1—3A) (2—4A)
Si0, 0.04 0.30 0.01 0.62
TiO, 0.50 0.50 0.60 0.69
ALO; 6.63 5.46 9.01 8.24
Cry0; 56. 00 55.81 48.17 47.60
Fe;0; 10.40 12.03 16.05 16.63
FeO 14.11 13.15 11.80 12.22
MnO 0.04 0.15 0.30 0.12
MgO 12.54 12.89 14.41 14.27
CaO tr. tr. 0.01 tr.
Na, 0 nd. nd. nd. nd.
K,0 — — — —
P05 tr. tr. 0.01 tr.
Total 100.26 100.29 100,37 100.39
Si — 0.050 — 0.155
Ti 0.095 0.095 0.126 0.140
Al 2.063 » 15.901 1.713 % 15.876 2.764 % 16.018 2.480 % 15.703
Cr 11.680 11.639 9.956 9.796
Fe*s 2.063 2.879 3.172 3.132
Fe 4.983 2.902 2.575 2.743
Mn —] 8.094 0.046] 8. 054 0.063] 7.914 0.016} 8.292
Mg 3.111 5.106 5.2176 5.533
0=32.000 2,=8.342A 2,=8.342A 2,=8.341A 2,=8.341A

No. 1 and No. 2 are in the serpentinite from Shigiyama Mine.
No. 3 and No. 4 are in the dunite from Takashima.

No. 5 is in the Cr-diopside peridotite from Takashima.

No. 6 is in the dunite from Takashima.

Atomic ratios calculated from the formula of spinel on the basis of 0=32.000
are shown in Table 7. The Al,0,-Cr,0,-Fe,O; ratios are plotted on the tri-
angular diagram as shown in Figure 4. As is clearly shown in this figure, the
spinels in serpentinite are comparatively rich in Cry0; (chromite-picrochromite),
and the Cr,03 content gradually decreases its amount from dunite through
peridotite to pyroxenite. The compositional change of host rocks is reflected to
the gradual replacement among Cry0;, Al,0O; and Fe,O4 contents in the chromite-
spinel series. On the other hand, it is noticeable that the spinels in Al-pyroxenite
and gabbro are rich in Al,Oy (hercynite-spinel proper). Al,O; is replaced only
by Fe,O4 in spinel-magnetite series. Therefore the spinels in Al-pyroxenite and
gabbro tend to have their compositions close to magnetite-spinel composition
line (Fig.2).

Extensive studies of oxide minerals in volcanic rocks from Japan were
undertaken by IWASAKI and KATSURA (1950). They have concluded that the
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basic and ultrabasic inclusions in basaltic rocks (anal. K. Ishibashi)

5 6 7 8 9
(5-A) (3-A) (4-A) (18-A) (15-A)
0.23 0.58 0.51 0.25 0.22
0.59 0.64 0.38 0.41 0.81
11.49 12.84 10.01 49.26 42.73
46.16 42.05 30.97 5.05 1.04
14.40 16.61 34.65 15.20 24.00
11.30 13.58 4.10 11.30 15.19
0.49 0.03 0.07 0.40 0.43
15.02 14.10 19.57 18.59 15.48
tr. tr. tr. tr. tr.
nd. nd. nd. nd. nd.
— nd. nd. nd. nd.
tr. tr. tr. tr. tr.
99. 68 100.43 100. 26 100. 46 99.90
0.062 0.125 0.135 0.051 0.054
0.123 0. 122] 0.075 0.065 0. 136]
3.483 > 15.816 3.817 » 15. 698 2,942 % 15.790 12.461% 15.879 11.363 » 15.811
9.872 8.458§ 6.124 0.851 0. 190;
2.775 3.176 6.514 2.451 4,068
2.402 2. 885 0.857 2.038 2.861
0. 108} 8.185 —} 8.274 0. 015] 8.213 0. 077} 8.114 0. 081} 8.190
5.675 5.389 7.340 5.999 5.248
2,=8.299A a9=8.298A a,=8.204A 20=8.119,A ao=8.3424

No. 7 is in the Cr-diopside peridotite from Takashima.
No. 8 is in the banded gabbro from Kurose.
No. 9 is in the Al-pyroxenite from Takashima.

oxide minerals of voleanic rocks are mostly of magnetite-ilmenite composition
with less than two percent of Al,O; and Cr,0;.

Recently AoKI (1966) has reported a large phenocrysts of magnetite which
has a higher content of Al,0; in trachyandesite from Madara-jima island, about
15 km northwest of Takashima island. He has demonstrated that the solubility
of (Mg, Fe)Al, O, molecule in magnetite is increased with increasing pressure.
Some basalts from northern Kyushu contain large phenocrysts of magnetite,
the content of Al,0; reaches more than eight per cent (ISHIBASHI unpublished
data). The compositional range of natural spinels in various kinds of host rocks
is summarized and is shown in Fig.5. From this figure, immiscible gaps are
conceivable among the chromite-spinel-magnetite series in the igneous and
metamorphic rocks.

WARSHAW and KEITH (1954) showed experimentally that complete solid
solution exists between MgCr,0, and MgAl,0, at the temperature between 510°C
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Fezo3 magnetites

A0z spinel chromite Cr203

Fig. 4. Anelyzed spinels are plotted in Cr;03;-Al;0;-Fe;03 triangular
diagram. The number is the same as in Table 4.

Magnetite

andesites and
rhyolites

Tl

Spinel Chromite

Fig. 5. The compositional relation of spinels and their host rocks.

and the solidus. WINCHELL (1951) suggested that in natural spinel group, Fe
replaces Al or Cr probably to a limited extent whereas Al can be replaced by Cr
in any proportion. Accordingly, the spinel group includes two minerals; the
spinel and the magnetite. The relation between spinel group and other silicate
minerals will be discussed in another chapter.

2) X-ray analyses of spinel group

X-ray powder diffraction patterns of the spinels from Takashima island
together with those from some other localities have been obtained by X-ray
diffractometer using silicon as an internal standard. The lattice constants for
these spinels are calculated from X-ray powder pattern. The result is shown



Basic and Ultrabasic Inclusions in Basaltic Rocks 101

Table 8. X-ray powder data of chromite from Takashima
(Table 7, No. 6)

2fens. dA Qubs. Qute. | WP | i I
95.94 1.0370 0.9299 0.9295 4 800 3
90.92 1.0807 0.8562 0.8569 7 { o8 3
74.98 1.2656 0.6243 0.6245 -2 533 2
63.40 1.4658 0. 4654 0.4648 6 400 5
57.70 1.5963 0.3924 0.3921 3 { 38 5
54.10 1.6937 0.3486 0.3485 1 422 3
43.60 2.074 0.2325 0.2824 1 400 7
35.82 2.505 0.1504 0.1597 -3 311 10
30.44 2.934 0.1162 0.1161 1 220 4
18.46 4.802 0.0434 0.0435 -1 111 4

Unite cell dimension, a,=8.297;A. Conditions: CuKe, Ni-filter, 35 KV., 15mA.
Scanning speed, 1/2 deg./min. Chart speed, 10mm/min. Slits, 1-1-0.2. Time con-
stant, 4 seconds. Count full scale 1000 cts./sec.

in Table 7 together with their chemical compositions. As an example, a detailed
result of X-ray analysis is given in Table 8.

The relation of unit cell dimension and chemical composition is in good
agreement with those of previous works (STEVENS, 1944; KITAHARA, 1954).

b) Olivine

1) Chemical composition of olivine

Olivine is one of the main minerals of dunite, peridotite and some kinds of
gabbros. Chemical compositions of olivines in these kinds of inclusions are set
in Table 9. The atomic ratios calculated on the basis of 0=4.000 are also shown
in the same table. .

No remarkable chemical differences among various rock types of inclusions
are observed. The Fa contents of olivine range from Fay—Fa,g4 the compositional
range is in good accordance with the results of Ross et al. (1954), WILSHIRE
and BINNs (1961) and WHITE (1966).

2) NiO content in olivine

NiO content in olivine is determined with SANDEL’s method (1950) using
dimethylglyoxim procedure. The results of analyses are shown in Table 9.

RINGWO0OD (1955) has pointed out that in the system of Ni,SiO, and Mg,SiO,
the gystem is binary from Mg,SiO, to MgNiSiO,, but between MgNiSiO, and
Ni,SiO4 the crystal melts incongruently with precipitation of NiO.

Olivine from basic and ultrabasic inclusions always contains up to eight
per cent of Fe,SiO, molecule which is capable of lowering the crystallization
temperature. In such a condition Ni,SiO; (m.p. 1640°C) may be crystallized
into the olivine solid solution.

Figure 6 shows the relation of MgO and NiO contents in olivines from
northern Kyushu. The contents in olivines from Hayachine, Miyamori, Horoman
(ONUKI, 1965) and Mt. Albert (JAMBOR and SMITH, 1964) are also plotted for
comparison.
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Table 9. Chemical composition of olivines (anal. K. Ishibashi)

No. 1 2 3 4 5 6 7 8 9 10

("-B) (6-B) (5-By (-By) (@2-B) (1-B) (B-B) (-B) @4-B) (19-B)
Si0; 38.66 38.76 39.11 39.51 39.75 39.94 39.99 40.25 40.26 40.30
TiO; 0.01 0.00 001 001 001 0.01 001 0.01 0.01 0.08
Al,04 0.62 0.32 0,61 0.48 0.02 0.47 0.36 0.11 0.04 0.55
Cr;0; 0.09 nd. 0.03 0.06 0.07 0.05 0.04 0.05 0.07 0.03
Fe,03 2.40 1.46 1.37 2.14 1.17 1.68 1.48 0.65 1.55 2.76
FeO 11.89 10.50 8.44 8,40 8.8 7.1 9.1 9.68 8.45 7.99
NiO 0.11 nd. 0.11 0.25 0.51 0.14 0.47 0.48 0.13 0.13
MnO 0.21 0.15 0.10 0.08 0.16 0.14 0.16 0.16 0.15 0.11
MgO  45.65 48.50 49.92 49.28 49.32 49.95 48.57 48.53 49.12 48.10
Ca0 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Na,0 0.04 0.09 0.04 0.03 0.01 0.05 0.03 0.01 0.02 0.03
K,0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H,0+* 0.15 nd. 0.06 0.03 0.03 0.06 0.02 0.04 0.09 0.03
H,0- 0.03 nd. 0.03 0.04 0.02 0.04 0.03 0.02 0.06 0.02
Total 99.87 99.78 99.85 100.32 99.94 99.65 100.28 100.00 99.95 100.14
Si 0.968 0.961 0.969 0.968 0.975 0.974 0.979 0.992 0.985 0.978
Al 0.018 0.009 0.018 0.015 — 0.015 0.012 0.003 — 0.017
Cr 0.003 — — 0.003 0.003 0.003 — 0.003 0.003 —
Fets — — — — — — — — — —
Ti — — — — — — — — — —
Al — — — — — — — —_ — —
Cr — — — — — — — — — —
Fe+s 0.045 0.027 0.027 0.041 0.024 0.032 0.029 0.012 0.029 0.053
Ti — — — — — — —_ — — 0.001
Fe 0.284 0.271 0.174 0.164 0.182 0.145 0.18 0.198 0.173 0.182
Ni 0.002 — 0.001 0.006 0.010 0.001 0.010 0.010 0.001 0.001
Mn 0.005 0.003 0.001 0.002 0.003 0.003 0.004 0.003 0.003 0.001
Mg 1.715 1.803 1.817 1.809 1.914 1.826 1.781 1.778 1.803 1.752
Mg — — — — — — — — - —
Ca — — — — — — — — - —
Na — 0.003 — — — — — — — —
K _ _ _ — _ — _ _ — —
0=4.000
Fo 84 86 90 90 90 91 89 89 920 88
Fa 16 14 10 10 10 9 11 11 10 12
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o olivines from Hayachine, Miyamori, Horoman and Mt. Albert

+ olivines from northern Kyushu
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Fig. 6. The NiO content in olivines.

¢) Clinopyroxene

1) Chemical composition of clinopyroxene

The results of chemical analyses of clinopyroxenes from basic and ultrabasic
inclusions together with the atomic ratios calculated on the basis of 0=6.000 are
given in Table 10. Among twenty-five samples, ten are co-existing with ortho-
pyroxene. As is shown in Table 10, they are augite and diopsite-salite in com-
positions. The clinopyroxene in Al-pyroxenite and gabbro have higher content
of Al,0;, FeO and TiO, and a lower content of Cr,0; than that in dunite and
peridotite inclusions.

% ° .
53°- \ N. non-alkaline field
N A. normal alkdline field
o, - P per-adkaline field
s2}- N »
. . -
o L \ /,-// The boundaries lines (broken lines)
sk 2 N e . are given by Le Bass
@ e \ . The long broken line is a trend of
e PN dlinopyroxens in various inclusions
s50L -7 \ from Northern Kyushu .
. . g
. e
A . \ L
49+ \ &
48 ///’ \ L d
g \ R
a7 P \
.
. >
46+ L
—=AL,0;
s y " 1 ] I 1 ) L L
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Fig. 7. The relation between SiO, and AlLO; in clinopyroxene.

The relation between Al,0, and SiO,, and that between Al,0; and Cr,0,
are shown in Figs.7 and 8 respectively. As is clearly illustrated in Fig. 7, the
Si0, content in clinopyroxene increases with the decrease of Al,0;. The same
tendency is also recognized in the relation between Cr,0; and AlLO;.



104 K. ISHIBASHI

Table 10. Chemical composition of clinopyroxenes (anal. K. Ishibashi)

No 1 2 3 4 5 6 7 8 9
: 19-C) (19-Cy) (19-Cs) (19-C) (@15-C) (19-C;) (18-Cy) (6-Cy (14-0)

Si0, 46.05 46.36  46.54  46.67  47.23  47.37  47.556  48.29  48.88
TiO, 1.41 1.04 1.05 1.37 1.34 1.55 0.92 1.32 1.01
Al,O3 9.50 9.07 9.66 8.83 8.87 8.87 9.54 9.23 7.88
Cr,0s 0.20 0.05 0.10 0.09 0.04 0.14 0.19 nd. 0.12
Fe,03 2.66 3.18 2.19 2.83 2.01 2.07 2.92 2.92 1.62
FeO 6.75 6.11 6.87 6.41 6.35 6.21 3.59 3.92 5.21
NiO 0.01 0.03 0.04 0.03 0.01 0.01 nd. nd. 0.04
MnO 0.16 0.18 0.12 0.10 0.09 0.13 0.14 0.14 0.16
MgO 14,40 15.02 14.78 1496 14.56 14.17 14.83 15.81  15.19
Ca0 18.41 18.03 18.05 18.04 18.31 18,26  19.27 17.28  18.57
Na,0 0.85 0.91 0.93 0.85 0.78 0.96 0.97 1.27 0.87
K20 0.02 0.01 0.01 0.01 0.03 0.01 0.01 0.07 0.01
P05 0.01 0.00 0.01 0.01 0.01 0.01 nd. 0.01 0.00
H.0* 0.02 0.05 0.10 0.04 0.21 0.16 nd. nd. 0.19
H.0- 0.04 0.01 0.04 0.03 0.24 0.12 nd. nd. 0.08
Total 100.49 100.06 100.49 100.27 100.08 100.06  99.93 100.26  99.83

Si 1.703 1.708 1.716 1.724 1.809 1.750 1.745  1.758  1.795
Al 0.297 0.292 0.284 0.276  0.280 0.250  0.255  0.242  0.205
Cr — — - — — — — - —
Al 0.116  0.101  0.136  0.105 0.089 0.136 0.154 0.151  0.139
Cr 0.004 0.002 0.004  0.004 — 0.004 0.004 —  0.004
Fets  0.075 0.088 0.062 0.080 0.060 0.058 0.079 0.079  0.044
Ti 0.040 0.029 0.031  0.040 0.037 0.044 0.024 0.035 0.029
Fe 0.208 0.18  0.212 0.197 0.202 0.191 0.110 0.118  0.159
Ni — - — - — — — — —

Mn 0.007  0.007 0.002 0.002 0.002 0.002 0.002 0.002 0.007
Mg 0.596  0.606  0.596  0.608 0.648 0.580 0.645 0.637 0.631

Mg 0.204 0.225 0.220 0.221  0.18  0.204 0.171  0.225  0.201

Ca 0.726  0.709 0.714 0.713 0.752 0.725 0.759 0.675  0.733
Na 0.067 0.066 0.066 0.066 0.060 0.071  0.070  0.092  0.066
K — — — — — — —  0.004 —

2-Si 0.297  0.292 0.284 0.276 0.280 0.250 0.2556  0.242  0.205

Al/Cr 103 197 105 95.2  large 96.5 102 — 86.0
Ca 40.1 38.9 39.5 39.1 40.6 41.2 43.0 39.0 41.3
Mg 4.0 45.5 45.1 45.5 45.1 4.6 46.2 49.6 46.9

Fe 15.9 15.5 15.4 15.4 14.3 14.2 10.8 11.4 11.8
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Table 10. continued

No. 10 11 12 13 14 15 16 17

16-C) (12-C) @12-Cy (10-0 17-C) 8-C) (13-C) (6-Cy)
Si0, 49.30 49.49 49.57 49.60 49.69 49.77 50.27 50.75
TiO, 0.61 0.50 0.32 0.26 0.50 0.33 0.61 0.67
Al,0, 5.61 6.69 5.57 6.04 6.14 5.47 4.83 6.86
Cr.0; 0.03 0.45 0.37 0.40 0.26 0.48 0.50 nd.
Fe,0; 1.98 2.37 2.71 1.79 2.46 2.27 1.62 1.45
FeO 4.79 5.01 3.99 3.84 5.17 3.69 5.87 3.65
NiO 0.01 0.08 0.10 0.03 0.07 0.05 0.08 nd.
MnO 0.13 0.11 0.17 0.14 0.18 0.14 0.19 0.13
MgO 15.11 18.70 20.01 16.06 15.70 17.08 17.54 17.35
CaO 21.53 15.86 16.37 20.92 19.38 20.31 17.58 18.45
Na,0 0.69 0.74 0.65 0.64 0.86 0.64 0.79 0.95
K;0 0.02 0.04 0.03 0.02 0.03 0.02 0.05 0.07
P,0; 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01
H,0+ 0.12 0.12 0.13 0.11 0.02 0.04 0.06 nd.
H,O- 0.04 0.08 0.04 0.05 0.01 0.01 0.03 nd.
Total 99.97  100.24  100.03 99.90 100.48 100. 30 100.03 100.34
Si 1.827 1.801 1.803 1.825 1.819 1.822 1.838 1.831
Al 0.173 0.199 0.197 0.175 0.181 0.178 0.162 0.169
Cr — — - — — — — —
Al 0.071 0.087 0.043 0.075 0.083 0.059 0.044 0.125
Cr — 0.013 0.013 0.013 0.009 0.013 0.013 —
Fe+ 0.058 0.066 0.074 0.049 0.070 0.061 0.044 0.039
Ti 0.018 0.013 0.009 0.007 0.013 0.009 0.018 0.019
Fe 0.151 0.151 0.122 0.117 0.158 0.112 0.180 0.110
Ni — 0.002 0.002 — 0.002 0.002 0. 002 —
Mn 0.002 0.002 0.007 0.002 0.006 0.002 0.007 0.002
Mg 0.736 0.690 0.754 0.730 0.686 0.776 0.713 0.726
Mg 0.102 0.332 0.338 0.155 0.175 0.161 0.250 0.213
Ca 0.849 0.620 0.640 0.823 0.760 0.795 0.689 0.714
Na 0.049 0.048 0.022 0.022 0.065 0.044 0.057 0.069
K — — — — — — 0.004 0.004
2-Si 0.173 0.199 0.197 0.175 0.181 0.178 0.162 0.169
Al/Cr — 22.0 18.4 19.2 29.3 18.2 15.8 —
Ca 4.7 33.3 33.1 43.9 41.0 41.7 36.5 39.6
Mg 4.1 54.9 56.4 47.1 46.5 49.1 51.2 52.0
Fe 11.2 11.8 10.5 9.0 12.5 9.2 12.3 8.4
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Table 10. continued

No. 18 19 20 21 22 23 24 25
(7-C) (18-Cy) 9-0) 2-0) (11-C) 4-0) 6-C) 1-0

Si0, 50.77 51.02 51.54 51.68 52.19 52.38 52.45 53.35
TiO, 0.21 0.67 0.18 0.47 0.09 0.08 0.10 0.08
Al O3 4.19 6. 52 2.31 4.44 3.09 3.23 2.01 2.95
Cr;0; 0.70 0.25 0.69 0.89 0.75 0.79 0.90 0.71
Fe,0; 1.99 1.79 1.65 1.43 0.78 0.75 0.83 0.84
FeO 3.51 3.52 4.90 3.15 2.00 2.33 2.45 2.98
NiO 0.01 nd. nd. 0.07 0.03 0.06 0.03 0.03
MnO 0.14 0.13 0.17 0.09 0.09 0.10 0.09 0.09
MgO 17.21 17.93 16.95 16.68 18.57 18.07 18.01 18.42
Ca0 20.32 17.74 20.98 20.26 22.03 21.82 22.74 19.57
Na.0 0.49 0.85 0.45 0.87 0.58 0.55 0.86 0.54
K,0 0.02 0.05 0.03 0.02 0.02 0.02 0.02 0.01
P;0; 0.00 nd. 0.01 0.00 0.00 0.00 0.00 0.00
H,0+ 0.06 nd. nd. 0.03 0.03 0.03 0.03 0.16
H.0- 0.03 nd. nd. 0.02 0.05 0.01 0.02 0.04

Total 99.65 100.47 99.86 100.10  100.30  100.22 100. 54 99.77

Si 1.862  1.8%5  1.8%5  1.880  1.893  1.882  1.908  1.933
Al 0.138  0.165  0.102  0.120  0.107  0.118  0.087  0.067
Cr — —  0.003 — — —  0.005 —
Al 0.042  0.111 —  0.068  0.024  0.016 —  0.059
Cr 0.022  0.009  0.019  0.026  0.021  0.021  0.011  0.021
Fets 0.057  0.047  0.046  0.039  0.021  0.021  0.022  0.021
Ti 0.006  0.019  0.007  0.013  0.002  0.002  0.002  0.002
Fe 0.108  0.106  0.150  0.096  0.061  0.069  0.076  0.091
Ni — — —  0.002 — 0.002 — —
Mn 0.002  0.002  0.007  0.002  0.002  0.002  0.002  0.002
Mg 0.781  0.718  0.797  0.766  0.907  0.862  0.939  0.802
Mg 0.168  0.249  0.138  0.144  0.103  0.116  0.051  0.200
Ca 0.797  0.682  0.827  0.790  0.853  0.841  0.88¢  0.761
Na 0.035  0.065  0.035  0.066  0.044  0.043  0.065  0.039
K —  0.004 — — — — — —
2-Si 0.138  0.165  0.105  0.120  0.107  0.118  0.092  0.067
Al/Cr 8.1 30.6 4.8 7.2 6.2 6.3 5.4 6.0
Ca 41.7 37.8 42.2 43.0 43.8 4.0 4.7 40.5
Mg 49.6 53.6 47.5 49.6 51.9 51.2 50.2 53.4

Fe 8.7 8.6 10.3 7.4 4.3 4.8 5.1 6.1
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Fig. 8. The Cr,0;-Al;0; relation of clinopyroxenes in various kinds of rocks.

In calculation of pyroxene formula, the deficiency of Si in the Z position is
filled at first with Al, and then, if necessary, with Cr, until the Z position becomes
2.000. In the present study Fe and Ti were not entered into Z position. Calcula-
tion of various kinds of pyroxene molecules from chemical composition has been
devised by KUSHIRO (1962) and YODER and TILLEY (1962). A slight modification
has been made by ONUKI (1965) in the case when the Cr,0; content in clino-
pyroxene is known. He has proposed NaCrSi,O4 and CaCrAlSiO; molecules, in
addition to pyroxene molecules which have been proposed by KUSHIRO (1962).
In this study, various pyroxene molecules are calculated in accordance with the
method of KusHIRO (1962) and of ONUKI (1965), with the results shown in
Table 11. As is clear in this table, the CaAl,SiOg molecules of clinopyroxene are
richest in phenocryst of basalt, and the content decreases from gabbro and
pyroxenite through peridotite and to dunite. The variation in composition (Ca,
Mg and Fe) of clinopyroxene is shown in Fig. 15.

2) The relation between 2-Si and Al/Cr in clinopyroxene

It has long been known that clinopyroxene solid solution contains a certain
amount of Cr,0; and Al,O;. Extensive studies have been made about the Al,O,
content in clinopyroxene by KUSHIRO (1960, 1962), Le BAss (1962), KuNo
(1964), YAMAGUCHI (1964) and ONUKI (1965, 1966), while the Cr,04 content
in clinopyroxene has not been sufficiently discussed. Figure 9 shows 2-Si against
Al/Cr of clinopyroxene in basic and ultrabasic inclusions from northern Kyushu.
It is interesting to note in Fig. 9 that clinopyroxenes in olivine-rich inclusions
from northern Kyushu are distinguished into two distinct dfferent types. One is
characterized by small Al/Cr and 2-Si, and the other is by large Al/Cr and 2-Si,
on the basis of six oxygen atoms. The former is contained in dunite, Cr-diopside



Table 11. Proportion of pyroxene molecules
No. NaCrSi,0s | NaFeSi;0s | NaAlSi,O¢ | CaTiAl,Og |CaFe*3A1S8i0s CaCrAlSiOs | CaAl;SiOg | CasSis0s | MgySisOs | FepSinOg
1 0.4 6.3 — 4.0 1.2 — 16.0 20.7 40.0 10.7
2 0.2 4.4 — 2.9 2.4 — 15.6 25.5 41.6 9.7
3 0.4 6.2 — 3.1 — — 17.4 25.5 40.8 10.7
4 0.4 6.2 — 4.0 1.8 — 14.1 25.7 41.5 9.4
5 — 6.0 — 3.7 — — 14.8 25.9 41.8 10.2
6 0.4 6.6 — 4.4 1.3 — 14.0 26.0 33.9 9.5
7 0.4 6.6 — 2.4 1.3 — 17.4 27.4 40.8 5.6
8 — 7.9 — 3.5 — — 15.3 23.8 43.1 6.0
9 0.4 4.4 1.8 2.9 — — 13.2 28.6 41.6 8.3
10 — 4.9 — 1.8 0.9 — 9.9 36.2 41.9 7.1
11 1.3 3.5 — 1.3 3.1 —_ 11.4 23.1 51.1 7.6
12 1.3 0.5 — 0.9 5.2 — 7.8 24.4 54.7 6.5
13 1.3 0.5 — 0.7 4.0 — 9.8 33.9 44.2 5.9
14 0.9 5.4 — 1.3 1.4 — 11.2 31.1 43.0 8.2
15 1.3 0.5 — 0.9 5.2 — 8.4 32.5 41.9 5.7
16 1.3 4.4 0.4 1.8 — — 8.3 29.4 48.2 9.3
17 — 3.9 3.4 1.9 — — 11.1 29.2 46.9 5.6
18 2.2 1.3 — 0.6 4.4 — 6.4 34.1 47.4 5.5
19 0.9 4.7 1.3 1.9 — — 10.6 27.2 48.3 5.4
20 2.2 1.3 — 0.7 3.3 — 2.7 38.0 a.7 7.8
21 2.6 3.9 0.1 1.3 — — 8.0 34.8 45.6 4.9
22 2.1 2.1 0.2 0.2 — — 6.2 39.4 50.5 3.2
23 2.1 2.1 0.1 0.2 — — 6.4 38.7 48.9 3.2
24 1.6 2.2 2.7 0.2 — — 2.8 42.7 44.6 3.9
25 2.1 1.5 — 0.2 0.3 — 5.9 32.6 50.1 4.6

The number is the same as in Table 10.
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Fig. 9. Al/Cr and 2-Si relation in clinopyroxenes of basic and ultrabasic
inclusions from Karatsu area.

peridotite and Cr-pyroxenite (green type inclusion), and the latter is in Al-
pyroxenite, gabbros (black type inclusion) and phenocrystic clinopyroxene in
basaltic host rocks. The 2-Si and Al/Cr relation of the former is almost linear
from dunite to pyroxenite, and no compositional gap exists in it.

KusHIirRo (1960) has suggested that clinopyroxene in basaltic rocks reflects
distinet character of bulk chemical composition of their host magma. He has
demonstrated that clinopyroxene of alkali olivine basalt is richer in Al,O3; and
poorer in SiO, than that of tholeiitic basalt, and the clinopyroxene of high
aluminou basalt is of intermediate composition between that of alkali and toleiitic
basalts.

As shown in Fig. 9, the clinopyroxene in olivine-rich inclusions seems to
show an inverse relation. Namely, the content of SiO, in clinopyroxene is highest
in dunite, decreasing from dunite through Cr-diopside peridotite to Cr-pyroxenite,
and the Al,O; content increases with decreasing SiO,, whereas the bulk SiO,
content is lowest in dunite and gradually increases from dunite to Cr-pyroxenite.
On the other hand, clinopyroxenes of Al-pyroxenite and gabbros are always richer
in Al,O; and poorer in SiO, than that of green type inclusions. There is a
distinct difference between clinopyroxene of olivine-rich inclusions and that of
phenoerysts and groundmass of basalts as mentioned by KUusHIRO (1960). The
Si0, content in clinopyroxene of green type inclusions decreases with increasing
bulk SiO, content of the inclusions. If these olivine-rich inclusions in basaltic
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rocks were formed by direct crystallization from basaltic magma, the chemistry
should reflect the SiO,, Al,0; and Cr,0; contents of the constituent minerals in

a reasonable way.
If we follow the suggestion of KUSHIRO (1960) as mentioned early, the

clinopyroxenes in the inclusions should be poorer in SiO, than that of clino-
pyroxenes from tholeiitic basalts. However, the situation is reversed in the

present study (Fig. 7).
Many excellent analyses of clinopyroxenes from various kinds of rocks have

been reported. A few data, however, are available with respect to Cr,0; content.
Valuable information about Cr,04 contents of clinopyroxenes of olivine-rich
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Fig. 10. Diagram showing the relation between Al-Cr and 2-Si in clino-
pyroxenes from Katatsu area and some other places of the world.

inclusions in basaltic rocks were given by Ross et al. (1954), WILSHIRE and BINNS
(1961) and KuNo (1964). Previous chemical data of clinopyroxenes from
olivine-rich inclusions in basaltic rocks are assembled in Table 12 and the relation
between 2-Si and Al/Cr is shown in Fig. 10. It is noted that the clinopyroxenes
of olivine-rich inclusions from other localities exhibit exactly the same linear
relation between 2-Si and Al/Cr with those of dunite, Cr-diopside peridotite and
Cr-pyroxenite from northern Kyushu. On the other hand, the analytical data
on the clinopyroxenes of Al-pyroxenite and gabbro (the black type inclusion)
from the same area deviate much from this general linear relation. Why does
this difference exist between the clinopyroxenes of the green type inclusion and
that of the black type inclusion?
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Table 12. Chemical composition of clinopyroxene of olivine-rich
inclusions in basaltic rocks
No. 1 2 3 4 5 6 7 8 9
Si0, 51.43 50. 66 52.43  49.35 52.74 54.17 50.94  51.91 48.64
TiO, 0.32 0.68 0.37 0.34 0.19 0.02 0.46 0.26 2.13
Al,0; 4.46 5.13 4.16 4.92 4.86 1.43 5.78 4.7 5.24
Cry0; 0.98 0.83 1.06 1.06 0.66 1.24 0.59 0.80 0.05
Fe,03 0.83 0.85 2.66 0.77 1.42 1.43 1.39 0.92 4.00
FeO 2.53 2.94 3.53 2.19 1.08 1.09 2.77 2.39 5.20
MnO 0.09 0.10 0.12 0.07 0.09 0.06 0.10 0.07 0.25
NiO — — 0.08 0.05 0.051 — 0.03 0.04 0.06
MgO 16.41 16.28 18.19 19.86 16.76 17.37 17.47 16.02 12.26
CaO 21.61  21.38 16.56 19.75  20.47  22.63 19.43 21.75 21.01
Na,0 0.56 0.49 0.96 1.23 1.4 nd. 0.72 0.74 1.21
K;0 0.08 0.08 0.07 nil. 0.02 nd. 0.03 0.04 0.14
P,0; — — — nd. - — — — nil.
H,0+ 0.20 0.15 0.09 0.17 nd. 0.23 0.02 0.09 0.04
H,0- 0.05 0.20 0.11 0.08 nd. nd. 0.07 0.11 0.06
Total  99.55 99.77 100.33  99.84  99.75 = 99.67 99.80 99.91 100.29
Si 1.883 1.857 1.895 1.795 1.906 1.969 1.858 1.894 1.813
Al 0.117  0.143 0.1056 0.2056 0.094  0.031 0.142  0.106 0.187
Ti 0.009 0.019 0.010 0.009  0.005 0.001 0.013 0.007 0.060
Al 0.075  0.078 0.072 0.006 0.113 0.030 0.107 0.099 0.043
Fe+s 0.023 0.023 0.072 0.021 0.039 0.039 0.038 0.025 0.112
Cr 0.028  0.024 0.030 0.030 0.019 0.036 0.017  0.023 0.001
Fe 0.077  0.090 0.107 0.066 0.033  0.033 0.084 0.073 0.162
Mn 0.003 0.003 0.004  0.002 0.003  0.002 0.003  0.002 0.008
Ni — — 0.002  0.001 0.001 — 0.001  0.001 0.002
Mg 0.901 0.895 0.980 1.083  0.903 0.941 0.949 0.871 0.681
Ca 0.848 0.840 0.641 0.770  0.793  0.881 0.739 0.844  0.839
Na 0.039 0.035 0.067  0.086  0.099 — 0.051  0.052 0.087
K 0.004  0.004 0.003 — — — 0.001 0.002 0.007
2-Si 0.117 0.143 0.106 0.2056 0.094  0.031 0.142  0.106  0.187
Al/Cr 6.8 9.2 5.9 7.0 5.3 1.7 14.6 8.9 247
No. 1,2 On~NuUxki1, H. (1965)
No. 3 ErnsT, T. (1936)
No. 4 Hamap, S. D. (1962)
No. 5 OHARA, M. J. and MERrCY, L. P. (1966)
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Table 12. continued

No. 10 11 12 13 14 15 16 17
SiO, 46.41 56.38 47.23 47.67 50. 67 52.30 50.63 51.78
TiO, 2.11 0.22 1.37 1.14 0.56 0.10 0.40 0.38
Al,05 7.80 13.74 7.45 5.10 4.11 2.52 4.70 5.14
Cr;04 0.02 0.001 0.012 0.35 0.62 0.41 0.26 0.95
Fe,0; 5.60 4.66 3.01 3.14 1.94 1.61 1.68 1.75
FeO 4.70 1.24 7.18 4.38 3.17 3.03 3.80 2.14
MnO 0.31 0.11 0.20 0.09 nd. 0.12 0.156 0.12
NiO 0.02 0.022 nd. nd. nd. nd. — 0.041
MgO 11.51 6.70 13.66 16.35 17.13 17.98 16.35 16.04
Ca0 20.05 7.73 18.90 19.15 20.43 21.83 21.04 20.32
Na,0 1.22 9.01 0.93 0.57 0.38 0.27 0.48 1.06
K,0 0.14 0.06 0.10 0.25 0.25 0.10 0.05 0.08
P,04 nil. nd. tr. nd. nd. 0.06 0.01 0.04
H,0+ 0.09 nd. 0.49 nd. nd. 0.36 0.55 —
H,0- 0.06 nd. tr. 0.12 0.06 0.05 0.10 —
Total 100. 05 99. 87 100.43 100.29 99.32 100.64 100.20 99.84
Si 1.738 1.981 1.762 1.830 1.865 1.906 1.863 1.881
Al 0.262 0.019 0.238 0.170 0.135 0.094 0.137 0.119
Ti 0.059 0.006 0.039 0.061 0.015 0.003 0.011 0.011
Al 0.082 0.550 0.089 0.051 0.037 0.014 0.067 0.089
Fe+? 0.158 0.123 0.085 0. 087 0. 057 0.044 0. 046 0.048
Cr 0.000 0. 000 0.000 0.011 0.019 0.012 0.008 0.031
Fe 0.162 0.036 0.224 0.135 0.097 0.092 0.117 0.063
Mn 0.010 0.003 0.006 0.003 0.000 0.004 0.005 0.002
Ni 0.001 0.001 — — — —_ — —
Mg 0.642 0.351 0.759 0.898 0.938 0.976 0.896 0.874
Ca 0.804 0.291 0.755 0.756 0.801 0.852 0.829 0.789
Na 0.089 0.614 0.064 0.041 0.027 0.019 0.034 0.078
K 0.007 0. 000 0.004 0.011 0.011 0.004 0.002 0.004
2-Si 0.262 0.019 0.238 0.170 0.135 0.094 0.137 0.119
Al/Cr large large large 20.0 9.1 9.0 25.5 7.1
No. 7-10 WILSHIRE, H. G. and BINNS, R. A. (1961)

No. 11 OHARA, M. J. and MERcY, L. P. (1966)

No. 12 Kuno, H. (1964)

No. 18, 14 MIiIYAKE, T. (1948)

No. 15, 16 KuNo, H. (1964)
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Table 12. continued

No. 18 19 20 21 22 23 24 25

Si0, 51.42  50.36  5L.17  52.48 5141  52.12 5187  50.24
TiO, 0.24 0.79 0.28 0.62 0.33 0.80 0.65 0.72
AL,0, 5.97 6.58 6.46 3.56 4.69 4.08 1.7 4.57
Cr:0; 0.80 0.92 1.20 2.12 1.03 1.44 1.07 1.22
Fe;05 1.43 1.53 0.85 1.13 0.69 0.82 1.61 2.53
FeO 2.57 2.66 2.87 2.52 2.64 2.24 3.66 4.04
MnO 0.15 0.09 0.16 0.15 0.11 0.09 0.06 0.13
NiO 0.045  0.037  0.036  0.034  0.040  0.041  0.040 -
MgO 16.17 1559  17.65  17.03  16.32  16.48  17.94  16.53
Ca0 19.95  18.78  18.27  19.00  21.63  19.34  20.92  19.96
Na;0 1.36 141 1.20 — 0.72 2.14 0.33 0.58
K,0 0.10 0.08 0.08 — 0.04 0.08 0.02 0.04
P,05 0.03 0.03 0.03 0.04 0.05 0.03 — —
H,0* — — 0.14 — 0.11 — 0.08 —
H,0- — — — — — — —

Total 100.24 99.86  100.40 99.53 99.81 99.70 99.97  100.39

Si 1.863 1.828 1.842 1.919 1.886 1.899 1.901 1.834
Al 0.137 0.172 0.168 0.081 0.114 0.101 0.074 0.166
Ti 0. 006 0.022 0.009 0.018 0.009 0.022 0.020 0.020
Al 0.119 0.111 0.108 0.073 0.088 0.074 — 0.031
Fet3 0.039 0.039 0.026 0.031 0.018 0.022 0.044 0.070
Cr 0.021 0.026 0.035 0.061 0.031 0.039 0.031 0.035
Fe 0.078 0.083 0.086 0.077 0.079 0.068 0.112 0.123
Mn 0.004 0.002 0.004 0.002 0.002 0.002 0.002 0. 002
Ni — — — — — — — —
Mg 0.878 0.904 0. 952 0.934 0.882 0.902 0.987 0.905
Ca 0.776 0.732 0.706 0.743 0.847 0.756 0.820 0.783
Na 0.100 0.100 0.082 — 0.048 0.149 0.022 0.044
K 0.004 0.004 0.004 — — 0.004 — —
2-Si 0.137 0.172 0.168 0.081 0.114 0.101 0.099 0.166
Al/Cr 8.8 10.8 8 2.5 6.5 4.4 2.4 5.6

No. 17-25 Ross, C. E., FosTER, M. D. and MYERs, A. T. (1954)
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Before answering this question, it should be examined whether the clino-
pyroxenes of basic and ultrabasic intrusive rocks show the same tendency with
respect to the relation between 2-Si and Al/Cr above mentioned or not.

The Cr,0; contents in clinopyroxene from basic and ultrabasic intrusives,
such as gabbros, peridotites, dunites and pyroxenites were reported by BROWN
(1957, 1962), HEss (1960) and ONUKI (1963, 1965, 1966). Their data of clino-
pyroxenes are assembled in Table 13, and 2-Si and Al/Cr relation is plotted
in Fig. 11.

The present petrogenetic interest in these inclusions is whether they are
subvolecanic crystallization products from basaltic magma or unmelted fragments
of peridotite layer. As is clearly shown in Fig. 11, the clinopyroxenes in the
early stage of crystallization of many basic and ultrabasic intrusive rocks indi-
cates the same tendency as those of olivine-rich inclusions in basaltic rocks.
However, it should be noted that 2-Si in clinopyroxenes of basic and ultrabasic
intrusive rocks never exceeds 0.125.

It is suspicious, however, whether all clinopyroxenes of intrusive peridotite
and/or gabbros are formed directly from the host magma or some of them are
relict of the original body from which the magma of intrusive peridotite and/or
gabbros are formed.

As to the clinopyroxene of intrusive peridotite and/or gabbro, I am inclined
to take the former interpretation for the reason discussed below.

If oxide and silicate minerals are crystallized in parallel from the same
magma, Cr,0; in magma, for example, must be fixed on both oxide and silicate
minerals at constant ratios. Therefore, the contents of CryO; in co-existing
minerals must have changed with changing of Cr,0; contents in the host magma.
In this respect, if the rate of crystallization of oxide and silicate minerals from
the magma is almost constant, the Cr,0; contents of clinopyroxene and ortho-
pyroxene can be expected to show a continuous smooth line in Al,0;—Cr,0; or
Al/Cr and 2-Si diagram.

In the early stage of clinopyroxene crystallization of Miyamori, Horoman,
Skargaard, Bushveld and Stiilwater intrusions, the Al/Cr ratios remain con-
stant, while in the middle and late stage, the Al/Cr ratios increase rapidly, as
shown in Fig. 11. In other words, the Al/Cr variation lines are parallel to
the 2-Si axis in the early stage, and then curved upwards to become almost vertical
to the 2-Si axis in the middle and late stage.

The abrupt change of Cr,O; contents in these clinopyroxene suggests that
the rate of crystallization of oxide and silicate is changed at this stage. The reason
is essentially due to abrupt increment of oxygen partial pressure in that magma.
In such condition, Cr,0; is subtracted in the form of chromite and/or picotite
from the magma. As the result, Al/Cr in magma is rapidly increased with the
formation of oxide minerals, whereas 2-Si of pyroxene is almost unchanged during
their formation.

The effect of oxygen partial pressure on rock melt is demonstrated experi-
mentally by KATSURA (1967). His experiment was undertaken on natural rock
samples under the condition of constant oxygen partial pressure and at various
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Table 13. Chemical composition of clinopyroxene from basic intrusive rocks

No. 1 2 3 4 5 6 7 8 9 10
Si0, 51.17 50.82 51.256 51.43 52.55 51.86 54.07 52.92 52.47 53.87
TiO, 0.97 0.96 0.76 0.27 0.24 0.55 0.21 0.50 0.46 0.07
Al,0, 3.22 2.40 2.92 3.00 2.98 2.33 2.08 2.80 2.28 1.64
Cr;0; 0.42 0.06 0.17 1.09 1.18 0.01 0.98 0.88 0.08 0.62
Fe,04 1.53 1.88 1.70 1.37 1.17 1.60 0.56 0.85 1.49 0.67
FeO 4.54 10.75 8.87 4.23 3.98 9.45 2.53 5.57 6.61 1.74
MnO 0.13 0.19 0.18 0.14 0.12 0.24 0.09 0.15 0.20 0.05
NiO — — — —  0.05 — 0.04 0.10 0.04 —
MgO 16.68 14.36 15.04 19.44 18.21 14.50 17.39 16.40 15.71 17.39
CaO 20.54 18.12 19.04 17.86 19.23 18.92 22.12 19.97 20.28 23.32
Na,0 0.65 0.39 0.37 0.28 0.32 0.23 0.41 0.35 0.31 0.39
K,0 0.05 0.03 0.05 0.02 0.00 0.00 0.00 0.01 0.02 0.02
P,0; — — — — — — — — — —
H,O0+ — — — 0.70 0.14 0.37 0.04 0.10 0.20 nd.
H,0- — — — 0.10 0.08 0.09 0.06 0.07 0.04 nd.
Total 99.90 99.96 100.35 99.93 100.25 100.17 100.58 100.67 100.19 99.78
Si 1.882 1.908 1.904 1.887 1.911 1.800 1.948 1.926 1.927 1.957
Al 0.118 0.092 0.096 0.113 0.089 0.096 0.052 0.074 0.073 0.043
Ti 0.027 0.025 0.022 0.009 0.007 0.017 0.006 0.013 0.013 0.002
Al 0.021 0.014 0.031 0.015 0.033 — 0.039 0.044 0.042 0.027
Fe+s 0.042 0.054 0.047 0.040 0.035 0.042 0.017 0.026 0.040 0.018
Cr 0.013 0.002 0.004 0.031 0.035 — 0.032 0.026 0.004 0.018
Fe 0.139 0.336 0.277 0.128 0.122 0.275 0.076 0.170 0.203 0.053
Mn 0.004 0.007 0.007 0.004 0.002 0.006 0.002 0.006 0.007 0.002
Ni — — — — 0.002 — — 0.002 — —
Mg 0.915 0.803 0.833 1.069 0.992 0.754 0.941 0.895 0.865 0.948
Ca 0.809 0.729 0.759 0.704 0.748 0.704 0.852 0.779 0.797 0.908
Na 0.046 0.029 0.027 0.022 0.022 0.012 0.026 0.026 0.022 0.027
K 0.002 0.001 0.002 — — _ — — —_ —_
2-8i 0.118 0.092 0.096 0.113 0.089 0.200 0.052 0.074 0.073 0.043
Al/Cr 10.6 53.0 29.5 4.1 3.5 large 2.0 4.5  26.0 3.8
No. 1 BrOwN, G. M. (1957)

No. 2 BrowN, G. M. (1960)

No. 3 BrowN, G. M. (1957)

No. 4-9 Hess, H. H. (1960)
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Table 13. continued

No. 11 12 13 14 15 16 17 18 19 20

SiO, 53.70 53.11 52.86 52.70 52.82 52.90 52.60 52.37 52.66 52.10
TiO, 0.6 0.25 0.38 0.36 0.27 0.35 0.37 0.46 0.48 0.52
AlLO, 1.62 2.20 2.65 2.62 2.58 2.41 2.61 3.01 2.90 3.06
Cr;0; 0.42 0.48 0.38 0.38 0.42 0.38 0.38 0.38 0.35 0.16
Fe,0; 0.63 0.85 0.90 0.94 0.97 0.99 0.95 0.75 0.74 1.16
FeO 2.156 2.01 2.06 2.14 2.08 2.04 2.19 2.29 2.91 3.40
MnO 0.05 0.09 0.10 0.09 0.09 0.12 0.10 0.13 0.13 0.14
NiO — — — — — — — — — —
MgO 17.10 17.01 16.95 16.98 16.97 16.98 16.95 16.49 16.09 15.13
Ca0 23.92 23.27 23.23 23.58 22.22 23,28 23.51 23.79 23.20 23.96
Na,O 0.24 0.31 0.31 0.33 0.34 0.35 0.30 0.26 0.34 0.26
K,0 0.04 0.03 0.02 0.06 0.03 0.04 0.06 0.04 0.07 0.03
P205 i - - - - - - - — -
H,0* nd. 0.11 0.01 0.00 0.05 nd. 0.02 0.07 0.05 0.03
H.0- nd. 0.05 0.09 0.03 0.00 nd. 0.05 0.03 0.00 0.02
Total 100.03 99.77 99.94 100.21 99.84 99.84 100.09 100.07 100.01 99.97
Si 1.952  1.937 1.924 1.917 1.925 1.926 1.918 1.909 1.922 1.915
Al 0.048 0.063 0.076 0.083 0.075 0.074 0.082 0.091 0.078 0.085
Ti 0.004 0.007 0.010 0.010 0.007 0.010 0.010 0.012 0.013 0.014
Al 0.021 0.032 0.038 0.029 0.036 0.029 0.030 0.038 0.046 0.047
Fets 0.017 0.023 0.024 0.026 0.027 0.027 0.026 0.021 0.020 0.032
Cr 0.012 0.014 0.011 0.011 0.012 0.010 0.011 0.011 0.010 0.005
Fe 0.065 0.061 0.062 0.062 0.063 0.062 0.066 0.070 0.088 0.104
Mn 0.002 0.003 0.003 0.003 0.003 0.004 0.003 0.004 0.004 0.004
Ni — — — -— — — — — — —
Mg 0.932 0.930 0.925 0.926 0.927 0.927 0.927 0.902 0.881 0.834
Ca 0.931 0.909 0.906 0.919 0.906 0.912 0.918 0.930 0.911 0.944
Na 0.017 0.022 0.022 0.023 0.024 0.024 0.021 0.018 0.024 0.019
K 0.002 0.001 0.001 0.003 0.001 0.002 0.003 0.002 0.003 0.001
2-Si 0.048 0.063 0.076 0.083 0.075 0.074 0.082 0.091 0.078 0.085
Al/Cr 5.7 6.8 10.3 10.2 10.0 10.3 10 11 12.4 26

No. 10-31 ONuUKI, H. (1965)
No. 32-40 ONUKI, H. (1963)
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Table 13. continued

No. 21 22 23 24 25 26 27 28 29 30

SiO, 51.26 51.42 50.04 49.57 52.87 52.86 52.30 52.07 52.06 51.67
TiO, 0.70 0.69 0.72 0.8 0.12 0.11 0.15 0.15 0.25 0.23
Al,O3 3.80 3.07 4.52 4.31 2.54 2.91 3.95 3.58 4.00 4.04
Cr,03 0.10 0.10 0.10 0.09 0.93 0.89 1.05 1.06 1.25 1.01
Fe,0; 2.16 1.99 1.91 2.30 0.65 0.69 0.75 0.73 0.86 0.94
FeO 3.07 6.28 7.30 7.46 1.95 1.91 1.96 2.07 2.12 2.22
MnO 0.15 0.18 0.21 0.27 0.06 0.07 0.08 0.08 0.12 0.09
NiO — — — — — — — — — —
MgO 15.29 12,99 11.99 11.79 17.97 17.81 17.11 16.81 16.64 16.50
CaO 22.99 22,72 22,66 22.81 22.30 22.18 21.87 22.36 21.45 22.15
Na,0 0.49 0.53 0.49 0.48 0.38 0.39 0.45 0.47 0.64 0.58
K,0 0.04 0.04 0.05 0.04 0.01 0.01 0.01 0.01 0.02 0.02
P205 - - - - - - - - i -
H.0+ nd. 0.03 nd. 0.02 0.12 nd. nd. 0.15 nd. 0.14
H,0- nd. 0.10 nd. 0.00 0.07 nd. nd. 0.11 nd. 0.11
Total 100.05 100.14 99.99 100.00 99.97 99.83 99.68 99.65 99.41 99.70
Si 1.880 1.912 1.871 1.861 1.921 1.918 1.902 1.904 1.900 1.890
Al 0.120 0.088 0.129 0.139 0.079 0.082 0.098 0.096 0.100 0.110
Ti 0.019 0.019 0.020 0.024 0.003 0.003 0.004 0.004 0.007 0.006
Al 0.044 0.046 0.070 0.058 0.030 0.042 0.077 0.068 0.072 0.064
Fet*3 0.059 0.055 0.053 0.065 0.018 0.019 0.021 0.020 0.023 0.026
Cr 0.003 0.003 0.003 0.0038 0.027 0.026 0.030 0.030 0.036 0.029
Fe 0.094 0.195 0.228 0.232 0.059 0.058 0.059 0.063 0.064 0.068
Mn 0.005 0.006 0.007 0.009 0.002 0.002 0.002 0.002 0.004 0.003
Ni — — — — — — — — — —
Mg 0.841 0.724 0.673 0.654 0.978 0.969 0.933 0.922 0.911 0.905
Ca 0.904 0.905 0.908 0.918 0.868 0.862 0.852 0.876 0.839 0.868
Na 0.035 0.038 0.035 0.035 0.027 0.028 0.032 0.033 0.045 0.041
K 0.002 0.002 0.002 0.002 0.000 0.000 0.000 0.000 0.001 0.001
2-Si 0.120 0.088 0.129 0.139 0.079 0.082 0.098 0.096 0.100 0.110
Al/Cr 55 45 66 66 4.0 4.7 5.7 5.1 4.8 6
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Table 13. continued

No. 31 32 33 34 35 36 37 38 39 40

Si0, 50.06 52.29 52.69 51.88 51.98 51.52 51.63 51.05 51.24 51.39
TiO. 0.7 0.13 0.14 0.31 0.23 0.35 0.33 0.28 0.32 0.34
ALO; 2.89 2.74 2,09 417 3.37 3.67 3.64 5.15 4.01 4.19
Cr,0; 0.07 0.24 0.29 0.28 0.30 0.1 0.25 0.10 0.16 0.05
Fe, 04 3.52 1.78 1.25 0.97 0.92 1.18 1.69 1.89 1.83 1.80
FeO 6.48 2.14 2.75 2.8 3.09 3.67 3.68 4.08 4.92 5.23
MnO 0.54 0.12 0.12 0.13 0.08 0.09 1.10 0.10 0.11 0.12
NiO — — — — — — — — — —
MgO 13.63 18.62 17.33 16.71 16.54 16.53 16.91 16.41 16.43 15.38
Cal 20.99 20.07 22.61 22,18 22.23 21.48 21.45 19.86 20.24 20.70
Na,0 0.47 0.47 0.39 0.27 0.28 0.35 0.26 0.43 0.40 0.37
K,0 0.01 0.07 0.02 0.03 0.05 0.03 0.01 0.06 0.03 0.10
P:0s - - — — — — — — — —
H,0+ 0.15 0.32 0.18 0,13 0.38 0.32 0.11 0.11 0.11 0.20
H.0- 0.05 0.40 0.14 0.25 0.19 0.26 0.09 0.12 0.06 0.25
Total 99.66 99.39 100.00 100.17 99.64 99.56 100.15 99.64 99.86 100.12
Si 1.881 1.919 1.929 1.893 1.913 1.900 1.887 1.873 1.885 1.8%4
Al 0.119 0.081 0.071 0.107 0.087 0.100 0.113 0.127 0.115 0.106
Ti 0.022 0.004 0.004 0.008 0.006 0.010 0.009 0.008 0.009 0.010
Al 0.009 0.037 0.019 0.072 0.059 0.061 0.061 0.085 0.059 0.076
Fe+s 0.099 0.049 0.035 0.027 0.025 0.033 0.047 0.052 0.051 0.050
Cr 0.002 0.007 0.008 0.008 0.009 0.003 0.007 0.003 0.004 0.002
Fe 0.203 0.066 0.084 0.087 0.095 0.113 0.112 0.125 0.151 0.161
Mn 0.017 0.004 0.004 0.004 0.002 0.003 0.003 0.003 0.004 0.004
Ni — — — — — —_ — — — —
Mg 0.768 1.017 0.945 0.908 0.907 0.908 0.921 0.897 0.901 0.844
Ca 0.845 0.789 0.886 0.867 0.876 0.848 0.840 0.780 0.798 0.817
Na 0.034 0.033 0.028 0.019 0.020 0.025 0.018 0.03L 0.028 0.026
K 0.000 0.003 0.001 0.001 0.002 0.001 0.000 0.008 0.001 0.005
2-Si 0.119 0,08t 0.071 0.107 0.087 0.100 0.118 0.127 0.115 0.106
Al/Cr 64 17 11 23 16 57 24 71 4 91
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Fig. 11. The relation between Al-Cr and 2-Si in clinopyroxenes from basie
and ultrabasic inclusions. The clinopyroxenes in basic and ultrabasic in-
clusions from Karatsu area are shown for comparison.

temperatures by using a controlled furnace. When starting material is oceanite
the following conclusion is drawn.

(a) When oxygen partial pressure is about 10-8-10-¢ atm., and temperature
is 1400°-1350°C, olivine is crystallized first from the melt, and upon lowering of
the temperature, the crystallization may be followed successively by spinel, plagio-
clase, clinopyroxene and finally by orthopyroxene.

(b) When oxygen partial pressure is about 10-4-10-! atm., and temperature
is about 1400°-1350°C, spinel appears first, being followed by olivine and plagio-
clase, and finally, when the temperature is lowered down to 1150°C, clinopyroxene
and orthopyroxene are crystallized simultaneously from the melt.

(e) At higher oxygen partial pressure (up to 10-! atm.), hematite appears
first and plagioclase and clinopyroxene follow with lowering temperature.

Judging from KATSURA’s result (1967), it should be noted that under high
oxygen partial pressure, Fe,O; and Cr,0; tend to be incooperated into oxide
minerals rather than silicate minerals. As shown in Fig. 11, the point where
the line is curved, indicates that the formation of oxide mineral is promoted
rapidly by the increment of oxygen partial pressure in the magma.

d) Orthopyroxene

1) Chemical composition of orthopyroxene

The orthopyroxene is not so abundant as clinopyroxene in basic and ultra-
basic inclusions. The separation of pure sample is the most tedious work. Six
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Table 14. Chemical composition of orthopyroxene (anal. K. Ishibashi)

No 1 2 3 4 5 6 7 8 9 10
: @&-D) (18-D) (@7-D) (@d5-D) (13-D) (16-D) (14-D) (-D) “4-D) (5-D)

Si0, 48.13 49.28 49.36 49.81 50.62 50.92 50.93 51.73 53.43 54.56
TiO, 0.21 0.36 0.48 0.43 0.2¢ 0.12 0.52 0.16 0.01 0.05
AlLO, 8.32 6.64 6.29 6.18 4.41 6.41 6.13 4.47 3.81 3.34
Cry03 0.3t 0.14 013 0.03 0.31 0.04 0.15 0.28 0.50 0.56
Fe;03 2.81 6.03 421 312 267 214 1.7 1.08 2.32 1.93
FeO 7.11 13.04 10.78 10.65 8.38 8.33 9.72 8.25 4.43 4.18
NiO 0.05 nd. 0.17 0.04 0.13 0.14 0.09 0.14 0.10 0.10
MnO 0.13 0.23 0.28 0.18 0.20 0.24 0.21 0.21 0.15 0.15
MgO  24.26 23.25 26.18 27.40 28.08 29.29 24.55 31.96 34.43 34.80
CaO 8.50 0.45 1.58 1.49 4.06 2.12 528 1.63 0.61 0.41
Na,0 0.4 0.39 0.25 0.09 0.25 0.21 0.38 0.14 0.07 0.07
K;0 0.03 0.02 0.03 0.02 0.02 0.00 0.03 0.00 0.01 0.00
P,0; 0.00 nd. 0.0 0.00 0.00 0.00 0,00 0.00 001 0.00
H,0+ 0.04 nd. 0.11  0.36 0.12 0.11 011 0.03 0.02 0.07
H.0- 0.03 nd. 0.08 0.24 0.04 0.08 0.03 0.01 0.02 0.04
Total 100.38 99.83 99.94 100.05 99.53 100.15 99.89 100.09 99.92 100.26

Si 1.725 1.795 1.783 1.794 1.818 1.806 1.801 1.822 1.855 1.884
Al 0.275 0.205 0.217 0.206 0.182 0.194 0.168 0.178 0.145 0.116
Cr — — — — - - — — — —
Al 0.073 0.097 0.052 0.058 0.003 0.074 0.091 0.008 0.009 0.017
Cr 0.009 0.004 0.002 — 0.013 — 0.004 0.008 0.012 0.017
Fet? 0.077 0.171 0.113 0.082 0.078 0.055 0.047 0.030 0.058 0.050
Ti 0.006 0.011 0.013 0.011 0.006 0.002 0.013 0.006 — 0.002
Fe 0.213 0.396 0.325 0.322 0.252 0.245 0.291 0.243 0.127 0.120
Ni 0.002 — 0.009 — 0.002 0.002 0.002 0.002 0.002 0.002

Mn 0.002 0.007 0.004 0.006 0.006 0.006 0.006 0.006 0.004 0.004
Mg 0.666 0.336 0.474 0.547 0.686 0.651 0.5566 0.768 0.824 0.822

Mg 0.639 0.934 0.942 0.933 0.826 0.906 0.796 0.931 0.969 0.981
Ca 0.327 0.020 0.041 0.058 0.157 0.081 0.206 0.061 0.023 0.014
Na 0.034 0.026 0.017 0.009 0.017 0.013 0.026 0.008 0.008 0.008

2-Si 0.275 0.205 0.217 0.206 0.182 0.194 0.168 0.178 0.145 0.116

Al/Cr 38.6 75.5 134.5 large 14.2 — 64.7 23.2 12.8 7.8
Ca 16.9 1.2 2.3 3.0 7.4 4.2 11.0 3.1 0.8 1.5
Mg 67.8  68.1 74.4 T76.0 75.7  80.1 70.7 83.2 89.7 90.0

Fe 15.3  80.7 23.4 21.0 16.9 15.7 18.3 13.7 9.5 8.5
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Fig. 13. The relation between Cr;0; and Al,0; in orthopyroxenes.

pure samples (Nos. 2-4, Nos. 8-10) of orthopyroxene and additional four samples
(No. 1, Nos. 5-7) of orthopyroxene, the latter of which are mixed only a little
amount of clinopyroxene, are chemically analyzed. The results are shown in
Table 14. All of them co-exist with clinopyroxene.
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Fig. 14. Al/Cr and 2-Si relation in orthopyroxenes.

The tie line relation of co-existing pyroxenes (HEess, 1941) is shown in
Fig. 12.

The relation between Cr,0; and Al,O; in analyzed orthopyroxene is also
given in Fig. 13. The relation between Al/Cr and 2-Si is shown in Fig. 14.

As is clearly illustrated in Figs. 13 and 14, the relation between Al,0; and
Cr,0; shows the same tendency as in the case of co-existing clinopyroxene. Also
2-Si and Al/Cr relation shows the same tendency as that in the co-existing
pyroxenes (Fig.10).

The CaO content in orthopyroxene was discussed by KuNo (1952) and HESS
(1941, 1960). They have suggested that the CaO content of orthopyroxenes is
the most useful parameter of temperature of crystallization. If chemical com-
position of host magma is maintained almost constant, CaO is more soluble in
orthopyroxene solid solution at higher temperatures. Consequently the im-
miscible area of the co-existing pyroxenes becomes smaller at higher temperature.
However, general tendency of this relation cannot be detected in this study.

Chemical composition of orthopyroxene (Table 14) and clinopyroxene
(Table 10) are plotted on Wo-En-Fs diagram (Fig.15). There is no remarkable
difference between the orthopyroxenes of olivine-rich inclusions from Karatsu
area and that from other localities.

2) The tie line relation of co-existing pyroxenes
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Fig. 15. Variation in composition of clinopyroxene and orthopyroxene in
basic and ultrabasic inclusions in basaltic rocks. The orthopyroxenes of

No. 1, No. 5, No. 6 and No. 7 are excluded by contamination of clino-
pyroxene.

The tie line relation of co-existing pyroxenes was first discussed by HESS
(1941). He has pointed out that the tie line of co-existing pyroxenes from
igneous rock intersects at Wo;;Eny; on Wo-En composition line. HEsS’s tie line
relation must have been resulted by iron and magnesium partition of co-existing
pyroxenes. Figure 12 shows the tie line relation of co-existing pyroxenes of
basic and ultrabasic inclusions and also phenocryst of basalt. As is illustrated
in Fig. 12, the tie line of each pair of pyroxenes intersects Wo-En composition
line at point between Wog,Eny, and Woy,. It also intersects at point between
Woy4 and WogyoFs;, on Wo-Fs composition line. The location of the points where
either Wo-En or Wo-Fs composition line is intersected by the tie line depends
largely on the crystallization temperature of these crystals.

The theoretical consideration of this relation was made by MULLER (1960)
and KERrTZ (1961). They considered that, if co-existing pyroxenes exist in per-
fect equilibrium in the rock, the iron and magnesium exchange reaction equili-
brium is expressed in the following chemical equation:

MgSiO;+CaFeSi;0,<CaMgSi, 04+ FeSiO;

If all pyroxene molecules are ideal solution, the partition coefficient (Kd) is
defined in the following equation:

_ 21—y _ 4G L2 (1-v) =e-—;“;—
(1—2x)y RT 1—2x) Y
x=Fe/Fe+Mg in orthopyroxene

y=Fe/Fe+Mg in clinopyroxene

In

In general, the Kd value of co-existing pyroxenes from metamorphic rocks
is about 1.96-1.66, that of volcanic rocks is about 1.45-1.80 and that of olivine-
rich inclusions in basaltic rocks is about 1.30-0.90 (MIYASHIRO, 1965). As
pointed earlier, the Kd value of co-existing pyroxenes depends largely on tem-
perature where the pyroxenes are crystallized, but the effect of pressure on Kd
value is very small. The ecrystallization temperature becomes higher as Kd
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value of the co-existing pyroxenes becomes smaller. The Kd value of co-existing
pyroxenes in basic and ultrabasic inclusions and in basaltic host rocks is cal-
culated from chemical analyses, the result is shown in Table 15.

Table 15. The Kd value of co-existing pyroxenes in various
kinds of inclusions in basaltic rocks

ortho- clino- s
No pyroxene pyroxene ortho-px. | clino-px. Kd
Mg Fe Mg Fe |Fe/Mg-+Fe Fe/Mg+Fe
1 |34.43 | 4.43  18.07 | 2.33 0.114 0.114 1.00 Cr-dicosid
r-diopside

2 134.80 | 4.18 | 18.01 | 2.45 0.107 0.119 0.89 peridotite

3 |31.96| 8.25|17.21 | 3.51 0.205 0.169 1.27

4 ]24.26| 7.11 | 17.08 | 3.69 0.226 0.177 1.35

5 128.08! 8.38|17.54 | b5.87 0.229 0.250 0.85; Cr-pyroxenite

6 |24.55| 9.72|15.19 | 5.21 0.282 0.255 1.14

7 |27.40 | 10.65 | 14.56 | 6.35 0.280 0.304 0.89 Al-pyroxenite

Anorthite-bearing

8 129.29| 8.33|15.11| 4.79 0.221 0.240 0.90 Cr-pyroxenite

9 |26.18)10.78 | 15.70 | 5.17 0.291 0.247 1.25 Al-pyroxene gabbro
10 | 23.25 | 13.04 | 14.83 | 8.59 0.359 0.194 2.59 Banded gabbro
11* ] 27.91 | 10.32 | 14.31 | 5.68 0.269 0.284 0.97 Phenocryst

* KUuNo, H. (1964)

Ca

clino-pyroxene

Mg Fe

olivine
Fig. 16. Tie line relation between co-existing clinopyroxene and olivine.
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Fig. 17. Tie line relation of co-existing olivine and orthopyroxene.

In green type inclusions the Kd values range from 0.80 to 1.35, and in black
type inclusions it ranges from 0.89 to 2.50. It is considered that temperature
of co-existing pyroxenes crystallized in the green type inclusions is higher than
that in black type inclusions.

In general, it is considered that sub-surface temperature of earth is increased
with increasing depth. For this reason variation of Kd value seems to suggest
that olivine-rich inclusions in basaltic rocks may have been brought up by the
basaltic magma from different depth of earth crust and mantle.

3) The tie line relation of olivine and clinopyroxene and of olivine and

orthopyroxene

The tie line relation of co-existing olivine and clinopyroxene and that of
orthopyroxene and olivine are shown in Figs. 16 and 17 respectively. As illus-
trated in Figs.16 and 17, the direction of tie line of each set of co-existing
minerals shows the same tendency as that of co-existing pyroxenes.

e) Plagioclase

1) Chemtical composition of plagioclase

Plagioclase is an important constituent minerals in gabbros and norites.
In some Cr-pyroxenite, there is a small amount of bytownite or anothite. The
data of chemical analyses of plagioclase are shown in Table 16 together with
atomic ratios of elements based on 0=8.000. The Or-Ab-An ratios are plotted in
the triangular diagram (Fig.18). No.1 is in the anorthite-bearing Cr-pyroxe-
nite from Takashima, No. 2 is in the banded gabbro from Kurose, No.3 is in
Al-pyroxene gabbro from Takashima, Nos.4 and 5 are phenocrysts plagioclase
in the basalt from Takashima. Nos.1 and 2 are anorthite in composition, how-
ever, No. 8 is labradolite, the same in composition with the phenocrystic plagio-
clase in basaltic rocks.

Chemical analyses of plagioclase phenocrysts in basaltic rocks and their
differentiated suite from northern Kyushu have also been made (ISHIBASHI
unpublished data). In Fig. 18, the solid circle indicates phenocrysts plagioclase
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Table 16. Chemical composition of plagioclase (anal. K. Ishibashi)

No. 1 2 3 4 5
(16-E) (18-E) 17-E) (19-E,) (19-E,)

SiO, 43.90 45.51 52.39 54.75 54.92
TiO, 0.00 0.00 0.00 0.00 0.00
AlO; 36.18 35.40 30.39 28.03 28.85
Cr;0; nd. nd. nd. nd. nd.
Fe,0; 0.42 0.01 0.42 0.80 0.45
FeO 0.00 nd. 0.00 0.00 0.00
NiO nd. nd. nd. nd. nd.
MnO 0.00 0.00 0.00 0.00 0.00
MgO 0.03 0.01 0.02 0.02 0.04
CaO 17.60 17.07 10.95 9.7 9.51
Na,O 1.45 1.98 5.21 5.72 5.80
K,0 0.16 0.01 0.51 0.52 0.61
P05 0.01 0.01 0.01 0.01 0.01
H,0+ 0.14 nd. 0.21 0.38 0.11
H,0- 0.02 nd. 0.08 0.13 0.02
Total 99.91 100.00 100.19 100. 07 100. 32
Si 2.033 2.108 2.381 2.488 2.473
Al 1.972 1.993 1.625 1.512 1.530
Cr — — — — —
Fe*3 0.017 — 0.016 0.014 0.016
Mg — — - — —
Ca 0.872 0.876 0.534 0.471 0.459
Na 0.133 0.092 0.458 0.502 0.508
K 0.011 — 0.027 0.027 0.032
0=8.000

An 86 90 52.4 47 47.5
Ab 13 10 45.0 50 49.0
Or 1 0 2.6 3 3.5

and open square shows normative composition of plagioclase calculated from bulk
chemical composition of host rocks. They are tied up with a solid line. The
broken line indicates the trend of feldspar composition of basaltic rocks and
their differentiated suite from northern Kyushu. As is illustrated in Fig. 19,
the plagioclase in Al-pyroxene gabbro is at the middle position of the analyzed
plagioclase of basalt-hawaiite series from northern Kyushu. It must be noted
that the chemical composition of plagioclase, orthopyroxene and clinopyroxene in
Al-pyroxene gabbro shows a good concidence with phenocryst minerals in the
basaltic rocks. This fact seems to suggest that the Al-pyroxene gabbro may have
been formed by settling of erystals from basaltic magma in magma reservoir at
an early stage.
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Or Mol.(%) Ab

Fig. 18. Variation in composition of plagioclase from basic and
ultrabasic inclusions in basaltic rocks. The sample numbers
reffer to Table 16.

An

-o- plagioclase of basic and ultrabasic
inclusions in basaltic rocks

o plagiociase of phenocrystic minerals
in basaltic rocks

o normativ plagioclase compositions
of anailyzed rocks

Or

Fig. 19. The chemical composition of plagioclase in basic and ultra-
basice inclusions and phenocrysts of basalts from northern Kyushu.

F. Bulk chemical composition of basic and ultrabasic inclusions in
basaltic rocks

Five bulk analyses of basic and ultrabasic inclusions are shown in Table 17
(Nos. 1-5) with C. I. P. W. norm. Five bulk analyses of inclusion bearing basalts
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Table 17. Bulk chemical composition of basic and ultrabasic inclusions
and their basaltic host rocks (anal. K. Ishibashi)

No.

1 2 3 4 5 6 7 8 9

10

Si0, 40.74 40.65 46.71 48.46 50.76 48.32 48.24 46.57 42.24 44.08
TiO, 0.17 0.37 0.22 0.30 0.55 1.69 1.54 1.89 1.72 1.84
AlLO3 1.48 1.78 15.27  2.19 5,61 16.04 14.03 16.11 13.57 11.26
Fe,0, 0.22 1.38  5.86 1.16 2.52 2,99 3.19 452 2.94 2.26
9.25 10.98 3.93 17.45 4.04 6.48 7.38 6.36 7.31 8.11
MnO 0.13 0.15 0.13 0.19 0.18 0.17 0.18 0.18 0.20  0.20
MgO  47.94 44.45 12.26 26.63 18.30 9.97 11.53 8.19 13.10 16.37
CaO 0.07 0.05 14.25 12.36 16.62 8.20 10.17 9.77 9.86  9.06
Na,0 0.07 0.07 1.03 0.40 0.67 298 2.50 3.18 3.07 3.07
0.02 0.02 0,09 0.02 0.02 1.8 1.00 0.8 1.8 1.51
P,0; 0.01 0.01 0.01 0.01 0.01 0.44 0.24 0.54 1.23 0.94
H,0+* 0.16 0.30 0.1 0.38 0.55 0.49 0.1 0.76 1.52  0.73
H,0- 0.03 0.07 0.15 0.13 0.27 0.33 0.25 0.73 0.95 0.67
Total 100.29 100.23 100.02 99.68 100.00 99.78 100.36 99.69 99.57 100.05

FeO

K,0

or — — 0.56 — — 10.01 6.12 5.56 10.56  8.90
ab 1.05 1.11 8.38 3.14 5.76 25.15 20.96 27.25  2.60 7.34
ne — —_ — — — — — — 12.79 10.22
an 0.28 0.28 36.97 3.3¢4 11.97 25,30 23.91 13.07 17.78 12.51
C 1.22 1.43 — — — — — — — —
wo — — 14.04 24.24 29.35 5.22 10.32 13.3¢ 10.09 11.37
en 0.50 6.70 24.50 27.80 36.60 4.90 8.40 12.10 7.30  8.20
fs — 0.92 1.72 5.15  3.04 1.72 198 3.17 1.8 2.11
fo 84.18 73.60 4.34 27.16 6.44 14.00 14.28 5.88 18.34 22.82
fa 12.85 13.67  0.20 5.71 1.22 4.08 5.30 1.63 5.10 6.53
mt 0.23 1.86  8.58 1.86 3.71 4.41 4.64  6.50 4.18 3.25
il 0.46 1.16  0.46 0.61 1.22 3.19 2.89 3.65 3.04 3.50
ap — — — —_— — 1.01  0.67 1.34 2.69 2.02
1 dunite inclusion from Takashima
2. dunite inclusion from Hinodematsu
3 olivine free gabbro from Kurose
4 peridotite inclusion from Hinodematsu
5 pyroxenite inclusion from Takashima
6 basalt: non-porphyritic part, from Takashima
7 basalt: slightly porphyritic with olivine and augite, from Takashima
8 basalt: slightly porphyritic with olivine, from Kurose
9 limburgite: slightly porphyritic with olivine and augite, from Ogusoyama
10 limburgite: non-porphyritic part, from Ogusoyama
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T FeO O volcanic rocks from northern Kyushy

nodule bearing basalt or hawaiite from
northern Kyushu

°

4 limburgite from Ogusoyama

4’ basic and ultrabasic inclusions in basaltic
rocks from northern Kyushu

nodule bearing host rocks
(nonporphyritic part) from San-in and
northern Kyushu

Na,0 FK0 Mg0

Fig. 20. MgO-T-FeO-(Na,;0+K,0) diagram showing the compositional
distribution of basaltic rocks and their differentiated suite and of
basic and ultrabasic inclusions from northern Kyushu.

and limburgite are also given in Table 17 (Nos. 6-10) with C. I. P. W. norm.
They are plotted in MgO-T.FeO-(Na,O0+K,0) diagram (Fig.20). The data of
chemical analyses of Cenozoic basaltic rocks and their differentiated suite are
also plotted in the same diagram for comparison.

V. Discussions

A. Two distinct groups of inclusions in the Cenozoic basaltic rocks
from the region of northern Kyushu and San-in

As has already been mentioned, the basic and ultrabasic inclusions in basaltic
rocks can be divided into two groups by the color of pyroxenes. The differences
of the two groups of inclusions are summarized in Table 18. The black type
inclusion differs from the green type in the mode of occurrence, minerals para-
genesis and chemical composition of constituent minerals.

Beside these two groups of inclusions, there are abundant large phenocrystic
augite and hypersthene in the same basaltic rocks. MIYAKE (1948) reported
that the zoned augite consisting black core and green margin, exists in alkali
olivine basalt from Nishigatake, 30 km southwest of Takashima island. He sug-
gested that the core was erystallized under certain physico-chemical condition, and
the margin was formed under some different condition than that of the former.

There are numerous zoned crystals of clinopyroxenes in basalts from northern
Kyushu, the zoned crystals generally have green core rich in Cr,0; and brownish
black outer zone rich in Al,0; If these zoned crystals are preserved at high
temperature (below the melting point of the minerals) for a long time, the zoning
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Toble 18. Distinetion of two types of inclusions
Field name green type inclusion black type inclusion
dunite, Cr-diopside peridotite, olivi s
4 A : vine gabbro, olivine-free gab-
Rock type Cr-pyroxenite, and anorthite- bro and Al-pyroxenite.

bearing Cr-pyroxenite.

Field occurrence

some inclusion of this type are
surrounded by black type in-
clusion and mineral veins of
black type inclusion penetrates
through this type.

clinopyroxene and orthopyro-
xene of the outermost part of
this inclusion show euhedral
outline.

Color of olivine
in nacked eye

yellowish green to light yellow.

yellowish green to green.

Color of pyroxene
in nacked eyes

light green to grass green.

pitch black to brownish black.

Miner inclusion
of oxide mineral
in silicate

chromite, rutile and magnetite.

picotite-hercynite, ilmenite,
magnetite.

Optical
characteristics

translation lamellae, andulate
extinetion, minute striation and
exsolution lamellae of diopside
in enstatite crystal.

translation lamellae, augite
shows purple color, some hy-
persthene decomposed to oli-
vine, pigeonite, plagioclase and
magnetite.

Chemical
characteristics

constituent minerals of this
type characterized by Cr,0s.

constituent minerals of this
type characterized by Al:O;.

would disappear and the minerals would become homogeneous crystals. As pointed
by MIYAKE (1948), a sharp zoning in phenocryst pyroxenes indicates sudden
change of physico-chemical condition under which the crystals were formed. The
zoning also suggested that the crystals have not enough time to anneal the zoning
before consolidation.

Decomposition of previously formed minerals is also induced by abrupt
change of physico-chemical condition. In thin section, there are dense aggregate
of maffic minerals in basalts which appear to be pseudomorphus after phenocrystic
pyroxenes. A lot of crystals of large phenocrysts are decomposed at the margin.
Some other crystals are decomposed completely to fine aggregates of olivine,
augite, pigeonite, plagioclase and oxide minerals (Plate 23, Figs.18 and 14).
Existence of sponge augite and decomposed pyroxenes seem to suggest that most
of the gigantic phenocrysts have xenocrystic aspect rather than ordinary pheno-
cryst.

As pointed earlier in this paper, the chemistry of the large phenocrystic
augite and hypersthene is closely related to augite and hypersthene of Al-
pyroxenite and gabbros. In addition, the following facts should be taken into
consideration.

(1) All the basic and ultrabasic inclusions have a sharp boundary with basaltic
and limburgitic host rocks.
(2) The clinopyroxene and orthopyroxene in some black type inclusions are

eudhedral and have crystal faces of a(100), m(110), b(010), u(111) and
¢(001) (Plate 18, Fig. 2). This fact indicates that the crystals of the black
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type inclusions are crystallized from basaltic magma.

The crystals of the green type inclusions show equigranular texture some-
times having translation lamellae, and oriented arrangements of fine
crystals of oxide minerals are often recognized in silicate minerals
(Plate 22, Fig. 12).

The green type inclusions are tranversed by minute veinlets of Al-augite
and Al-hypersthene, while such veinlets could not be found in the black type
inclusions,

Spinel of the green type inclusions is always chromite. The oxide minerals
of the black type inclusions are spinel or hercynite (Plate 25, Figs. 21, 22
and 24) and those of basaltic rocks are usually magnetite or titano-
magnetite.

Cr-diopside and Cr-enstatite occur in the green type inclusions, while in
the black type inclusions, there are Al-augite and Al-hypersthene which
resemble chemically and optically to the gigantic phenocrysts of augite
inclusions as a reaction rim (Fig. 2; Plate 24, Figs. 17 and 18).

Some of the green type inclusions are covered with minerals of black type
inclusions as a reaction rim (Fig. 2; Plate 24, Figs. 17 and 18).

The spongy augite and hypersthene (WILSHIRE and BINNS, 1961; YAMA-
GUCHI, 1964) are always recognized in the basaltic host rocks as pheno-
crysts (Plate 23, Figs. 15 and 16; Plate 21, Fig. 7). They may have been
derived from basic and ultrabasic inclusions.

Constituent minerals of the both types of inclusions show undulated ex-
tinction, strongly so in green type inclusions. Some olivine and ortho-
pyroxene have minute striation and irregular parting (Plate 22, Fig. 11).
Olivine and orthopyroxene have translation lamellae or kink bands which
must have been formed under a stressed condition in solid state.

The Fa content of olivine in the green type inclusions is about Fag i,
while that of olivine in the black type inclusions is about Faq; 5. The
latter is almost the same in composition with the large phenocrystic olivine
of basalt.

Al/Cr of clinopyroxenes is gradually increased with increasing 2-Si in
the green type inclusions, however, there is a remarkable gap in composi-
tion between cliopyroxene of the green type inclusions and of the black
type inclusions.

WILKINSON (1956) pointed out that pigeonite and orthopyroxene were
never crystallized from undersaturated basaltic magma. In the present
study orthopyroxene is found both in the black type and the green type
inclusions. KuNoO (1964) has described the occurrence of Al-rich bronzite
and hypersthene which are crystallized from alkali olivine basalt magma,
and he emphasized that Al-rich bronzite and hypersthene can be crystal-
lized directly from alkali olivine basalt magma at high pressure.

The constituent minerals of the green type inclusions are characterized
by higher content of Cr,O4 and lower content of Al,0; and TiO,.

On these lines of evidences I lead to the conclusion that the green type

inclusions are of deeper origin than the black type inclusions.
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B. Relation between olivine.rich inclusions and basaltic host rock

Basaltic magma is produced in the upper part of the mantle, although
chemical and mineralogical composition of the mantle is not exactly known. If
the basic and ultrabasic inclusions in basaltic rocks are assumed to have been
caused by mechanical capturing of the deep seated rocks by basaltic magma on
the way from subcrustal depth to the surface of the earth, we may be allowed
to give the following discussions.

4 olivines
MgO+T.FeO & orthopyroxenes
R clinopyroxenes

{> bulk composition of basic and ultrabasic
inclusions

o bulk composition of basaltic host rocks

4 bulk composition of limburgitic host rocks

|ooy_“

=)
llll

| —_— Fe%go °

5 1 ! 1 | B SE S | n 1 1 | O S
[s]] 05 1o 5.0 100

Fig. 21. The relation between FeO+MgO and T -FeO/MgO of the con-
stituent minerals in basic and ultrabasic inclusions in basaltic rocks
and their differentiated suite from northern Kyushu.

Figure 21 shows the relation between MgO+FeO and FeO/MgO of analyzed
olivine, orthopyroxene and clinopyroxene. Figure 22 is essentially the same as
Fig. 21, but is simplified to avoid confusion of lines and points. The inclusion-
bearing basaltic and limburgitic host rocks from northern Kyushu and from
Ogusoyama are shown in the area of (J) and (K) in Fig.22. In the same figure
(P) represents the average chemical composition of peridotite inclusions given
by KusHIR0O and KuNo (1963), which is shown in Table 19.

The line LL/ shows the trend of crystallization of alkali olivine basalt magma
of northern Kyushu, and is prolonged towards the left. It should be noted that
line L1/ passes through (K) to (P). On this fact I considered that (J), (K)
and (P) have a compositional relation with respect to FeO and MgO which is
explained below. KUsHIRO and KUNO (1963) pointed out that the partial melting
of mantle peridotite is less than five per cent in volume. In Fig. 22, (P) repre-
sents the average chemical composition of peridotite inclusions and (J) is the
compositional area of inclusions-bearing basaltic host rocks which corresponds
approximately to the liquid composition formed by partial melting of mantle
peridotite. Now we can fix the point (P) and (K) on the line of LI/ in Fig. 22,



Basic and Ultrabasic Inclusions in Basaltic Rocks 133

P. average compasition of peridotite nodules
K. limburgites from Ogusoyama

J. nodules bearing’ basaltic host rocks
M. phenocryst clinopyroxenes in basaltic rocks

100~
/lMgO‘PT. FeO LU. trend line of volcanic rocks from northern Kyushu area
olivines

J_nodules bearing
basaltic hostrocks
(non-porphyritic part)

clinopyroxenes

i i 1 1 1 " L
Sen 05 10 50

Fig. 22. Illusrative diagram for generation of basaltic magma by
partial melting process from mantle peridotite.

Table 19. Average chemical composition of
peridotite nodules in the world
(KusHIRO and KUNO, 1963)

Si0. 44.05
TiO, 0.14
AlLO; 2.80
Cr0; 0.36
Fe;03 1.16
FeO 7.13
MnO 0.14
MgO 40.98
Ca0 2.49
Na,0 0.21
K,0 0.03
P,0; 0.02
H,0+ 0.36
H,0- 0.08
Total 99.95

gince (JP) indicates the total volume of liquid and crystal (the magma J and
peridotite P) in volume per cent. If a mantle peridotite forms liquid (J) by
about five per cent, the residual peridotite (P) is about ninety-five per cent in
volume, then the mantle peridotite can be determined at point (E) on the line
of LI/ which divides the line L1/ into EP:EJ=5:95.
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The mineralogical composgition can be determined by each point of inter-
section at which the tie line crosses the line LL’. For example the composition
of the point (E) is FeO:Mg0=9:83, in other words, it is the mixture of olivine
and clinopyroxene whose composition is determined by the tie line (ED) and
(EF), which is about 20:18 (olivine 18 and clinopyroxene 20). Table 20 shows
the data of chemical composition of parental basaltic magmas in several areas.
If we plot them in Fig. 22, they come in (J) area. In spite of great variation
in alkalies contents of above mentioned samples, the FeO and MgO contents are
so constant that they are plotted within (J) area in Fig. 22.

Table 20. Chemical composition of parental basaltic magmas in several areas

No. 1 2 3 4 5
Si0, 48.73 47.76 47.12 46.48 48.38
TiO, 0.63 0.91 1.83 2.70 1.36
AlO; 16.53 17.14 16.21 13.86 19. 04
Fex03 3.37 2.64 3.28 2.59 1.19
FeO 8.44 6.05 6.78 9.52 8.74
MnO 0.29 0.17 0.16 0.12 0.10
MgO 8.24 8.43 8.68 9.74 7.90
Ca0 12.25 12.27 10. 36 10.38 10.56
Na,O 1.21 2.33 2.27 2.82 2.46
K0 0.23 1.19 1.48 0.67 0.18
P.0; 0.10 0.85 0.49 0.35 0.07
H,0+ — 0.44 1.34 0.59 —
H,0- — 0.36 — 0.24 —
Total 100. 02 100. 54 100.00 100. 06 99.98

1) Kuno, H. (1951)

2) Towmirta, T. (1951)

3) Yaar, K. (1958)

4) Kuno, H. et. al. (1957)

5) WAGER, L. R. and DEER, W. A. (1939)

If the partial melting is taken place like this, the chemical composition of
the residual peridotite, if we allow to call it so, must move towards MgO rich
clinopyroxene as compared with the olivine and clinopyroxene of initial perido-
tite. Moreover, the volume of olivine increases more than that in the initial
peridotite. When the partial melting proceeds further on, the residual peridotite
becomes more richer in olivine content, changing finally to dunite.

The limburgite seems to be the mixture of parental basalt magma (J) and
peridotite (S) with volume proportion of about 6:4 (Fig.22).

Abundant phenocrysts of olivine and augite in limburgite suggest that the
bulk chemical composition of the rock does not imply the composition of liquid
derived from the mantle peridotite by partial melting.

During the partial melting of mantle peridotite, the concentration of alkalies
into liquid phase (parental basalt magma) is one of the most important problems
for petrogenesis. The relation between total alkalies and silica in the consti-
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Fig. 23. Si0;—(Na,0+K:0) diagram showing the concentration of alkalies against silica
in various type of inclusions and their constituent minerals and also in basaltic rocks
and their differentiated suite.
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Fig. 24. Illustrative diagram for the concentration of alkalies into liquid
phase during partial melting process of mantle peridotite.
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tuent minerals of basic and ultrabasic inclusions, parental basalt magmas, and
phenocrysts of the inclusion-bearing basaltic host rocks is shown in Fig. 23.
The Fig. 24 is reproduced from Fig. 23 for explanation. The line of (DES) is
the trend line of the green type inclusion from northern Kyuhu. Point (P) is
the average composition of peridotite (Kushiro and Kuno, 1963). It is interest-
ing to note that point (P) is plotted approximately on the line of (DES). If
chemical composition of clinopyroxene is fixed between (C) and (S) on the line
of (DES), for example (E), then the ratio of olivine and clinopyroxene of the
point (P) is determined by the line (DPES), being counted as EP:PD=7:3
(olivine 7 and clinopyroxene 3).

The peridotite with the composition (P) begins to melt partially forming
the liquid (L), the composition of the residual peridotite tends to move from
(P) to (F) and finally it reaches (F) on the line of (ODRT), and then the
transfer of the alkalies into liquid phase is suspended, because the alkalies con-
tents of initial peridotite become almost zero.

The degree of concentration of alkalies relative to silica in various kinds of
rocks and minerals may be expressed in the following equation:

_ Alk@y—Alk,

=_—— " ...concentration factor
8102(a)—8102(b)

C

In Fig. 25, (C) indicates the inclination of lines (DCS) and (PL). Figure 25
shows the relation between total alkalies and silica in the parental basaltic
magmas and trend lines of their differentiated products.

The concentration factor (C) of several kinds of parental basaltic magmas
and their differentiated suites are shown in Table 21.

During formation of basaltic magma by partal melting, the concentration
factor of the Hawaiian tholeiitic magma reaches 0.47 and that of alkali magma
reaches 0.85. The boundary line of alkalic rocks and tholeiitic rocks by
magmatic crystallization from Hawaiian islands is clearly shown by MACDONALD
and KATSURA (1964) and the value of (C) is 0.37. It is interesting to note that
concentration factor (C) in partial melting is always greater than that of frac-
tional crystallization (Table 21).

Generally alkalies and volatile elements tend to be concentrated into liquid
phase from solid phase during crystallization and during partial melting.

Variation of (C) in different rock series (Table 21) is caused by the effect of
pressure and temperature on the activities of alkalies and silica in the constituent
minerals of mantle peridotite.

It is conceivable that under a low pressure the activity of silica exceeds that
of alkalies, and the temperature grows higher, the activity of alkalies becomes
larger until it overcomes the activity of silica.

This conception is well illustrated from the zonal distribution of the assem-
blage of various inclusions and alkalies contents of their host rocks, which will
be discussed in next paragraph. It is possible to consider that the deeper the
position of parental basalt magma is produced, the larger becomes the concentra-
tion of alkalies (C).

Once the parental basalt magma is produced by partial melting, the crystal-
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Fig. 25. Concentration of alkalies into liquid phase during partial melting
process of mantle peridotite and during fractional crystallization of the
basaltic rocks from several areas.

Table 21. The concentration factor of alkalies into liquid phase during
partial melting and during fractional crystallization

Type of rock partial melting fractional erystallization

Hakone pigeonitic rocks 0.27 0.22
Hawalii tholeiitic rocks 0.47 0.32
Skaergaard intrusive rocks 0.55 0.23-0.25 ()
Hawaii alkalic rocks 0.85 0.41
Northern Kyushu alkali rocks 1.15 0.55
Boundary of alkalic rocks and

tholeiitic rocks from Hawaiian 0.37

island

lization course is controled by its bulk chemical composition, temperature and
pressure and also the environment of the magma reservoir. The problems would
not be discussed here. The diversity of basaltic rocks may be produced by degree
of fractional crystallization. However, if compositional gradient exists in the
mantle peridotite, it may result the degree of partial melting of mantle peridotite.

C. The zonal distribution of basic and ultrabasic inclusions of
Cenozoic basaltic rocks in southwestern Japan

As the Cenozoic basaltic rocks from southwestern Japan contain various
kinds of basic and ultrabasic inclusions and acid xenolithes of basement rocks,
it will be very interesting to investigate the geographical distribution of these
inclusions and also basaltic host rocks in connection with geologic structure of
the Japanese islands and adjacent areas.
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There are only brief description concerning the mode of occurrences of basic
and ultrabasic inclusions and chemical relation between basatlic host rocks and
their inclusions.

The detail description of basic and ultrabasic inclusions from Oki islands
in the Japan Sea, Oyama and Meyama from Okayama Prefecture, Ogusoyama
from Shimane Prefecture and Karatsu district from northern Kyushu were made
by YAMAGUCHI (1964). The chemical differences of Cenozoic basaltic rocks of
southwestern Japan were mentioned by TANEDA (1951, 1952, 1955), OJ1 (1961)
and MATSUMOTO (1961). They have demonstrated that the zonal arrangement
of alkalies nature of the basaltic rocks, where the alkalies content increases from
the Pacific coast through the Sea of Japan to the continental side. KuNo (1960)
also mentioned that the zonal distribution of three basaltic rocks, alkali, high
alumina and tholeiitic basalts were arranged almost in parallel with Japanese
islands. He concluded that the distribution of these three magma types is
closely related to the depth of earthquake foci. He has presented a schematic
profile traversing from the Japan trench and Japanese island to the Siberian
continent. In his model, he suggested that where the earthquakes are generated
at shallow depth, the tholeiitic magma is produced, and as the earthquakes
originate from successively deeper level, magmas are also produced at successive
levels which are of high alumina basalt and alkali olivine basalt in composition
(KuNo, 1966).

Figure 26 shows the geographical distribution of basic and ultrabasic inclu-
sions, xenocrysts derived from olivine-rich inclusion and gabbros, large pheno-
crysts and acid xenolithes of basement rocks in the Cenozoic basaltic rocks in the
region of San-in and northern Kyushu. As is clear in Fig. 26, zone A and C are
almost in parallel with the western part of Japanese islands, although zone B is
recognized incompletely in the surveyed area. Each zone is characterized by the
following inclusions and acid xenolithes assemblage.

ZONE
B C

Inclusions and acid xenolithes
Dunite
Cr-diopside peridotite
Crpyrocenite
Anorthite-bearing Cr-pyroxenite
Al-pyroxenite
Olivine gabbro
Olivine-free gabbro
Xenocrystic Al-augite and Al-hypersthene
Xenolithes of acid basement rocks

e e e
|
1

+ o+ W+
|

In other words the zone C is characterized by the xenocrystic Al-augite and
Al-hypersthene (large phenocryst), and xenolithes of acid rocks . The zone B is
characterized by the black type inclusions and acid xenolithes. Abundant green
type inclusions and less abundant black type inclusions, and acid xenolithes of
basement rocks are found in the zone A.
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Fig. 26. Zonal distribution of basic and ultrabasic inclusions in the

Cenozoic basaltic rocks of southwestern Japan.

A: Zone of green type inclusion.
(Basalts of this zone have both green type and black type inclu-
sions, and xenocrysts derived from black type inclusion)

B: Zone of black type inclusion.
(Basalts of this zone have black type inclusion and xenocrysts
derived from black type inclusion)

C: Zone of xenocrysts minerals.
(Basalts of this zone have no inclusions but xenocryst minerals
only, which are derived from black type inclusions)

I should like to discuss below the meaning of this characteristic distribution.

The stability relation of eclogite and gabbro is examined experimentally
by RINGWO0OD and GREEN (1966, 1967). They concluded that eclogite appears to
be more stable at the lower level of the continental crust. Recently, however,
pyroxene-spinel symplectite has been found in the olivine gabbro at Ichinomegata,
Akita Prefecture by KuNno (1967) and Iki island, Nagasaki Prefecture by AOKI
(1968).

The experimental data of the minerals assemblage (i.e. symplectite) suggest
that anorthite and forsterite (1:1 mol.%) change to clinopyroxene, orthopyroxene,
anorthite and spinel at 9 Kb. 1300°C and also at 8 Kb. 1100°C (KUSHIRO and
YoDER, 1966). The eclogite has never been found in the area studied in the
present paper, whereas gabbro inclusions is found abundantly in the Cenozoic
basaltic rocks in southwestern Japan. Also, I have never found pyroxene-spinel
symplectite in gabbro and Al-pyroxenite.
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Absence of symplectite in these inclusions suggests that the pressure is
insufficient for transformation from olivine-plagioclase assemblage to pyroxene-
spinel symplectite. From this fact, it can be concluded that the black type
inclusions may originate at position shallower than 30km in depth. On the
other hand, the green type inclusions (Di+En+Fo+Spi and Di+En+An4-Spi)
is stable between the stability field of gabbro and garnet peridotite (KUSHIRO
and YODER, 1966; RINGWOOD and GREEN, 1967, 1968).

The zonal arrangement of inclusions assemblage and experimental data
suggest that the positions where the basaltic magmas are produced probably
deepen from the side of the Setouchi Inland Sea and under the Japanese islands
to East Asiatic continent (Siberia), because the xenolithes and inclusions around
the Sea of Japan have characters which indicate a deeper origin than those closer
to the Setouchi Inland Sea (Fig.1 and Fig. 26).

The world-wide distribution of basic and ultrabasic inclusion is discussed
by ForBEs and KuNo (1967). They paid much attention to the comparative
petrology of basaltic host rocks and their inclusions and regional distribution of
the inclusions. According to their conclusions, both continental and oceanic
basalt magmas are derived from the upper mantle and the origin of peridotite
inclusions is related to the genesis of basaltic magmas in these zone.

As already stated, the two distinct assemblages of inclusions, such as, the
green type and the black type inclusions, the former is probably derived from
the mantle and the latter is formed by the accumulation of crystals in magma
reservoir shallower than 30 km in depth.

VI. Summary of results

The following is a summary of result of the present study of basic and
ultrabasic inclusions in the basaltic rocks in the northern Kyushu and San-in
districts.

(1) The basic and ultrabasic inclusions can be divided into two groups
as follow:

i) The green type inclusion

ii) The black type inclusion

(2) Both oxide and silicate minerals of the green type inclusions are
characterized by a large amount of Cry0, while those of black type inclusions
are characterized by a large amount of Al,Os.

(3) The mode of occurrence shows that the green type inclusions may
originate from the upper mantle. The textural, optical and chemical characters
of constituent minerals seem to show that they are of deeper origin than that
of black type inclusions.

(4) The black type inclusions are formed by accumulation of ecrystals,
crystallized from basaltic magma in the reservoir shallower than 830 km in depth.

(5) In the basaltic rocks near the coast of the Japan Sea there are both
green type and black type inclusions, whereas the basaltic rocks of the Setouchi
district have only the black type inclusions and acid xenolithes of basement rocks.
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The inclusions assemblage is closely related to the chemical composition of the
basaltic host rock. Namely, alkali basalt has both green type and black type
inclusions as seen in the basaltic rocks around the Japan Sea, whereas alkali
poor basalt has inclusions of black type only, as seen in the basaltic rock from
the area closer to Setouchi Inland Sea district.
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Plate 18



Explanation of Plate 18

Fig. 1. Large phenocrysts of aluminous augite (Au) and labradolite (Pl) in
the basaltic rock from Takashima. Gabbro (Ga) and peridotite (Pe)
inclusions are also contained.

Fig. 2. Roughly separated phenocrysts of aluminous augite and aluminous
hypersthene in the scoriaceous rock from Takashima, showing euhedral
outline.
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Plate 19



Explanation of Plate 19

Fig. 3. Chromian diopside (Di) and plagioclase (Pl) showing banded texture,
in the anorthite-bearing Cr-pyroxenite.

Fig. 4. Banded gabbro, consisting aluminous augite (Au), aluminous hypers-
thene (Hy) and plagioclase (Pl) from Kurose.



Mem. Fac. Sci., Kyushu Univ., Ser. D, Vol. XX Plate 19

K. IsSHIBASHI: Basic and Ultrabasic Inclusions



Plate 20



Explanation of Plate 20

Fig. 5. Photomicrograph showing a contact of dunite (Du) and basalt (Ba).
The dunite consists of olivine (0Ol) and chromite (Chr) open niclos.
Fig. 6. Crossed nicols of Fig. 5.
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Plate 21



Explanation of Plate 21

Fig. 7. Photomicrograph of the contact between olivine-free gabbro (Ga) and
basalt (Ba). The large phenocryst-like minerals (Au, Hy) in the basalt
seem to have come from gabbro inclusions. The boundary line of the gabbro
(Ga) and basalt (Ba) show a very irregular line, open nicols.

Fig. 8. Photomicrograph of a veinlet of aluminous augite and aluminous
hypersthene (Al-Px) cutting through a dunite inclusions (Du), open nicols.
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Plate 22



Explanation of Plate 22

Fig. 9. Photomicrograph of a veinlet of basalt (Ba) cutting through a dunite
(Du) inclusion. The outer part of the inclusions (Du) is surrounded by the
aliminous augite and hypersthene (Al-Px), open nicols.

Fig. 10. Crossed nicols of Fig.9.

Fig. 11. Photomicrograph of a large phenocryst-like olivine (Ol) which seems
to have been derived from dunite or peridotite inclusions. It has striation
and irregular parting, open nicols.

Fig. 12. Crystal of olivine (Ol) in the dunite inclusion showing translation
lammelae, crossed nicols.
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Plate 23



Explanation of Plate 23

Fig. 13. A small inclusion of gabbro (Ga) showing irregular outline in basaltic
host rock (Ba), the outer margin changed to small aggregate of olivine,
augite, plagioclase and glass. Aluminous hypersthene (Hy) changed it
margin to small aggregate of olivine and/or pigeonite and plagioclase.
Disintegrated crystal of olivine, augite, plagioclase and opaque minerals are
scattered as phenocryst-like minerals in basalt, open nicols.

Fig. 14. Crossed nicols of Fig. 13.

Fig. 15, Photomicrograph showing a boundary between a peridotite inclusion
(Pe) and basalt (Ba). The outer part of the peridotite is surrounded by
aluminous pyroxenite (Al-Px). The large phenocryst-like mineral (Au)
which seems to have been derived from basic inclusions is almost vitrified,
open nicols.

Fig. 16. Crossed nicols of Fig. 15.
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Plate 24



Explanation of Plate 24

Fig. 17. Photomicrograph showing the boundary between Cr-diopside perido-
tite (Pe) and basalt (Ba). The former is covered by aluminous pyroxenite
(Al-Px) as a reaction rim around it. The opaque minerals in aluminous
pyroxenite is aluminous spinel (Sp), open nicols.

Fig. 18. Crossed nicols of Fig. 17.

Fig. 19. Photomicrograph of a gabbro inclusion (Ga) and sporadically scat-
tered large phenocrysts of aluminous hypersthene (Hy) and aluminous augite
(Au) which are decomposed to fine grained olivine, plagioclase, opaque
mineral and augite at the margin, open nicols.

Fig. 20. Crossed nicols of Fig. 19.
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Plate 25



Explanation of Plate 25

Fig. 21. Photomicrograph showing a boundary between a gabbro inclusion
(Ga) and basalt (Ga). The opaque minerals in the gabbro are aluminous
spinel (Sp), Crossed nicols.

Fig. 22. Photomicrogrpah of gabbro inclusion consisting of aluminous augite
(Au), aluminous hypersthene (Hy), plagioclase (Pl1) and opaque minerals
(Op). The aliminous augite and aluminous hypersthene show exsolution
texture, crossed nicols.

Fig. 23. Photomicrograph showing a boundary of basalt (Ba) and Cr-
pyroxenite (Cr-Px) which consists of chromian diopside (Di) of unequal
size. The large crystal of chromian diopside (Di) have numerous inclusions
of opaque minerals, whereas the small crystals of chrominian diopside have

no opaque minerals and very transparent, erossed nicols.

Fig. 24. Photomicrograph showing a gabbro in basalt (Ba). The outer margin
of the phenocryst minerals (Au) are corroded by the basaltic magma, forming
rounded shape, crossed nicols.
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