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Abstract

Oshima-Oshima volcanic island, a triple stratovolcano, is situated off the Japan sea coast, north Japan.
The volcanic edifice consists of lavas and pyroclastics, about 30 vol% of calc-alkaline andesite and 70% of
alkali olivine basalt. The andesite and basalt are intimately associated with each other, even within a single
cycle of eruption as in the recorded eruption in 1741-1742.

Most of andesite and some basalt contain ultramafic and mafic inclusions which show a typical
cumulate texture. The occurrence, texture and chemistry of minerals of these inclusions may have played an
important role in fractional crystallization of the basaltic magma. A gradual change in modal contents of
minerals is observed in the inclusions. Mg/Mg + Fe ratio of olivine, clinopyroxene and amphibole decreases
from dunite to hornblende gabbro. Consequently, the crystallization sequence of the inclusions is inferred as
follows: dunite - wehrlite - olivine clinopyroxenite - clinopyroxenite - hornbledite - hornblende gab-
bro.

The variation in major and trace elements of the volcanic rocks seems to result from successive fraction-
ation of these inclusions from the basaltic magma. The trend from picritic basalt to felsic basalt is interpreted
as due to the successive removal of dunite, wehrlite and clinopyroxenite (first removal), whereas that from
the felsic basalt to andesite as due to the successive removal of hornblendite and hornblende gabbro (second
removal). The first removal results in a considerable increase in Al O content with a little SiO, enrichment of
residual liquid, whereas the second removal leads to a constant Al;O; content with a considerable SiO,
enrichment. These chemical variations in the residual liquid reflect on the chemistry of clinopyroxenes in the
inclusions.

The phase relationships in the basalt-andesite magma and the comparison of mineral chemistry between
the inclusions and their host rocks suggest that the dunite fractionation from the primary magma took place
under hydrous condition at higher pressure, whereas the subsequent fractionation proceeded under hydrous
condition at low pressure. The variation in the volcanic rocks from alkaline basalt to calc-alkaline adnesite,
therefore, is considered to be caused by amphibole fractionation from the felsic basalt under hydrous condi-
tion at shallower place in the continental crust.

The Quaternary volcanic rocks in the Notheast Honshti Arc vary markedly in the chemistry from the
Nasu Volcanic Zone (Pacific side) to the Chokai Volcanic Zone (Japan Sea side). The rocks of the Chokai
Zone including Oshima-Oshima volcano are higher in alkali content than those of the Nasu Zone. Alkali con-
tent as well as H,O content are considered to be important factors for the stability of amphibole. High alkali
and H,0 contents are favorable to the fractionation of amphibole from the basaltic magma at the early stage
of differentiation. In the Nasu Zone, common hornblende is rarely found in dacite whereas in the Chokai
Zone, pargasite occurs frequently in andesite, even in basalt. Thus, the calc-alkaline andesite from the
Chokai Zone may be originated from the basaltic magma through amphibole fractionation.

Introduction

Volcanism along the inner zone of the North Honshui Arc, Japan, has been active
since the Miocene and many Quaternary volcanoes have been produced (Text-fig. 1).

Contribution from the Department of Geology and Mineralogy, Faculty of Science, Hokkaido University,
No. 1833.
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The distribution of volcanoes and the existence of a deep-sea trench and active seismici-
ty, the focal plane of which dips under the marginal sea, indicates that the North
Honsht Arc has similar tectonic features to the double island arcs of the circum-Pacific
belt.

As in other island arcs, the Quaternary volcanic rocks in this area are grouped in a
basalt-andesite-dacite-rhyolite suite, of which andesite and dacite of the calc-alkaline
series are generally abundant. These rocks vary markedly in nature from the Pacific
side (calcic and low-potassic) to the Japan Sea side (more alkalic and high-potassic).
High-alumina basalt or alkali olivine basalt are associated with the calc-alkaline rocks
in many volcanoes (Kawano et al., 1961; Katsui et al., 1978). The calc-alkaline volcanic
rocks are generally recognized as dominant rocks in island arcs, continental margins
and other orogenic belts, hence their origin has become one of the principal problems
of magmatism in orogenic belts.

During the past twenty years, geological and petrographical studies on Oshima-
Oshima Volcano have been carried out by Kuno (1936), Katsui and Satoh (1970),
Yamamoto (1977), Yamamoto et al. (1977), Yamamoto (1978), and Katsui et al.

the

location of Oshima-Oshima Island.
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(1979). These results indicate that Oshima-Oshima Volcano belongs to the Chokai
Volcanic Zone, and that the rocks are composed mainly of alkali olivine basalt and
hornblende-pyroxene andesite of the calc-alkaline series, the latter of which is
characterized by the presence of groundmass orthopyroxene and a variation trend of
non iron enrichment. The basalt and andesite from Oshima-Oshima are intimately
associated with each other, even within a single cycle of eruption as in the recorded
eruption in 1741-1942 (Katsui and Yamamoto, 1981). Almost continuous variation
curves of major elements can be traced from the basalt to andesite without notable
break. Mafic and ultramafic inclusions that occur in the andesite may also prove in-
tegral in explaining the genesis of calc-alkaline andesite.

The present study involves geological and petrographical investigation of Oshima-
Oshima Volcano, along with chemical analyses of the rocks and their constituent
minerals. The principal problems addressed are:

(1) Petrogenetic relation between the volcanic rocks

(2) Crystallization of basaltic magma, and

(3) Origin of the calc-alkaline andesite of Oshima-Oshima Volcano.

Geology

Oshima-Oshima, a small volcanic island in the Sea of Japan, is located at Lat.
41°30’'N and Long. 139°22°E (Text-fig. 1). This island is composed of a triple
stratovolcano of basalt and andesite, and belongs to the Chokai Volcanic Zone. The
volcanic island has been dormant for the past two centuries, but had been active during
50 years from 1741 to 1790. The geology and volcanic history of the island have been
studied by Katsui and Satoh (1970), Katsui et al. (1977), Yamamoto et al. (1977), and
Katsui and Yamamoto (1981).

Volcanic topography

Oshima-Oshima is situated 55 km off the western coast of the Oshima Peninsula,
southwestern Hokkaido (Test-fig. 1). The island of Oshima-Oshima is 4 km long in an
E-W direction and 3.5 km wide, having an outline of an equilateral triangle whose apex
is on the eastern side. The bathymetric chart shows that the volcanic body is on the
eastern side of the Matsumae Plateau and has a submerged base, 12 km in diameter,
from which the summit (737 m above sea level) rises 1,700-1,900 m (Katsui and Satoh,
1970). The slope of the volcanic edifice below sea level dips gently 10° to 15° whereas
that above the sea level dips more steeply at 30° to 40°. There is no surface water, so no
stream erosion has taken place anywhere. The island has long remained uninhabited
due to the paucity of fresh water.

Geology

The island of Oshima-Oshima consists of a triple stratovolcano (Text-fig. 2). The
eastern part of the island is occupied by Higashi-yama which surrounds a caldera
200 m deep from the top of its eastern rim. The western part of the caldera is complete-
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Text-fig. 2 Geologic map of Oshima-Oshima Island.
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ly covered by the lavas of the Nishi-yama which in turn encircles a caldera 1.3 km across
and more than 160 m deep from the top of its southern rim. The northern rim of the
Nishi-yama somma is absent. Accordingly the Nishi-yama somma is a horseshoe-
shaped caldera. Within the caldera lies a central cone with a summit crater 250 x 300 m
in diameter and 70 m in depth, rising 200 m from its base. The Central cone lavas and
the parasitic crater lavas completely cover the Nishi-yama caldera floor.

The Higashi-yama somma, the oldest body of the volcano, has been fairly dissected
due to marine erosion and exposes radial dikes cutting the volcanic body. However,
other volcanic bodies, Nishi-yama and the Central cone, remain free from such intense
erosion. The visible part of the volcano probably ranges from late Pleistocene to
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Table 1 Sequence of the evolution of Oshima-Oshima

Parasitic crater lave Ol-Au basalt Btk anitins i
Central cone ejecta Ol-Au basalt 1759, 1768 & 1790
Central cone lava Ol-Au basalt
Formation of caldera
Nishi-yama ejecta 1741—1742
scoria Ol-Au basalt
pumice (Au, Hy) Bi-Ho andesite
Intrusion of dykes of
Nishi-yama upper lava Au-0l basalt Ol-Au basalt

(Ol) Au-Hy andesite
(Hy) Ol-Au andesite
. . Au-Hy andesite
Nishi-yama middle lave (01, Ho) Au-Hy andesite
Ho-Au-Hy andesite
Au-Hy-Ho andesite

Au-0l basalt

Nishi-yama lower lava Ol-Au basaltic andesite

Marine erosion

Au-0Ol basalt Formation of caldera

Higashi-yama upper lava (Hy) Ol-Au andesite Intrusion of dykes of
. Ol-Au basalt
Higashi-yama middle lava 81): ﬁd‘l gg;’aﬁndeme Ol andesite
Au-0l basalt
Higashi-yama lower lava (Hy) Au-Ol andesite

(Hy) Ol-Au-Ho andesite

Katsui et al. (1979).

Holocene in age.

The basement rocks of the volcano are not exposed anywhere. It can be inferred,
however, that they are Paleozoic sediments and Mesozoic plutonic rocks which are
similar to those developed in the southwestern part of Hokkaido, judging from
xenoliths found in the volcanic products.

The sequence of development of the volcano is shown in Table 1. In the early stage,
alternate eruptions of andesite and basalt took place from Higashi-yama (the Higashi-
yama lower lava). Andesite eruptions continued (the Higashi-yama middle lava),
followed by eruptions of basalt (the Higashi-yama upper lava). During the growth of
this gigantic stratovolcano, built up of basalt and andesite, intrusions of radial dikes of
basalt (Hd) took place. The subsidence of the summit of the stratovolcano resulted in
formation of a caldera which is now surrounded by the Higashi-yama somma on the
east.

During a long period of quiescence the volcanic edifice of Higashi-yama was sub-
jected to marine erosion. Basalt and andesite were then erupted within the caldera of
Higashi-yama to form the second stratovolcano which completely covered the western
part of the caldera. This second stratovolcano is called Nishi-yama volcano. Eruptions
of basalt took place in the early stage of Hishi-yama (Nishi-yama lower lava).
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Andesites were erupted later to form lava banks and a lava delta (Nishi-yama middle
lava). This activity was followed by eruptions of picritic basalt (Nishi-yama upper
lava) which covered the southern part of Nishi-yama volcano. During the growth of the
Nishi-yama stratovolcano, radial dikes of basalt (Nd) also intruded the volcanic
edifice. Following a violent eruption that successively produced augite- and
hypersthene-bearing biotite hornblende andesite pumice, then scoria, and finally
olivine augite basalt bombs (Nishi-yama ejecta), the top of Nishi-yama stratovolcano
collapsed to form another caldera to the north. This successive eruption occurred in
1741 after about 1,500 years of dormancy (Katsui et al., 1977; Katsui and Yamamoto,
1981). According to recent studies by Hatori and Katayama (1977) and Katsui and
Yamamoto (1981), the sector collapse of Nishi-yama was triggered by a great earth-
quake (M =7.5) which possibly occurred in the sea bottom near QOshima-Oshima and
generated a destructive tsunami during the culminating phase of the 1741 eruption.

The 1741 eruption continued to the next year, and a Central cone of basaltic tephras
and lavas (Cl) was built within the horseshoe-shaped caldera. Flank eruptions also
occurred at points on the northwestern and northeastern foot of the Central cone. Aa
lavas of basalt were extruded from small craters opened at both points. After the in-
tense eruption in 1741-1742, the activity of the Central cone decreased substantially
and ceased in 1790.

Ptrography

Volcanic rocks

The rock types recognized in Oshima-Oshima Volcano are shown in Table 1. All of
the lavas and pyroclastics of the Central cone consist of olivine-augite basalt, whereas
those of Nishi-yama and Higashi-yama are composed of basalt and andesite which are
intimately associated with each other, even within a single cycle of eruption as in the
recorded eruption in 1741-1742 (Table 1). The basalt and andesite from Oshima-
Oshima show generally porphyritic or plagiophyric texture. The typical rock types
found in each volcanic edifice are as follows.

Higashi-yama somma

Higashi-yama lower lava (HIl)

Hypersthene-bearing olivine-augite-hornblende andesite (VI d)*

"The phenocrysts consists of abundant plagioclase, amphibole, clinopyroxene,
olivine, iron-titanium oxide, orthopyroxene and rare apatite. Plagioclase shows
remarkably oscillatory zoning and has dusty inclusions. Amphibole is strongly
opacitized and includes olivine with resorption rims of iron oxide in places. Olivine is
anhedral and is usually rimmed with iddingsite and iron oxide, which is further sur-
rounded with amphibole or fine grained pyroxene in places. Clinopyroxene shows zon-
ing and hour-glass structure, and is rarely fringed with orthopyroxene. The ground-

* The type of ferromagnesian silicate mineral assemblage by Kuno (1954).
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mass shows hyalopilitic texture and consists of abundant glass, plagioclase, iron-
titanium oxide, clinopyroxene, orthopyroxene, and cristobalite. Cristaobalite occurs in
vesicles or inner part of honey-combed plagioclase phenocrysts.

Higashi-yama middle lava (Hm)
Biotite-bearing hypersthene-augite-hornblende andesite (VI d)

The phenocrysts are composed of abundant plagioclase, amphibole, clinopyroxene,
orthopyroxene, iron-titanium oxide, and accessory mica and apatite. Oscillatory zon-
ing and dusty inclusions are conspicuous in plagioclase. Amphibole is completely
opacitized or rimmed by iron-titanium oxide. Other mafic phenocrysts are fine grain-
ed. Iron-titanium oxide (titanomagnetite) usually contains exsolution lamellae of
magnetite and ilmenite. Olivine is anhedral and shows kink banding in some
specimens. The groundmass shows hyalopilitic or cryptocrystalline texture and consists
of plagioclase, anhedral anorthoclase, clinopyroxene, orthopyroxene, amphibole, red-
dish opacitized amphibole, iron-titanium oxide and glass. Fine-grained tridymite is
rarely recognized in vesicles.

Higashi-yama upper lava (Hu)
Augite-olivine basalt (IV b)

The phenocrysts consist of plagioclase, olivine and clinopyroxene. Plagioclase is
usually more abundant than mafic phenocrysts and is glass- or dust-charged. The
groundmass shows intergranular-intersertal texture and consists of abundant prismatic
plagioclase, anorthoclase, fine grained clinopyroxene and olivine, and iron-titanium
oxide. Tiny crystals of chromite are included in olivine phenocrysts. There are no silica
minerals in the groundmass. A small amount of interstitial glass is also recognized.

Higashi-yama dike (Hd)
Olivine-augite basalt (IV b)

About 50 vol. % of the phenocrysts are plagioclase and the rest is clinopyroxene
and olivine. This rock is characterized by the presence of abundant clinopyroxene.
Groundmass texture is intergranular at the center of the dike and intersertal with
vesicles at the margin and consists of abundant plagioclase (about 50 vol. %), clino-
pyroxene, irontitanium oxide, olivine, and glass.

Nishi-yama somma

Nishi-yama lower lava (NI)
1. Augite-olivine basalt (IV b)

Plagioclase, olivine and clinopyroxene are the essential phenocryst minerals. In ad-
dition to small chromite grains which are included in olivine phenocrysts, there are a
few large chromite phenocrysts thinly rimmed with titanomagnetite. The groundmass
shows intergranular texture and consists of plagioclase, clinopyroxene, olivine,
anorthoclase and iron oxide. No silica minerals are found in the groundmass.
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2. Olivine-augite basaltic andesite (IV b)

The upper part of the Nishi-yama lower lava consists mainly of this rock type,
which occurs characteristically as thick lava flows (2-10 m), and shows plagiophyric
texture. The color index is slightly lower than the basalt, being 11.5 in phenocrysts and
35.1 in groundmass. The type of ferromagnesian silicate mineral assemblage (kuno,
1954) is IV b. This rock type is recognized as a more differentiated alkali basalt.

Plagioclase, clinopyroxene and olivine are essential phenocryst minerals. Plagio-
clase is generally large and includes small amounts of anhedral clinopyroxenes, iron-
titanium oxides and glass. Clinopyroxene shows zoning and hour-glass structure.
Minor phenocrystal olivine is also observed. The groundmass shows intergranular tex-
ture and consists of plagioclase, clinopyroxene, olivine, iron-titanium oxide and
anorthoclase. No silica minerals are found.

Nishi-yama middle lava (Nm)
1. Hypersthene-bearing olivine-augite andesite (Vd)

About 80 vol. % of the phenocrysts are plagioclase and the rest are clinopyroxene,
olivine, orthopyroxene and rare iron-titanium oxide. Plagioclase is clear and nearly
homogeneous for the most part, except oscillatory zoned margins. Clinopyroxenes
show zoning and include small amounts of tiny grains of plagioclase, orthopyroxene
and iron-titanium oxide. Orthopyroxene occurs as normal phenocrysts and as fine
grained reaction rims around anhedral olivine. Olivine is mostly anhedral and is rimm-
ed by orthopyroxene grains. The groundmass shows hyalopilitic texture, comprising
glass, plagioclase, orthopyroxene, clinopyroxene and iron-titanium oxide. As olivine
disappears in reaction with liquid, orthopyroxene increases in volume and becomes
equal to clinopyroxene in the groundmass. Tridymite and cristobalite are found in
vesicles.

2. Hornblende- and olivine-bearing augite-hypersthene andesite (VI d)

Plagioclase, orthopyroxene and clinopyroxene are essential phenocryst minerals.
Plagioclase is more abundant than mafic phenocrysts and shows conspicuous zoning.
Orthopyroxene is more abundant than clinopyroxene. Olivine is usually corroded and
in places displays kink banding. Amphibole is highly corroded and surrounded by
opacite rims or crystal clots of discrete grains of pyroxene, plagioclase and iron-
titanium oxide. Both olivine and amphibole phenocrysts are considered as separated
crystals from ultramafic and mafic inclusions which occur abundantly in this andesite
lava (‘“‘Nampa-Misaki lava’’). Iron-titanium oxide is present as an accessory mineral.
The groundmass shows pilotaxitic — hyalopilitic texture, and consists of plagioclase,
clinopyroxene, orthopyroxene, iron-titanium oxide, glass, and cristobalite.

3. Augite-hornblende-hypersthene andesite (VI d)
The phenocrysts consist of plagioclase, orthopyroxene, amphibole, clinopyroxene,
iron-titanium oxide and rare apatite. About 70 vol. % of the phenocrysts are plagio-
clase that shows oscillatory zoning. Clinopyroxene also shows zoning and includes tiny
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grains of plagioclase and glass. amphibole is abundant compared with other Nishi-
yama middle lavas, and is rimmed by iron-titanium oxide. Iron-titanium oxide (titano-
magnetite) generally has exsolution lamellae of magnetite and ilmenite. The ground-
mass shows hyalopilitic texture and consists of plagioclase, iron-titanium oxide, glass,
orthopyroxene and clinopyroxene.

Nishi-yama upper lava (Nu)
Augite-olivine basalt (IV b)

About 50 vol. % of the phenocrysts are olivine followed in order of abundance by
clinopyroxene, plagioclase and rare chromite. This basalt of the Nishi-yama upper lava
is the most olivine-rich of the volcanic rocks of Oshima-Oshima, and is almost
equivalent to picritic basalt. Plagioclase shows zoning and has many glass and dust-
inclusions. Clinopyroxene shows zoning and no pleochroism. There are a few large
chromite phenocrysts thinly rimmed with titanomagnetite, in addition to small
chromite grains which are included in olivine phenocrysts. The groundmass consists of
plagioclase, clinopyroxene, olivine, iron-titanium oxide, anorthoclase and glass, and
shows intersertal — intergranular texture.

Nishi-yama ejecta (Ne)
During the 1741-1742 activity the composition of the volcanic rocks changed from
calc-alkaline hornblende andesite to silica-undersaturated olivine-augite basalt.

1. Augite- and hypersthene-bearing biotite-hornblende andesite (pumice)

The lower layer of the Nishi-yama ejecta is made up of andesitic pumice, which is
generally less than 5 cm and rarely up to 30 cm in size. Bread-crust bombs and less
vesdiculated pumice are also included in the lower layer. Phenocrystic minerals are
small in size and consist of plagioclase, amphibole, mica, orthopyroxene, clinopyro-
xene and iron-titanium oxide. The groundmass consists of colorless clear glass which is
vesiculated in various degrees.

2. Augite-olivine basaltic scoria (IV b)

The scoria is also vesiculated and shows porphyritic texture. The phenocrysts con-
sist of plagioclase, olivine, clinopyroxene and rare chromite. Plagioclase is generally
more abundant than mafic minerals. Chromite occurs both as large crystals thinly rim-
med with iron-titanium oxide and as tiny grains included in olivine phenocrysts. The
groundmass shows intersertal texture and is made up of vesiculated brown glass,
plagioclase, clinopyroxene, olivine and rare iron-titanium oxide.

Central cone
Central cone lava (CI)

Olivine-augite basalt (IV b)
Plagioclase, clinopyroxene and olivine are essential phenocryst minerals.,
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Plagioclase shows conspicuous oscillatory zoning and has dusty inclusions. Clino-
pyroxene also shows marked zoning. Clusters of olivine, clinopyroxene, amphibole,
plagioclase and rare iron-titanium oxide, are found in this basalt in places, resulting in
glomeroporphyritic textures. Amphibole megacrysts are rarely found. The groundmass
shows intergranular — intersertal texture and consists of plagioclase, clinopyroxene,
olivine, iron-titanium oxide and interstitial brown glass.

Parasitic crater lava (Cp)
Olivine-augite basalt (IV b)

The phenocrysts consist of plagioclase, clinopyroxene and olivine. About 50 vol. %
of the phenocrysts are plagioclase. The groundmass shows intersertal texture and con-
sists of abundant plagioclase, anorthoclase, and finegrained clinopyroxene, olivine and
iron-titanium oxide.

Ultramafic and mafic inclusions
(1) Mode of occurrence

Ultramafic and mafic inclusions from Oshima-Oshima Island occur abundantly in
andesite lavas of the Higashi-yama middle lava and the Nishi-yama middle lava, and in
andesitic pumice of the Nishi-yama ejecta. The size of these inclusions ranges from
5 mm to 40 cm in diameter. These inclusions are concentrated in the basal part of the
Nishi-yama middle lava (“‘Nampa-misaki lava’’). Isolated crystals derived from these
inclusion masses are scattered along the flow structure in the host lavas. Distortion of
the flow laminae is found around the inclusions in the lava where the adjacent laminae
were crumpled by rotation of the inclusions. Most of the inclusions are rounded except
the dunite inclusions which are usually small in size (>3 c¢m) and angular in shape. In
these andesitic lavas and ejecta, accidental lithic fragments of the basement rocks
(paleozoic sediments and plutonic rocks) are also found.

(2) Classification and nomenclature

Based upon their modal compositions, the inclusions are classified into following
types: dunite, wehrlite, olivine-clinopyroxenite, clinopyroxenite, hornblendite, and
hornblende gabbro (Text-figs. 3 and 4). Anorthosite, gabbro and hornblende-clino-
pyroxene rock are rarely found. The frequency of occurrence of these inclusions is
shown in Text-fig. 5.

(3) Microscopic features

Dunite
Dunite shows olivine adcumulate texture (Wager et al., 1960). Olivine and rare
clinopyroxene occur as cumulus phases. In the space between the cumulus olivine
grains and clinopyroxene, a small amount of olivine and amphibole occur as an inter-
cumulus phase. Large crystals of spinel are formed between the grain boundaries of
olivine and clinopyroxene, and small euhedral crystals are also included in the olivine.
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1 Text-fig. 3 Modal compositions of the
ultramafic inclusions from Oshima-
Oshima.

ol: olivine, cpx: clinopyroxene, opx:
orthopyroxene, amph: amphibole,
bi: biotite, pl: plagioclase, opq: opa-
que mineral, ap: apatite, and gl:
glass.

clinopyroxenite

cumulus inter- interstitial
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% bi D pl - opq

interstitial material ( pl.cpx. opx.opq gl)

The constituent minerals of the dunite inclusions are virtually unzoned, homogeneous,
and fresh. Other characteristic features of the dunite inclusions are 1) a very small
amount of interstitial material consisting of quenched plagioclase, pyroxene and brown
glass found along grain boundaries between cumulus or intercumulus phase and 2)
kink banding in the cumulate olivine crystals.

Wehrlite
Wehrlite shows olivine meso- and orthocumulate texture. Most of olivines, rare

clinopyroxene and spinel are recognized as a cumulus phase. The cumulus olivine has
no kink banding, which is a different feature from that of the dunite. The intercumulus
phase consists of olivine, clinopyroxene, amphibole, plagioclase, orthopyroxene,
spinel, and rare mica. The intercumulus olivine and clinopyroxene are more abundant
than those in the dunite, and they surround poikilitically or ophitically the cumulus
olivine. Amphibole margins are resorbed and fine grains of iron-titanium oxide are
produced there. There are some amphiboles which are included as patches in clino-
pyroxene. The volume of these intercumulus minerals is large compared with that of
the dunite, and reaches nearly 50%. The interstitial materials, which consists of brown
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glass, tiny grains of iron-titaniuim oxide, and slender crystals of pyroxene and plagio-
clase, also increase in volume.

Olivine-clinopyroxenite and clinopyroxenite

It is a characteristic feature that clinopyroxene appears as a cumulus mineral,
whereas a small amount of olvine occurs as an intercumulus mineral in olivine-clino-
pyroxenite and clionpyroxenite. These rocks show olivine-clinopyroxene ortho-
cumulate texture. Clinopyroxene, olivine and rare spinel are cumulus minerals. Clino-
pyroxenes in the clinopyroxenites are large in size (2-3 mm), and olivines small
(1-0.5 mm) relative to their sizes in dunites. The total amount of intercumulus
minerals, which consist of clinopyroxene, olivine, amphibole, plagioclase, spinel and
rare orthopyroxene, is larger in olivine clinopyroxenite than in clinopyroxenite. These
minerals surround poikilitically the cumulus olivine and pyroxene. The intercumulus
clinopyroxene has conspicuous cleavage and zoning compared to the cumulus clino-
pyroxene. Amphibole is generally rimmed with opacite. Rare orthopyroxenes are
found at the margins of olivines as reaction rims. Plagioclase is usually calcic ( > Ang,)
and has a narrow labradorite rim ( = Ang,) (‘‘lower temperature zone’’: Wager et al.,
1960). Acicular plagioclase of labradorite composition has grown from the Ab-rich
rim. Slender Plagioclase of labradorite composition occurs in the interstitial space
together with brown glass and pyroxene. It is a characteristic feature that the consti-
tuent minerals are loosely gathered and the amount of the interstitial material is larger
in the clinopyroxenite than in the olivine-clinopyroxenite.

There are some varieties of clinopyroxenite, though not so abundant, whose tex-

hornblendite

I\

hornblende gabbro \

Text-fig. 4 Modal compositions of the
mafic inclusions from Oshima-
Oshima.

ol: olivine, cpx: clinopyroxene, opx:
orthopyroxene, amph: amphibole,

e bi: biotite, pl: plagioclase, opq: opa-
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tural and mineralogical features are similar to those mentioned above. One is olivine-
hronblende-clinopyroxenite which carries more abundant cumulus olivine and inter-
cumulus amphibole. The other is olivine-clinopyroxene-hornblende gabbro, in which

cumulus plagioclase appears.

Gabbro
Both plagioclase and clinopyroxene are the essential minerals of the gabbro. This

rock shows plagioclase-orthocumulate texture. Cumulus minerals consist of plagio-
clase, olivine and spinel. Intercumulus minerals consist of clinopyroxene, olivine with
orthopyroxene reaction rims, mica and iron-titanium oxide. Interstitial material is
composed of only brown glass.

This rock is rarely found and is considered as a transitional type from clinopyrox-
enite to hornblende gabbro.

Hornblendite
The constituent minerals of cumulus and intercumulus phases are loosely gathered

in the interstitial materials which consist of brown glass, lath-like plagioclase, acicular
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sions found in the Nishi-yama middle lava at the
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pyroxene and fine-grained iron-titanium oxide. Cumulus olivine and clinopyroxene are
poikilitically or ophitically surrounded by large cumulus amphibole. The olivine is cor-
roded and rimmed with iron-titanium oxide. The clinopyroxene is also corroded and is
in places replaced by patches of amphibole. The amphibole occurs as large euhedral
crystals surrounded partly by interstitial material and partly by intercumulus plagio-
clase. The intercumulus mineral is entirely calcic plagioclase (> Angg), which is clear
and virtually unzoned except for a thin outer rim of labradorite.

Hornblende gabbro

Hornblende gabbro is the most abundant of the inclusions from Oshima-Oshima.
Plagioclase and amphibole are essential minerals of the rock whose texture resembles
“‘plagioclase heteradcumulate’ (Wager et al., 1960). The amphibole occurs as an inter-
cumulus phase, but is virtually unzoned. Accordingly, the amphibole is considered to
be a ‘‘heterad material’’ (Wager et al., 1960). The amphibole is rimmed with opacite.
The plagioclase is euhedral and rarely shows zoning at the margin. The intercumulus
minerals consist of olivine, clinopyroxene, orthopyroxene, apatite and iron-titanium
oxide. The intercumulus olivine is corroded and is rimmed with iron-titanium oxide,
amphibole and orthopyroxene. The clinopyroxene is also corroded and is surrounded
or replaced by amphibole.

Major and trace element chemistry of the volcanic rocks

Major elements

Chemical analyses and CIPW norms of the volcanic rocks from Oshima-Oshima
are listed in Table 2 together with those reported by Katsui and Satoh (1970).

Kuno (1960) showed a zonal distribution of the three basalt types (alkali olivine
basalt, high-alumina basalt and tholeiite) which are distinguished from each other by
their alkali contents. It is a characteristic feature that the rocks from the Chokai
Volcanic Zone, which comprises Oshima-Oshima and many other volcanoes along the
Japan Sea coast, are richer in alkali contents than those from the Nasu Volcanic Zone.

The alkali-silica relation of the rocks from Oshima-Oshima and other volcanoes
belonging to the Chokai Volcanic Zone is shown in Text-fig. 6. Oshima-Oshima basalts
(SiO < 53%) belong to the alkali rock series according to the classification by the ferro-
magnesian silicate mineral assemblage (Kuno, 1954) and the alkali-silica diagram
(Kuno, 1966) (Text-fig. 6.). All andesites from Oshima-Oshima are classified into ““d*’
type of the hypersthenic rock series (Kuno, 1954) which is regarded as the calc-alkaline
rock series. The rocks from Oshima-Oshima are generally richer in alkalis, especially in
potassium content, than those from other volcanoes of th Chokai Volcanic Zone. It is
noteworthy that both basalt and andesite from Oshima-Oshima are distinguished from
those from other volcanoes of the Chokai Volcanic Zone by their higher alkali contents
(Text-figs. 6 and 7). It is concluded that the alkali olivine basalts and calc-alkaline
andesites from Oshima-Oshima have similar alkali contents, which are higher in other
Quaternary volcanic rocks in Hokkaido (Katsui et al., 1978), especially in potassium.
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Kuno, 1950; Tomita, 1935; Yagi, 1959).
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This observation may provide an important clue in solving the genetic problem of the

calc-alkaline andesite-alkali olivine basalt association at Oshima-Oshima.

The chemical compositions are also plotted in AFM diagram (Text-fig. 8). The
rocks of the Chokai Zone are generally poor in iron contents compared with those of
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Table 2 Chemical analyses and CIPW norms of Oshima-Oshima rocks

| 2 3 4 5 6 7 8 9 10 11 12 13 14

Sio, 47.84 50.04 53.80 58.80 61.72 49.60 48.41 48.89 5231 5432 54.20 55.26 55.56 56.07
TiO, 098 092 078 063 037 095 1.09 102 095 060 061 062 061 0.50
AlLO, 13.87 17.30 17.81 17.49 17.71 17.06 17.59 15.00 17.54 18.85 19.27 17.74 18.28 18.03
Fe,0, 6.87 233 430 358 112 236 393 292 483 406 236 3.21 246 4.09
FeO 4.87 578 499 291 433 688 7.00 6.41 502 381 48 457 511 353
MnO 0.15 007 0.9 010 010 009 015 025 0.10 0.3 017 018 0.19 0.18
MgO 9.03 832 367 269 183 59 508 10.60 4.03 3.67 478 396 4.05 3.88
CaO 10.32 9.68 869 066 5.19 11.05 1221 1091 842 900 9.02 844 857 823
Na,O 283 319 318 385 321 270 265 195 363 3.02 318 324 267 3.29
K,O 188 1.8¢ 204 286 328 154 137 1.13 240 1.87 2.02 211 1.8 232
H,O (+) .20 080 1.52 079 083 045 nd. 064 025 060 nd. 046 062 0.50
H,0 (-) 069 027 030 0.07 016 013 016 012 0.08 001 009 002 0.13 0.13
P,05 036 042 042 034 020 042 025 005 053 046 050 046 022 037
Total 100.89 100.96 101.69 100.77 100.05 99.19 99.89 99.89 100.09 100.40 101.08 100.27 100.27 101.12
Q - — 505 931 14.11 — — — 072 673 228 589 829 6.79
Or 1113 1113 12.24 1670 1948 890 835 6.68 13.91 11.13 11.69 12.24 10.57 13.91
Ab 22.02 2431 26.74 3251 27.26 23.07 21.30 16.78 30.93 25.69 26.74 27.26 22.54 21.79
An 19.47 27,54 28.37 22.25 2420 2976 31.99 28.65 24.48 32,26 32.54 27.81 32.54 27.54
Ne 1.14 131 — — — —  0.67 — — — — — — —

Wo 12,19 7.55 5.11 3.83 0.35 941 11.27 10.57 5.81 4.06 3.72 476 348 4.53
Di  En 984 517 321 281 0.10 552 6.63 743 391 291 231 291 201 321

Fs 092 1.78 158 0.66 026 343 409 224 145 079 1.19 1.58 1.32 092
Hy En - — 592 391 442 29 — 733 6.2 622 964 693 8.03 6.42

Fs — — 303 092 620 185 — 224 237 1.85 501 35 541 171
&i Fo 8.86 10.87 - — — 450 422 B8.16 — — — — — —

Fa 0.81 4.08 — — — 306 275 285 — — — — — —

Mt 9.96 347 625 509 1.62 347 579 417 695 579 347 463 347 6.02

1 1.82 1.82 152 121 076 1.01 212 197 1.82 121 .21 121 0.21 1.91

Ap 1.01 1.01 1.ol 067 034 1.8 067 013 135 101 135 101 067 1.01

the Nasu Zone.

A Harker diagram of the Oshima-Oshima rocks is shown in Text-fig. 9. It is noted
that in their major element chemistry almost continuous variation curves can be traced
from the basalt to andesite without any notable break. It is also noticed that the trend
of MgO content changes considerably from the basalt to andesite. The basalt decreases
rapidly in MgO content from about 15 to 5 wt%, whereas the andesite decreases
gradually in MgO. The FeO/MgO ratio of the andesite is characteristically low. The
olivine of high Fo contents forming the upper mantle can not be equilibriated with such
andesitic magma, which suggests that the andesitic magma has not been derived
through partial melting of mantle material. The trends of Al,O; and alkali contents
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15 16 17 18 19 20

Si0, 47,75 48.71 51.33 57.35 49.90 50.92
TiO, 079 099 091 053 1.09 0.93
ALO, 13.26 16.16 17.66 17.45 16.05 18.26
Fe,0, 301 6.09 416 290 503 1.89
FeO 6.57 418 5.03 348 555 579
MnO 0.08 0.13 0.08 005 0.14 0.2
MgO 15.13 878 505 258 7.03 553
CaO 970 11.06 9.80 6.99 10.51 9.98
Na,O 2.04 260 310 388 215 3.13
KO 1.07 154 222 299 192 1.9
H,0 (+) 0.64 078 039 1.50 026 0.56
H;0 (=) 0.02 0.01 0.0 024 0.06 0.06
P05 0.31 038 057 042 023 042
Total 100.37 101.42 100.40 100.36 99.92 99.50
Q — — — 619 0.66 —
Or 6.12 890 1336 17.81 11.13 1113
Ab 17.30 22,02 26.21 33.03 1835 26.21
An 23.92 28.09 27.54 21.14 2837 30.32
Ne — - —_ — - —

Wo 9.41 1010 743 499 9.8 6.97
Di  En 693 833 502 321 6.63 4.22

Fs 1.58 053 1.8 145 L71 237
Hy En 321 3.1 592 321 1084 3.1l

Fs 0.66 026 211 1.58 264 1.71
& Fo 19.26 7.32 1.13 — —  4.50

Fa 4.69 041 040 — — 285

Mt 440 8.80 6.02 417 741 278

1l 1.52 1.82 1.67 106 212 1.82

Ap 0.67 1.0l 1.35  1.01  0.67 1.01

[ B Y

I Emp=5we

. Ol-Au basalt (Higashi-yama lower lava) (HI-72)
. (Ol)-Au basalt (Higashi-yama lower lava) (HI-76)
. (Ol)-andesite (Higashi-yama lower lava) (H1-73)
. Ho-Au-Hy andesite (Higashi-yama middle lava) (Hm-44)

Ho-Au-Hy andesite ( Higashi-yama middle lava) (H-21)
. Ol-Au basalt (Higashi-yama upper lava) (Hu-100)
. Ol-Au basalt (Higashi-yama dyke) (Hd-49)
. Au-Ol basalt (Nishi-yama lower lava) (H-18)
. Al-Au basaltic andesite ( Nishi-yama lower lava) (N1-14)
. (Ol)-Au-Hy andesite (Nishi-yama middle lava) (Nm-46)
. (Ho)-Au-Hy andesite (Nishi-yama middle lava) (Nm-107)
. (Ho)-Au-Hy andesite (Nishi-yama middle lava) (Nm-108)
. (Ol, Ho)-Au-Hy andesite (Nishi-yama middle lava) (H-20)
. Hy-Au-Ho andesite (Nishi-yama middle lava) (Nm-63)
. Au-Ol basalt (Nishi-yama upper lava) (Nu-104)
. Ol-Au basalt (Nishi-yama ejecta, scoria) (Ne-56)

. Ol-Au-Ho basaltic andesite (Nishi-yama ejecta, scoria) (Ne-56)
18.
. Ol-Au basalt (Parsitic crater lava) (H-19)
. Ol-Au basalt (Central cone lava) (Cl1-119)

(Hy, Au) Bi-Ho andesite (Nishi-yama ejecta, pumice)  (Ne-11)

Analyses 5, 8, 13 & 19 (Katsui and Satoh, 1970)

also change notably. The content of Al,O; increases abruptly in the basalt, whereas it
becomes almost constant or decreases slightly in the andesite. The alkali content in-
creases slightly in the basalt, whereas between SiO, = 51-56 wt% it remains nearly con-
stant, increasing slightly thereafter. The different oxide variation trends in the basalts
and andesites may have resulted from the different crystallization sequences in each
rock suite.

Trace elements
The concentration of three trace elements, Rb, Ba and Sr, was determined by
atomic absorption spectrophotometry by means of the method developed by
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Terashima (1971, 1973). The analytical data are listed in Table 3. Chemical composi-
tion of major and rare-earth elements in four Hyg, Hie, Hyy and H,; were reported by
Katsui and Satoh (1970) and Masuda et al. (1975), respectively. The normalized rare-
earth patterns of rare-earth elements (REE patterns) for the basalts (H;3 & H;4) and the
andesites (H,q & Hj;) are shown in Text-fig. 10, respectively. It is noticed that lighter
REE are enriched from Hyg (SiO, 48.89 wt% ) to Hyg (SiO; 49.90%). No Eu anomaly is
shown in the basalts, whereas the andesites (Hj,:SiO, 55.56 wt%, H,: SiO,
61.72 wt%) have an obvious Eu anomaly. These data reflect the different crystalliza-
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(Masuda et al., 1975).
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tion sequence between the basaltic and andesitic magmas in Oshima-Oshima volcano.

Rb, Ba and Sr vs. silica diagrams for 15 rocks from Oshima-Oshima are shown in
Text-fig. 11. The trends of Rb and Ba concentrations resemble those of the alkali con-
tents as mentioned above. The Sr concentration abruptly increases from the basalt to
mafic andesite (SiO, 55 wt%), then decreases with an increase in SiO,.

Table 3 Analytical data for trace elements.
All values in ppm except SiO,

Sp.no. Si0,% Rb Ba Sr

1 Nu-104 47.75 32 256 394
2 HI-72 47.84 72 407 44]
3 Ne-56 48.71 47 462 455
4 Hu-100 49.60 33 366 482
5 HI-76 50.04 51 480 493
6 Cl-119 50.92 74 551 506
7 Ne-54 51.33 63 552 595
8 NI-14 52.31 89 575 593
9 HI-73 53.80 75 556 526
10 Nm-107 54.20 62 591 734
11 Nm-46 54.32 72 619 781
12 Nm-108 55.26 71 606 803
13 Nm-63 56.07 82 713 720
14 Ne-11 57.35 107 889 598
15 Hm-44 58.80 126 779 546

Petrogenesis

Most of the andesite and rare basalt contain ultramafic and mafic inclusions such as
dunite, wehrlite, olivine-clinopyroxenite, clinopyroxenite, hornblendite and horn-
blende gabbro which typically show cumulus texture. For the petrognesis of the calc-
alkaline andesite of Oshima-Oshima, it is important to determine whether these inclu-
sions were formed as cognate cumulates in the basaltic and andesitic magma, or not.

Crystallization of the ultramafic and mafic inclusions

All of the inclusions show cumulate textures as already mentioned. The following
features of the inclusions are noticed with regard to their origin.

(1) In Oshima-Oshima island, hornblende gabbro is most abundant followed by
clinopyroxenite and its varieties and wehrlite in order of abundance. Occurrence of
dunite is relatively rare.

(2) The dunite inclusions are small in size and angular in shape. They are occa-
sionally surrounded by clinopyroxenite and hornblende gabbro, but not vice versa.
Kink bands are found in the olivines of dunite, but not in those of other inclusions.

(3) Olivine gradually decreases and clinopyroxene gradually increases in modal
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abundance in the order dunite, wehrlite, olivine-clinopyroxenite, clinopyroxenite
(Text-fig. 3).

(4) Modal compositions of intercumulus minerals in the dunite and wehrlite
become similar to whole modal compositions of the clinopyroxenite.

(5) The cumulus olivine decreases in amount from the dunite to clinopyroxenite,
and the intercumulus olivine is present in small amounts in all inclusion types. The
cumulus clinopyroxene increases in amount from the wehrlite to clinopyroxenite.

(6) The amount of interstitial material increases gradually from the dunite to clino-
pyroxenite.

(7) The cumulus olivine and clinopyroxene are more abundant in hornblendite
than in hornblende gabbro. The amphibole in the hornblendite is obviously cumulus,
whereas that in the hornblende gabbro is considered to be a heterad material (Wager et
al., 1960). The plagioclase in the hornblendite is intercumulus, whereas that in horn-
blende gabbro is obviously cumulus.

Chemical analyses of olivine, clinopyroxene and amphibole are listed in Tables 4, 5
and 6. Mg/Mg + Fe ratios of these minerals decrease as follow: dunite > wehrlite >
clinopyroxenite - hornblende gabbro (Text-fig. 12).

Obata et al. (1974) pointed out that Mg-Fe partitioning between olivine and clino-
pyroxene can be used as an empirical geothermometer. The data of the inclusions in-
dicate that olivine and clinopyroxene were equilibrated at a temperature near 1000°C
(Text-fig. 13). Therefore, the ultramafic and mafic inclusions are considered to be the
products crystallized from basaltic magma. The crystallization sequence of these inclu-
sions is suggested as follows: dunite > wehrlite - olivine-clinopyroxenite - clino-
pyroxenite > hornblendite - hornblende gabbro. It is inferred that the dunite formed
at a deeper level than the others, based on its occurrence. The pressure conditions of
crystallization of these inclusions will be discussed later.

Chemical characteristics of the magma which crystallized the ultramafic and mafic in-
clusions

Since the inclusions from Oshima-Oshima were probably equilibrated at high
temperatures, it is likely that they were not derived from the continental crust, but were
formed by crystallization of basaltic magma. The petrographical features of these in-
clusions suggest that they are cognate cumulates associated with the volcanic rocks of
Oshima-Oshima.

Amphiboles in the inclusions from Oshima-Oshima are classified into pargasite and
pargasitic hornblende by plotting Si and Ca + Na + K (Leake, 1968). These amphi-
boles are plotted in this diagram together with those from various other locations
(Text-fig. 14). The amphiboles associated with felsic rocks are generally enriched in Si
content and classified as common hornblende. Si values of the amphiboles from
granitic rocks (Kanisawa, 1972, 1975 and 1976) and dacitic rock (Nicholls, 1971)
exceed 6.50.

In Text-fig. 14, the amphiboles from the Oshima-Oshima inclusions are pargasitic
in composition and are similar to others from basanitoid and basalt from the Lesser
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Text-fig. 12 Ca-Mg-Fe plot of clinopyroxenes, amphiboles and olivines (Ca free) from ultramafic
and mafic inclusions. Tie-lines indicate minerals coexist each other.
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Antilles (Cawthorn et al., 1973; Lewis 1973 a, b; Sigurdsson and Shepherd, 1974),
basalt from Yoneyama (Sato et al. 1975) and basic andesite from Shigarami & Kujira-
nami (Yamazaki et al., 1966) and Hakusan (Tiba, 1976). In the Lesser Antilles, such
Si-poor amphiboles are considered to have crystallized from basaltic magma at a
relatively higher temperature (Cawthorn et al., 1973; Lewis, 1973 a, b; Sigurdsson and
Shepherd, 1974). This conclusion is supported by water saturated melting experiments
of natural basalts (Heltz, 1973; Cawthorn et al., 1973).

Potassium occupies the A site in amphibole and it ranges in content in the amphi-
boles associated with mafic volcanic rocks. The amphiboles from Oshima-Oshima are
relatively high in potassium content. In Oshima-Oshima, as mentioned earlier, both
alkali basalt and calc-alkaline andesite are high in alkali content, especially in potas-

o:0shima-Oshima amphiboles
other amhiboles { e: from basic volcanic rocks
a:from acidic volcanic rocks
X:tromgranitic rocks

Text-fig. 14 Plot of Si and Ca+Na+K for amphiboles from
Oshima-Oshima and others. The basic volcanic rocks;
basanitoid and basalt from Lesser Antilles (Cawthorn et
al., 1973; Lewis, 1973 a,b; Sigurdsson and Shepherd,
1974), basalt from Yoneyama (Sato et al., 1975) and basic

E;ede;w_it_e andesite from Sigarami & Kujiranami (Yamazaki et al.,
S e 1966) and Hakusan (Tiba, 1976). The acidic volcanic rock;
R P pargasite . e < P
hs S N ?ﬁm% I;prnblende dacite from Santorini (Nicholls, 1971). The granitic rocks
200 et orrplende from Japan (Kanisawa, 1972, 1975 and 1976).
10
s Oshama-Darvma
? [ } G |
T 11
2 ’:g : Yaneyama
H }:l — Shigarami B Kujranami
2 — Hakusan
5 Kickim - Text-fig. 15 K,0 frequency-distribution for amphiboles
. associated with basic volcanic rocks.
’ e SR i Yoneyama: Sato et al. (1975), Sigarami & Kujiranami:
t — Yamazaki et al. (1966), Hakusan: Tibe (1976), Kick’em-
) ﬁ_r—l_ﬁ = Jenny: Sigurdsson and Shepherd (1974), Grenada:

e WM Cawthorn et al. (1973), St. Vincent: Lewis (1973 a, b).
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sium, which distinguishes these rocks from those of other volcanoes of the Chdokai
Volcanic Zone. The chemical character of the Oshima-Oshima rocks is consistent with
that of the amphiboles. K,O frequency-distribution for amphiboles from mafic
volcanic rocks is shown in Text-fig. 15. Amphiboles from Oshima-Oshima, Yoneyama,
Shigarami and Kujiranami are higher in K,O contents than the others, consistent with
the potassic nature of their host rocks (Sato et al., 1975; Yamazaki et al., 1966) (Text-
fig. 16), whereas amphiboles from St. Vincent (Lewis, 1973 a) and Kick’em-Jenny,
(Sigurdsson and Shepherd, 1974), Lesser Antilles associated with potassium-poor
basalts are lower in K;O contents. Accordingly, it is suggested that K,O contents of
amphiboles are controlled by those of their host rocks. This relationship is supported
by Ujike and Onuki (1976) who investigated felsic rocks, and by experimental data on
basalts (Green and Ringwood, 1968; Holloway and Burnham, 1972; Cawthorn et al.,
1973; Heltz, 1973; Allen et al., 1975) (Text-fig. 17). Judging from these data and PC-IR
relation in amphiboles (Matsui et al., 1977; Nagasawa and Schnetzler, 1971), the parti-
tion coefficient of K in amphibole from mafic rocks is higher than that from felsic
rocks.

15 {73 0shima-Ostma
A Yamazok et al (1966)
© Lewis (1973)
® Siqurdsica and shepherd (1974}
& Sato et al (1975) oy
< | 7
210 A . )
5
[3 ™ -
':. L]
* b ®
% Text-fig. 16 Relation between K,O contents
o in amphiboles and in host rocks. Plot of
Oshima-Oshima indicates ranges in am-
1 L 1 1 J phiboles and rocks.
0s 10 15 20 5
A0 wi% n hast rock
15— :
o
H
o Green &Ringwood (1968)
" 4 Holloway & Burnham (1572) e
S ® Cawthorn et al (1973)
8 9 Heltz (1973)
£ e Allen et al (1875)
[=%
E 10—
o .
(=4 ] .
- . ° .
:_' Ll
z - o
=] @
K‘“ » | ] 0.
L]
o5t a4 g
5 L=
L
A w@
o Text-fig. 17 Relation between K,O contents of
amphiboles and starting materials (natural
o 1 J basalts).
05 1.0 15

K20wt*e in starting material
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Therefore, it is suggested that the amphiboles of Oshima-Oshima have crystallized
from basaltic magma and they are cognate with their host volcanic rocks.

Spinels enclosed in olivines from Oshima-Oshima show a continuous variation
from chromian spinel to Fe-Ti rich spinel. Chemical analyses of spinels in basalt and
ultramafic inclusions from Oshima-Oshima are listed in Tables 7 and 8 and those in
andesite from Chokai volcano are in Table 9. Spinel generally becomes rich in
magnetite component with proceeding crystallization. Since spinel can be substituted
by iilvospinel, Fe¥*/Cr+ Al+ Fe?* ratio becomes progressively higher with increasing
of Ti content through the crystallization of basaltic magma. Shiraki et al. (1979) point-
ed out that Ti content in spinel is controlled by that of the magma from which the
spinel crystallized.

Text-fig. 18 shows various trends of the chemistry of spinels. The spinels from

%
°
5 0y ©
15
® inclusion B
o basait N f
// z
/o g )
7 o 1=
Y 58 y ; "
¥ ° ro  Text-fig. 18 Plot of Tio, wt% vs. Fe¥*/

4 Cr+ Al+ Fe* (atomic ratio) of spinels in

# :C basalt (open circle) and ultramafic inclu-
e e ¥ sion (solid circle) from Oshima-Oshima,
s~ " basalt of Misasa (MS; Nagao et al., 1980),
b // .« 'o b [ Snake River Plain basalt (S; Thompson,
e S e e 1973), basanitoid of Nanzaki (N; Shiraki et
i e Ll al., 1979), andesite of Chdkai (C; this
////// :'—-"'.‘ JE:.- o paper), and tholeiitic & calc-alkaline basalts
e el , : of Guam (G; Shiraki et al., 1977).
(1] 0.2 04 06 Fea'ICr-.A‘li?Fez' 1.0
Table 7 Selected microprobe analyses of the spinels in the basalts
1 2 3 4 5 6 7 8 9 10
Ti0,0.25 0.54 055 0.51 1.58 10.34 0.58 2.01 10.71 11.64

Al O, 6.94 10.77 15.85 16.85 8.7l 445 15.64 12.75 6.08 5.89
Cr,0, 56.15 48.40 42.48 40.56 33.29 391 3290 26.44 0.56 0.38
Fe,0, 6.50 8.75 10.40 10.44 2458 39.71 19.31 27.05 42.16 40.56
FeO 22.66 24.84 21.03 20.55 25.67 35.71 21.34 26.04 36.84 37.72
MnO 0.54 056 036 033 037 037 032 046 048 0.51
MgO 6.51 5.59  8.71 8.85 546 3.01 8.21 6.04 3.06 296
Total 99.55 99.45 9938 98.09 99.66 97.50 98.30 100.79 99.89 99.66
Cr/(Cr+Al) 0.844 0.751 0.643 0.618 0.719 0.371 0.585 0.582 0.058 0.041
Fe*/(Cr+ Al +Fe¥) 0.085 0.114 0.130 0.131 0.336 0.782 0.441 0.362 0.807 0.808
Mg/(Mg + Fe?*) 0.339 0.286 0.425 0.434 0.275 0.131 0.407 0.293 0.129 0.12

1-2: augite-olivine basalt (Nu-104)
3-4: olivine-augite basalt (Nu-56)
5-6: olivine-augite basalt (Hu-100)

7-8: olivine-augite basalt (Cl-119)
9-10: olivine-augite basaltic andesite (NI-14)
Fe,0; were calculated assuming stoichiometry.
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Table 8 Selected microprobe analyses of the spinels in the inclusions

1 2 3 4 5 6 7 8 9 10 11 12
Ti0,0.48 0.49 0.53 042 065 058 114 361 056 1.24 1.04 5.08
AlLO, 28.97 27.88 30.93 2643 17.20 15.74 19.31 11.67 12.83 15.37 13.23 10.92
Cr04 32,92 29.11 26.54 30.61 24.34 23.81 18.48 10.09 30.90 17.80 19.63 6.47
Fe,0, 8.93 12.08 12.25 12.43 25.72 28.55 29.87 40.53 24.96 33.83 34.70 43.23
FeO 14.38 15.72 16.11 16.68 22.65 23.96 23.85 28.44 22.92 24.29 2446 29.00
MnO 0.18 029 027 0.19 0.29 0.27 032 027 043 039 034 037
MgO 14.75 13.30 13.70 12.66 7.53 6.73 7.66 5.05 7.03 6.74 6.33 5.59
Total 100.61 98.87 100.33 99.42 98.38 99.64 100.63 99.66 99.63 99.66 99.73 100.66
Cr/(Cr+Al) 0.433 0.412 0.365 0.437 0.487 0.504 0.391 0.367 0.618 0.437 0.499 0.284
Fe¥/(Cr+Al+Fe*) 0.100 0.140 0.138 0.145 0.329 0.365 0.376 0.584 0.322 0.442 0.456 0.644
Mg/ (Mg + Fe?) 0.646 0.601 0.603 0.575 0.372 0.334 0.364 0.240 0.354 0.331 0.316 0.256

1-4: dunite, 5-8: wehrlite, and 9-12: olivine-clinopyroxenite.
Fe,0; were calculated assuming stoichiometry.

Table 9 Microprobe analyses of spinels from the andesites of Chokai Volcano

1 2 3 4 5 6
sp.no. Lo B 1C-1-5 1C-1-7 1C-9-6 1C-9-5 1C-9-1
Sio, 0.11 0.07 0.10 - 0.05 0.10
TiO, 0.04 0.4 0.39 — 5.79 7.45
ALO, 33.91 41.19 44.70 43.40 5.97 4.82
Cr,0, 21.01 17.83 15.11 13.56 12.76 6.56
Fe,0, 13.19 10.12 8.79 12.41 38.95 43.74
FeO 17.29 13.65 14.87 18.58 31.71 33.50
MnO 0.31 0.11 0.13 0.23 0.34 0.48
MgO 12.98 16.38 16.01 13.33 3.50 3.26
Total 99.20 99.79 100.10 101.51 99.07 99.91

Numbers of cations on the basis of 32 oxygens
Si 0.026 0.016 0.022 = 0.014 0.029
Ti 0.072 0.075 0.065 = 1.261 1.624
Al 9.498 10.931 11.702 11.493 2.038 1.647
Cr 3.948 3.174 2.654 2.409 2.922 1.504
Fe¥ 2.360 1.715 1.470 2.099 8.492 9.545
Fe2* 3.436 3.570 2.762 3.491 7.681 8.124
Mn 0.062 0.021 0.025 0.044 0.083 0.118
Mg 4.599 5.498 5.301 4.465 1.511 1.409
M;Tl_ig?f‘g 57.2 68.1 65.7 56.1 16.4 14.8
Cr/Cr+Al 0.294 0.225 0.185 0.173 0.589 0.477
Fe¥/Cr + Al + Fe3* 0.149 0.108 0.093 0.131 0.631 0.752
Cr/Cr+ Al + Fe> 0.250 0.201 0.168 0.151 0.217 0.118
Al/Cr+ Al + Fe¥* 0.601 0.691 0.739 0.718 0.152 0.113

1-3: hornblende-bearing olivine-hypersthene augite andesite
4-7: olivine-bearing hornblende-hypersthene-augite andesite
Rock samples from K. Onuma.
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Misasa (Nagao et al., 1980), Mineoka (Tazaki, 1975) and Snake River Plain (Thomp-
son, 1973) are high in TiO, wt%, whereas those from Guam (Shiraki et al., 1977) are
low. The spinels from Oshima-Oshima (Tables 7 and 8) are lower than those from
Nanzaki (Shiraki et al., 1979) and are similar to those from Chokai (Table 9). The
TiO, content of the Oshima-Oshima rocks less than 1 wt%, is similar to that of Chokai
volcano. It is noticed that the TiO, contents of spinels and their host rocks from
Oshima-Oshima and Chokai, in the same volcanic zone, are similar to each other.

It is also noticed that the spinels in ultramafic inclusions (solid circles in Text-fig.
18) and those in basalts (open circles) from Oshima-Oshima volcano show the same
trend. This chemical feature of both spinels suggests that the ultramafic inclusions are
cognate with the volcanic rocks.

The chemistry of the amphiboles and spinels which occur in the volcanic rocks and
ultramafic & mafic inclusions from Oshima-Oshima has been discussed in this section.
These data suggest that the ultramafic and mafic inclusions are products of crystalliza-
tion from basaltic magma and that they are cognate inclusions in the volcanic rocks. It
is concluded that these inclusions are integral in the fractional crystallization of the
basaltic magma of Oshima-Oshima volcano.

Crystallization of basaltic magma
(1) Simple subtraction of ultramafic and mafic inclusions from the magma

There is considerable evidence to suggest that the ultramafic and mafic inclusions
have played a significant role in the differentiation of the basaltic magma in Oshima-
Oshima volcano. The variation in chemical composition of the Oshima-Oshima alkali
basalt suite is characterized by notable decrease in MgQO, increase in Al,O;, Na,O and
K,0, and decrease in total iron, CaO and TiO,, with slight increase in silica content.
The chemical variation of the Oshima-Oshima calc-alkaline andesite suite is charac-
terized by slight decrease in MgQO, minor increase in Na,O + K,O, constant or minor
decrease in Al,0; and decrease in total iron, CaO and TiO,, with considerable increase
in silica. These variations are shown in Text-figs. 9 and 19. Assuming that the observed
chemical variation trends are mainly due to extraction of the ultramafic and mafic in-
clusions from the magma, a subtraction diagram is employed for analysis of the varia-
tion trends (Text-fig. 19). The principal constratints on any extraction model are, of
course, the ovserved chemical variation as stated above and the composition of the ex-
tracted phases. The modal compositions of the dunite, wehrlite, olivine-clino-
pyroxenite hornblendite and hornblende gabbro, which are essential inclusions from
Oshima-Oshima, are given in a table in Text-fig. 19. The bulk chemical compositions
of these inclusions are calculated by means of their modal compositions, and chemistry
and specific gravity of the constituent menerals. The specific gravity was approximated
from Deer et al.: (1966) as follows; olivine: 3.3 (in dunite and wehrlite) and 3.4 (in
olivine-clinopyroxenite, hornblendite and hornblende gabbro), clinopyroxene: 3.3,
plagioclase: 2.75, and amphibole: 3.15. The constituent minerals of the ultramafic and
mafic inclusions are virtually unzoned compared with the phenocrysts in the basalt and
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50 D
modal
OL__iepy hepn P)
45 1 D:dunite - soo- 958 4.2 = =
Wiwehrlite 77.5 18,5 4.0 -
D:0livine clinopyroxenite~ 17,3 71.4 11,3 —
40 - h:hornblendite 0.4 1.6 77.5 10.5
g:hornblende gabbro 1.4 0.3 60,9 31.2

estimated bulk composition
1] W 1] h q
40.3 41.8 47.3 42,5 43,3

0.0 0.1 0.7 1.4 1.2
0.1 0.9 4.6 13.8 19.8
8.8 15,7 8.6 11.5 8.3
0.1 0.3 0.1 0.2 0.1
48.9 36,5 19.4 167 1.0
1.1 4.5 18.4 11.4 139
0.0 0.1 0.3 1.7 1.7
0.0 0.0 0. 0.8 0.7
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andesite from Oshima-Oshima. The calculated bulk compositions of ultramafic and
mafic inclusions are plotted in Text-fig. 19, together with the compositions of volcanic
rocks.

The crystallization sequence of the ultramafic and mafic inclusions has been
estimated as follows: dunite > wehrlite > olivine-clinopyroxenite = clinopyroxenite
-> hornblendite > hornblende gabbro. The MgO content of basalts abruptly decreases
from picritic basalt to felsic basalt. The trend can be interpreted by removal of dunite
compositions (D), which results in rapid depletion of MgO from the basaltic magma
with a slight SiO, enrichment. Then separation of wehrlite compositions (W) and
olivine-clinopyroxenite compositions (Q) proceeds. Through the crystal fractionation
producing dunite, wehrlite, and olivine-clinopyroxenite inclusions, the basaltic magma
becomes slightly siliceous, about 51 wt.% SiO, and begins to produce hornblendite
followed by hornblende gabbro which are lower in MgO content (16.7-11.0 wt%) than
dunite, wehrlite and olivine-clinopyroxenite inclusions. Therefore, the removal of
hornblendite and hornblende gabbro from the felsic basalt magma leads to a con-
siderable enrichment of SiO, in the magma with a slight decrease in MgO content.

The Al,O, content of basalts increases considerably from the picritic basalt to felsic
basalt. Since aluminous minerals are rarely found in the dunite, wehrlite and olivine-
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clinopyroxenite inclusions, the Al,O, content of the basaltic magma increases with pro-
ceeding of the fractional crystallization which produces these inclusions. On the con-
trary, the Al,O5 content of the andesitic magma becomes nearly constant or decreases
slightly with increasing SiO,. Such behavior of alumina suggests the extraction of
alumina-rich phases from the magma. Both amphibole and plagioclase in the inclu-
sions are rich in Al,Os, being about 13 and 35 wt%, respectively. It is, therefore, sug-
gested that the felsic basalt magma crystalized a considerable amount of hornblendite
and subsequently hornblende gabbro.

The alkali content of basalts increases from the picritic basalt to felsic basalt,
whereas it scarcely increases from the felsic basalt (SiO,=51%) to mafic andesite
(Si0, =55%), though increasing about again in the later stages. Since alkali is a minor
component in anhydrous inclusions such as dunite to olivine-clinopyroxenite, the alkali
content of the basaltic magma increases with proceeding crystallization. This trend is
halted, however, by crystallization of amphibole which is rich in alkali (Na,0O =2 wt%,
K,O=1 wt%}). Microscopic observation indicates that amphibole is in a reaction rela-
tionship with olivine and clinopyroxene, which suggests that the felsic basaltic magma
begins to fractionate amphibole-bearing inclusions instead of the anhydrous ultramafic
ones. At the later stages of crystallization (SiO,=55%) the alkali content slightly in-
creases, which suggests that the hornblende gabbro inclusions are separated from the
andesitic magma, because the alkali content of the hornblende gabbro inclusion is
lower than that of the magma.

The total iron and CaO contents show a slight enrichment at the earliest stage of
crystallization of the basaltic magma. This trend may have been caused by the early
separation of dunite inclusions from the magma. Then, both total iron and CaO
decrease notably toward the most differentiated andesite, which can be interpreted as
the successive removal wehrlite through hornblende gabbro compositions.

It is concluded from above examination that the ultramafic and mafic inclusions
are the products of the fractional crystallization of the basaltic magma of Oshima-
Oshima volcano, and that amphibole fractionation occurred from the felsic basalt
magma, which is viewed as an important factor for the evolution of the calc-alkaline
andesite series in Oshima-Oshima volcano.

(2) Rayleigh model of fractionation

Major and trace elements of two basalts (H,,:Si0, 48.89%, H;4:49.90%) and two
andesites (Hj,:Si0, 55.56%, H,,:61.72%) have been analyzed (Katsui and Satoh,
1970; Masuda et al., 1975; Katsui et al., 1978). According to earlier discussion, the
four rocks are ranked in the order of differentiation as follows: Hyg > Hjs > Hyp >
H,,. In this section, effective partition coefficients (Albaréde, 1976) of various
elements are determined by the method of Allégre et al. (1977) using the chemical data
of these four rocks. The materials removed from the magma are then determined using
the relation between the effective partition coefficients for various elements and their
ionic radii (Whittaker and Muntus, 1970).

Thorium is chosen to be the H element (Allégre et al., 1977) which is used as a
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measure of the liquid fraction. The calculation of effective partition coefficient should
be carried out within a narrow range of variation of element because the effective parti-
tion coefficient generally varies with composition of the mineral and the melt and also
with mineral assemblage. In the case of Oshima-Oshima, the mineral assemblages in
the basaltic magma and the andesitic magma are significantly different. Therefore,
separate effective partition coefficients are determined for H;g to Hyq and for Hy, to
H,, representing the fractional crystallization of the basaltic magma and the andesitic
magma, respectively.

Text-fig. 20 shows the relation between the effective partition coefficient (PC) and
the ionic radii (IR) for the fractional crystallization of the basaltic magma, assuming
that the initial liquid is H;g and residual liquid is H;q. The PC-IR patterns clearly show
maxima at approximately 0.79A and 1.0A corresponding to the sites M; and M,,
respectively, in clinopyroxene (Jensen, 1973. data from Schnetzler and Philpotts, 1968).
Text-fig. 21 shows the relation between PC and IR for the fractional crystallization of
the andesitic magma, assuming that the initial liquid is H,y and the residual liquid is
H,,. This PC-IR relation shows a peculiar pattern that is not correlative with any pat-
terns which have been determined by analyses of phenocryst and matrix of natural
volcanic rocks. It is noticed that the partition coefficients of Eu, Ca and Sr are con-
siderably high. As mentioned earlier, the petrographical and mineralogical features of
the inclusions, the REE pattern of the andesites, and the subtraction diagram suggeset
that plagioclase played an important role in the crystallization of the andesitic magma.
Therefore, this PC-IR pattern is complicated by plagioclase and another mineral which
have different values of partition coefficients. This pattern may show the average value
of partition coefficients of these minerals. For determination of the unknown mineral,
it is necessary to remove the partition coefficients of plagioclase from this pattern. The
procedure of the removal of plagioclase is as follows:

D,q-21 =the effective partition coefficients shown in Text-fig. 21.

Dy, = partition coefficients of plagioclase

D, = partition coefficients of the unknown mineral Assuming that weight ratio of
plagioclase and X (unknown mineral) is 1:1

Dy =2Dg-21-Dyy

It is also assumed that Dy, is equal to the partition coefficient of the plagioclase
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from Takashima since a number of its elements are determined (Higuchi and
Nagasawa, 1969). Although some partition coefficients are not determined, the miss-
ing data were estimated by the PC-IR pattern (Jensen, 1973. data from Higuchi and
Nagasawa, 1969).

The resultant data from the above procedure show that the partition coefficient of
Sr is close to zero, whereas that of Ba does not decrease (Text-fig. 22). The pattern of
Text-fig. 22 is similar to that of amphibole which has peaks at approximately 0.78A,
1.00A and 1.45A (Jensen, 1973. data from Nagasawa and Schnetzler, 1971; Matsui et
al., 1977). It is a conspicuous feature that the PC-IR pattern of amphiboles has a peak
at 1.45A which suggests a large vacant site. Accordingly, the examination by the
Rayleigh model shows the separation of both plagioclase and amphibole from the
andesite magma, which suggests hornblende gabbro fractionation.

It is concluded from the Rayleigh model of fractionation that the clinopyroxene
fractionation at the early stage and the hornblende + plagioclase fractionation at the
later stage, may be important factors in the evolution of the magma in Oshima-Oshima
volcano. This conclusion is consistent with the earlier discussion.
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(3) Fractionation of amphibole and plagioclase

The concentration of three elements, Rb, Ba and Sr of the volcanic rocks from
Oshima-Oshima volcano was determined by atomic absorption spectrophotometry.
The features of their variation were mentioned earlier (Text-fig. 11). In Text-fig. 11,
the trends of Rb and Ba concentrations resemble that of the K contents. The concentra-
tions of Rb, Ba and K increase in the first stage from the picritic basalt to the felsic
basalt, increase more gently in the second stage from the felsic basalt to the mafic
andesite, and increase more steeply again in the third stage from mafic andesite. The
gentle increase in Rb, Ba and K at the second stage suggests the onset of amphibole
fractionation from the felsic basalt magma. This is well supported by the trends of
various major elements which have been discussed in terms of the subtraction diagram
(Text-fig. 19). Since Rb, Ba and K have large ionic radii, these elements tend to concen-
trate in amphibole, which has a large vacant site. Furthermore, the partition coeffi-
cients of these elements are higher in the amphibole associated with mafic volcanic
rocks than in that associated with felsic volcanic rocks, as mentioned earlier.

The Sr concentration increases abruptly from the picritic basalt to the mafic
andesite, then decreases with increase in SiO,. Banno and Yamazaki (1979) pointed out
that the Sr content has a maximum at the intermediate stage of fractionation in non-
alkaline rocks, for which their model fits best. Their trend of Sr is nearly constant,
whereas the trend of Sr in the Oshima-Oshima basalt shows a steep increase. Sr is,
generally, strongly concentrated into plagioclase, and the partion coefficient for Sr in-
creases with decrease in An% (DS’> 1 in anorthite, > 30 in oligoclase) (Jensen, 1973).
The steep, positive trend of Sr in the Oshima-Oshima basalt, therefore, suggests that
the start of plagioclase fractionation is considerably delayed. This suggestion is also
supported by the absence of Eu anomaly in the basalt REE pattern, but its presence in
the REE pattern of the andesite, and by the subtraction diagram and Rayleigh model of
fractionation, as mentioned earlier. Anorthite, which is a main constituent of the horn-
blende gabbro inclusions, may have a partition coefficient for Sr close to 1, but the
effective partition coefficient for Sr of hornblende gabbro must be less than 1. It is,
therefore, more.likely that the plagioclase fractionation starts just before the magma
reaches SiO, 55%, at which point the trend of Sr peaks.

From the above discussion, it is suggested that the felsic basalt magma
(SiO,=51%), after fractionation of anhydrous phases, crystallized amphibole to form
hornblendite, and then plagioclase to form hornblende gabbro. The effective partition
coefficients for K, Rb and Ba of hornblende gabbro may be lower than hornblendite
because the coefficients for these elements in anorthite are quite low. The change of the
effective partition coefficients is consistent with K, Rb and Ba enrichment at later
stages (from SiO, 55%).

(4) Crystallization course of the basaltic magma plotted in some phase diagrams

According to earlier discussions, it was concluded that the ultramafic and mafic
inclusions have played an important role in the fractional crystallization of the magma
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of Oshima-Oshima volcano, and that their crystallization sequence is as follows; dunite
- wehrlite = olivine-clinopyroxenite (associated with the differentiation from the
picritic basalt magma to the felsic basalt magma), hornblendite = hornblende gabbro
(associated with the differentiation from the felsic basalt magma to andesitic magma).
In this section, phase diagrams will be used to trace the crystallization path of the
magma in Oshima-Oshima volcano.

A simple phase diagram for dry tholeiitic magmas at 1 atm is given in Test-fig. 23.
The methods of data projection by O’Hara (1965), Cox and Hornung (1966) and
Clarke (1970) are used. Phase boundaries used are quoted from Clarke (1970) and Cox
and Bell (1972). The projection method is derived from CIPW norms with only minor
modification. In Text-fig. 23 the fields labelled are the three-phase surface which form
the boundaries of the primary phase field.

Text-fig. 23 shows that the most of the volcanic rocks from Oshima-Oshima are
plotted in the plagioclase + liquid field in accord with the plagiophyric nature of these
rocks. Text-fig. 24 shows projections on the anhydrous polybaric system (O’Hara,
1968). The projection method and phase boundaries are based on O’Hara (1968).
Text-fig. 24 also shows that most of the data plot in the plagioclase + liquid field at 1
atm.

Yoder (1969) pointed out that plagioclase components may be concentrated in the
liquid at high pressures under anhydrous or hydrous conditions. It is therefore con-
sidered that the high aluminous residual liquid, resulting from hydrous pressure frac-
tionation of inclusioins, became oversaturated in plagioclase under near surface condi-
tions when the magma was ascending. Most phenocrysts characterized by the
plagiophyric nature in the felsic basalt and the andesite may have originated at the very
shallow place.

The concentration of plagioclase components in the rocks are controlled by the

(Ol pr) (Cpx pr.) (PLpr.) (Qz pr)
Pl Bl Cpx B

(Nishi-yama ejecta).

OLL \ Cpr-L Text-fig. 23 Projection of data into the
\\ pseudo-quaternary system Ol-Cpx-P1-Qz.
Ol pr: projection from olivine, Cpx pr: pro-
jection from clinopyroxene, Pl pr: projec-
tion from plagioclase, and Qz pr: projec-
tion from quartz. The three open circles
tied to each other are the pumice, felsic
scoria and mafic scoria which were erupted
successively in this order during 1741-1742
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fractional crystallization of the magma of Oshima-Oshima at higher pressures under
anhydrous or hydrous conditions. Since the amphibole fractionation is considered to
be an important factor in the differentiation of magma in Oshima-Oshima volcano, the
condition of the magma may be hydrous. The area occupied by the andesites plotted in
Text-figs. 23 and 24 may therefore trace a cotectic line between plagioclase and am-
phibole under hydrous condition.

Cawthorn (1976) has studied the melting relations in part of the system CaO-MgO-
Al,04-S10,-Na,0-H,0 under 5 kb and determined the stability of pargasitic horn-
blende at 5 kb in a wide range of simple basalt-like compositions. He also predicted
evolution paths for water-saturated mafic magma compositions in this system. Text-
fig. 25 shows the weight percent projection from diopside, vapor and Na,O onto part
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of the plane CaAl,0,-MgO-Si0,. The analyses of the Oshima-Oshima volcanic rocks
are calculated into components analogous to the five oxides (S: SiO,, A: Al;O,, C:
CaO, M: MgO, and N: Na,0) by the method of Cawthorn and O’Hara (1976). The
boundaries between the liquidus fields of olivine, amphibole, orthopyroxene and
plagioclase are projected on Text-fig. 25 from diopside, Na,O (4%) and vapor. The
liquidus volume of plagioclase is reduced compared with that at anhydrous 1 atm since
amphibole enters between plagioclase and olivine or clinopyroxene.

Most of chemical compositions of Oshima-Oshima volcanic rocks plot in the
olivine liquidus volume. Cawthorn (1976) and Cawthorn and O’Hara (1976) pointed
out that the amphibole stability field rapidly increases with increasing Na,O content,
and both boundaries of plagioclase-amphibole and amphibole-olivine shift toward
olivine liquidus volume with increasing Na,O in the clinopyroxene projection ( Text-fig.
25). The phase boundaries for Na,O=6% further shift from those for Na,0=4%
toward the olivine liquidus volume. Therefore, in the case of the crystallization of
Oshima-Oshima basaltic magma which is rich in alkali, it seems that the amphibole-
plagioclase cotectic line a-b and the amphibole-olivine reaction line c-d shift to a’-b’
and c¢’-d’, respectively. Accordingly, the crystallization course of the magma in
Oshima-Oshima can be considered as follows: Olivine ( +clinopyroxene) crystallize
first from the picritic basalt magma forcing the magma composition in the opposite
direction of olivine ( + clinopyroxene) to a point on the amphibole-olivine reaction line
¢’-d’. The olivine and clinopyroxene will react with the liquid to form amphibole.

If the magma is under ‘‘equilibrium crystallization conditions” (Cawthorn and
O’Hara, 1976), its composition will change along line ¢’-d’. But, the plots of Oshima-
Oshima volcanic rocks suggest that the magma composition migrates across line ¢’-d’
away from the amphibole composition, possibly due to the fractionation of olivine
( + clinopyroxene) to form dunite, wehrlite and clinopyroxenite inclusions at the early
stage. The felsic basalt magma then fractionates amphibole to form hornblendite, and
reaches a point on the amphibole-plagioclase cotectic line a’-b’. From this point the
magma will crystallize both amphibole and plagioclase to form hornblende gabbro.
The fractionation of hornblendite may produce a liquid of andesitic composition. The
crystallization of the magma in Oshima-Oshima seems to have proceeded under ““frac-
tional crystallization conditions (Cawthorn and O’Hara, 1976)”.

(5) Compositional variation of clinopyroxene during the crystallization

Successive removal of dunite, wehrlite and clinopyroxenite results in a considerable
decrease in MgO/MgO + FeO ratio of the magma with slight SiO, enrichment, whereas
removal of hornblendite, and hornblende gabbro leads to a slight increase in
MgO/MgO + FeO ratio of the magma with a considerable SiO, enrichment. These
variations are essential for the differentiation of the magma in Oshima-Oshima
volcano.

With proceeding crystallization, the basaltic magma is enriched in Al,O;, whereas
the andesitic magma is only slightly enriched in Al,O,. This variation of Al,O; is ob-
viously caused by the delay of plagioclase crystallization under hydrous conditions.
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Therefore, the Al,O, trend of the Oshima-Oshima basalt-andesite suite is important for
division between the crystallization of basalt and that of andesite. Chemistry of the
rock-forming minerals in the inclusions is expected to be controlled by the composition
of the magma, e.g. MgO, FeO, SiO, and Al,O, contents.

With this in mind, the chemistry of clinopyroxenes in the ultramafic and mafic in-
clusions was investigated. The relationship between AL,O; and FeO is shown in Text-
fig. 26. Takasawa and Hirano (1977) have proposed a new method to infer the magma
series using Al,O, variation of clinopyroxene. They concluded that the Al,O, content
of Ca-pyroxene increases with increasing FeOy in Ca-pyroxene in the alkaline rocks,
whereas in the non-alkaline rocks it decreases or remains constant with increasing FeO¢
in Ca-pyroxene. The Al,O, variation with increasing FeOt for the clinopyroxene from
Oshima-Oshima is shown in Text-fig. 26. The observed chemical variation of the
clinopyroxene in the inclusions has the following features: First Al,O, increases from
the dunite to clinopyroxenite inclusions which crystallized from the alkali basalt
magma. Later Al,O; decreases from the clinopyroxenite to hornblende grabbro inclu-
sions, which crystallized from the magma changing from alkali basalt to calc-alkaline
andesite.

Takasawa and Hirano (1977) explained Al,O, variation of clinopyroxene crystalliz-
ed from alkaline or non-alkaline magma using an equation shown below,

Pl

Px 2CaALSi,0,

3CaALSIO ~ KPD T g
3510,

Since the plagioclase fractionation is delayed in the crystallization of basaltic magma in
Oshima-Oshima, the above equation is not suitable to use. It is better to use the activity

of anorthite component in magma (acaAl,Si,0,) iDstead of acaALSj,0,- Therefore,

the Al,O, trend shown in clinopyroxenes (Text-fig. 26) is well interpreted as follows:
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Since the basaltic magma increases abruptly in Al,O, content with a slight SiO, enrich-
ment, CaTs molecule in clinopyroxene increases from the dunite to clinopyroxenite.
On the other hand, since the andesitic magma decreases slightly in Al,O, content with a
considerable SiO, enrichment, CaTs molecule considerably decreases from the
clinopyroxenite to hornblende gabbro. Hence, the chemical variation of clinopyroxene
also suggests the fractionation process discussed up to this point.

(6) Pressure conditions of crystallization of the basaltic magma

The chemistry of spinel and olivine is examined in order to deduce pessure condi-
tions under which magmatic differentiation occurred in Oshima-Oshima volcano.

Composition of spinel is controlled by various factors (bulk chemistry, pressure,
temperature and oxygen fugacity) of the host magma (Irvine, 1965, 9167; Thompson,
1973; Hill and Roeder, 1974; Haggerty, 1979; Shiraki et al., 1979). It is therefore im-
portant to decide the main factor that controls the chemistry of spinel.

Nagao et al. (1980) who investigated the spinels in the Misasa alkali basalts and the
Chokai calc-alkali andesites, suggested that the chemistry of spinel is governed by the
chemical composition of host magma as well as pressure. In a comment on this conclu-
sion, Shiraki et al. (1981) stated that excess Al,O; in spinel is affected by pressure
rather than chemical composition of host magma. In a reply to this comment Nagao et
al. (1981) pointed out the necessity in setting up a standard in judging ‘‘the excess
Al,05" and stated that normalizing the host rock chemistry by the SiO,, Al,O; and
Cr,0, contents is an effective method, when comparing spinel chemistries.

From this point of view, it is worthwhile investigating the composition of spinels
that occur in basalts and in ultramafic inclusions cognate with basalts. Chemical data
of the spinels are listed in Tables 7 and 8.

The relationship of the Al,O; contents of bulk composition of basalts and those of
spinels in the basalts are shown in Text-fig. 27. Since the separation of plagioclase from
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basaltic magma is delayed under the hydrous condition, the Al,O5 content increases as
differtiation of basaltic magma proceeds (Yamamoto et al., 1977). The AL,O; contents
of the spinels in Nu-104 and Ne-56 seem dependent on the variation of the Al,O; con-
tents in the host basalts caused by differentiation. This is consistent with the observa-
tion of Sigurdsson and Schilling (1976) that the chemistry of spinels in MAR basalts
depends on the chemistry of host rock. The Al,O, contents are low in spinels rich in
magnetite component; the spinels in Hu-100, NI-14, and CI-1119 are lower in AL, O,
content than in Nu-104 and Ne-56.

Text-fig. 28 shows a compositional variation of spinels from Cr- to Fe*-rich
associated with an increase in the Al/Cr+ Al ratio, and represents the crystallization
course of spinel in the basalt. However, it is noteworthy that some low Fe®* spinels in
Ne-56 display an anomalous trend that reaches the area occupied by the spinels in the
dunite.

basalt inclusion
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Although spinels in the wehrlite and the olivine-clinopyroxenite have ratios of
Fe*/Cr+ Al+Fe* more than 0.3 and are scattered over a wide range of Fe3*, their
trend is similar to that of the spinel in the basalts. On the other hand, spinels in the
dunite plot apart from the trend of spinels in the wehrlite and olivine-clinopyroxenite.

The relationship between the ratio Mg/(Mg+ Fe+Mn) and the CaO content of
olivines in the basalts (Table 10) and the ultramafic inclusions (Table 4) is illustrated in
Text-fig. 29. The CaO contents of olivines in the ultramafic inclusions are lower than
those of the olivine phenocrysts in the basalts, and they only overlap slightly. Accord-
ing to Simkin and Smith (1970), the former can be classified into ‘‘inclusion and
plutonic olivine’’ and the latter ‘‘extrusive and hypabyssal olivine’’. Simkin and Smith
(1970) suggested a dependence of CaQO content in olivine on pressure based on their
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data on minor elements in olivine from various rock types. Stormer (1973) investigated
the CaO zoning of olivine phenocrysts from volcanic rocks and stated that the pressure
release during crystallization causes an increase of the CaO content in olivine and that
stable pressure conditions do not lead to an increase in CaO content with an increase in
FeO content. These authors pointed to a pressure dependence of CaO content in
olivine. However, Takahashi (1979) argued that the CaO content is controlled by
temperature.

CaO wt
04
Q3 < o ’_D_D__.-phenocryst
02 ° . 13_60___%,_24_9.-”
o T L A
e A . Ep e inclusion
01 f ok b reNT. "
—= -,
} .
09 08 07 06 05

Mg/ (Mg+Fe+*Mn)

Text-fig. 29 CaO — Mg/ (Mg + Fe+ Mn) diagram for olivines. Symbols same as
Text-fig. 28. large symbols indicate olivines in contact with spinels.

In Oshima-Oshima, since the inclusions are cognate cumulates, if CaO content of
olivine depends only on chemistry of magma, only one trend should be present in the
CaO-Fo diagram of phenocryst and inclusion olivines. Two trends, however, are
observed in Text-fig. 29, suggesting a pressure and/or temperature effect on the CaO
content of olivines. The relationship of the Mg/Mg + Fe?* ratio of olivines and spinels
in contact with each other is illustrated in Text-fig. 30. it shows a positive correlation.
The spinels in Nu-104 have low Mg/Mg + Fe?* ratios, indicating that they are strongly
affected by cooling. The relationship between the temperatue, calculated by olivine-
spinel geothermometer (Roeder et al., 1979), and Fo content of the olivines, except
Nu-104 and the spinels which have a ratio of Fe3®*/Cr+ Al+ Fe3** more than 0.4, are
shown in Text-fig. 31. It is noticed that both phenocrysts and inclusions have the same
trend as shown in Text-fig. 31. Therefore, the CaO content seems to be independent of
temperature, and the difference in CaO content between phenocrysts and inclusions
may be due to the difference of the pressure at which they crystallized.

Nevertheless, no distinct difference in the chemistry of spinels is observed, and the
trends of spinels both in the basalts and inclusions (except dunite) overlap in the Cr-Al-
Fe** diagram (Text-fig. 28). Therefore, it is more likely that spinel chemistry is con-
trolled by the compositon of the host magma in the pressure range in which the
phenocrysts and the wehrlite — olivine-clinopyroxenite inclusions are formed.

In Oshima-Oshima volcano, the fractionated olivine-clinopyroxenite and horn-
blende gabbro inclusions, which played an important role in the differentiation of



CALC-ALKALINE ANDESITE FROM OSHIMA-OSHIMA 119

0.7¢

o
06 3 =
i “ e bl sl
B & o O NeS6 @ dunite
o 05+ o o o 4 CINS A wehrlite
‘:‘: ° wer & o pra
oosl ] Ot
2 Yée
E) & ew®
Z 03 e o v
2 o % ¢ s00 |
02
] B
v
01} 8
a
a
0.9 0.8 0.7 0.6 0 ®© Fo olivine
Mg/{Mg*Fe ) Olivine
Text-fig. 30 Correlation between Mg/ Text-fig. 31 Plot of calculated temperature by
Mg+ Fe?* values of spinels and olivines in the method of Roeder et al. (1980) vs. Fo
contact with each other. Symbols same as content of the olivine in contact with spinel.
Text-fig. 28.

basaltic magma to andesitic magma, would be formed at a shallow depth in the crust
(Yamamoto et al., 1977). However, as stated before, spinels in the inclusions formed at
such a low pressure have similar Al,O; content to those included in olivine phenocrysts
formed near the surface from the fractionated magma.

According to the experimental study on Apollo 14 rocks by Green et al. (1972),
Al,O; content of spinel increases about 7 wt% with an increase of pressure from 5 kb
to 7 kb. Jaques and Green (1980) investigated the chemistry of spinels produced as a
residual phase from the partial melting of peridotites, and stated that chrome spinels
near the solidus at low pressure (2-5 kb) were distinctly more chrome-rich than those at
higher pressure (10-15 kb). Their experimental data showed that the difference in
Cr/Cr+ Al ratio of the spinels over a pressure range of 3 kb (2 kb-5 kb) is slight.

In Oshima-Oshima, the dunite inclusions are found in small amounts and they are
small in size (2 %3 cm). Their olivines have an angular shape, while the olivines in
other inclusions do not. The olivines included in the dunite always show kink-banding.
Therefore, the dunite inclusions may be formed as fractionation products from magma
at deeper levels than the other inclusions, as mentioned earlier. Furthermore Al,O,
contents of spinels in the dunite are 12 to 20 wt% higher than those in the wehrlite and
the olivine-clinopyroxenite in clusions. Judging from the experimental result of Jaques
and Green (1980), this difference in Al,O; content of spinel is due to the pressure rather
than the bulk composition of host liquid. Some olivine phenocrysts in the basalts may
be derived from the dunite inclusion: for example those in sample Ne-56 which has
more aluminous trend of spinels (Text-fig. 28) and KD less than 0.3 (Roeder and
Emslie, 1970).
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Origin of the calc-alkaline andesite
of Oshima-Oshima volcano

Origin of the calc-alkaline andesite of Oshima-Oshima volcano

Volcanic rocks from Oshima-Oshima volcano consist mainly of alkali olivine basalt
and hornblende-hypersthene-augite andesite of the calc-alkaline rock series, the latter
of which is characterized by the presence of groundmass orthopyroxene and by no iron
enrichment (Text-fig. 8). Furthermore, the weight ratio of FeO + Fe,O;/FeO +
Fe,0; +MgO in this calc-alkaline andesite increases only slightly compared with that in
the alkalic basalt series (Text-fig. 32). The alkali basalt and calc-alkaline andesites
from Oshima-Oshima are intimately associated with each other, even within a single
cycle of eruption as in the recorded eruption in 1741-1742. Almost continuous varia-
tion curves of major elements can be traced from the basalt to andesite without notable
break.

Differences in chemical compositions between the alkali basalt and the calc-alkaline
andesite are summarized as follows: (1) In the basaltic rocks, SiO,, content increases
only slightly with proceeding differentiation of the basaltic magma. In the andesitic
rocks, however, SiO, content abruptly increases with differentiation of the magma.
(2) Alkali, Rb and Ba contents increase in the basalt whereas they remain constant
from the felsic basalt to the mafic andesite. (3) The rate of increase of Al,O, content in
the basaltic rocks is high, whereas the rate in the andesitic rocks becomes near zero then
decreases.

These chemical variations suggest the following petrogenesis: The amphibole may
appear as a near liquidus phase in the hydrous felsic basalt magma (SiO, =51%) which
is the most differentiated magma in the basaltic range. Consequently, amphibole frac-
tionation (hornblendite inclusion) followed by amphibole + plagioclase fractionation
(hornblende gabbro inclusion) results in the generation of the calc-alkaline andesitic
magma. Since the amphiboles from Oshima-Oshima are poor in SiO, and rich in alkali,
the hornblendite and hornblende gabbro inclusions are highly nepheline- and leucite-
normative. Therefore, the hornblendite and hornblende gabbro fractionation from the
alkali basalt magma effectively leads to the calc-alkaline andesite.

The variation in iron ratio of the Oshima-Oshima rocks is also consistent with the
above considerations. Text-fig. 32 shows that:

(1) The primary magma, which is picritic and hydrous, crystallizes mainly olivine
to form dunite inclusions, then the fractionation products become rich in clinopyro-
xene as inferred from the wehrlite and clionopyroxenite inclusions. This fractionation
process can be well interpreted by the subtraction diagram (Text-fig. 19) and the
calculation of FeO-MgO distribution between olivine and rock (Roedder and Emslie,
1970) (solid tie-lines in Text-fig. 32).

(2) Consequently the magma is chemically changed into the felsic basalt magma
(=Si0; 51%). The amphibole may appear as a near liquidus phase in the hydrous
felsic basalt magma. Since amphibole is in reaction relation with olivine and clino-
pyroxene, it crystallizes alone at first. Then, crystallization of plagioclase ensues.
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During the crystallization, the magma does not increase in the ratio of FeO + Fe, 05/
FeO + Fe, 05 + MgO, because amphibole is high in this ratio. Consequently, the varia-
tion in the volcanic rocks from alkaline basalt to calc-alkaline andesite is considered to
have been caused by amphibole fractionation under hydrous condition at a shallow
level in the continental crust. This fractionation is considered to be essential to the
genesis of the calc-alkaline andesite from Oshima-Oshima, whereas effect of magnetite
fractionation may be very small.
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The crystallization sequence of the magma in Oshima-Oshima volcano is illustrated
in Text-fig. 33. The liquid fraction can be calculated using Th content as a measure of
liquid fraction *‘f** by the method of Allégre et al. (1977). This element has been called
hygromagmatophile (Treuile and Varet, 1973) or H element (Allégre et al., 1977). The
differentiation of magma can be approximated by using Th, which generally has a
great affinity for the liquid. The Th content determined for 4 rocks by Masuda et al.
(1975) and the liquid fraction assuming H,gbasalt as a initial liquid are shown in Text-
fig. 33. The liquid fraction of H,q is calculated at 0.32. Although it is considered that
the primary magma in Oshima-Oshima is not represented by H,, but the picritic basalt
(Nishi-yama upper lava: SiO,=47.75%) in chemical composition, the value of the
liquid fraction of H,, (a typical calc-alkaline andesite) is consistent with the field
evidence of the volcano that about 30 vol.% of the volcanic rocks are calc-alkaline
andesite and the rest are alkali olivine basalt.

The stages at which the fractionation of some inclusions took place are shown in
Text-fig. 33. It is concluded that:

(1) The ultramafic and mafic inclusions from Oshima-Oshima volcano are pro-
ducts crystallized from basaltic magma and are cognate inclusions with the volcanic
rocks.

(2) The inclusions have formed at a shallower level in the continental crust, except
the dunite inclusion which has formed at a deeper level as inferred from its occurrence
and mineralogy.

(3) They have played an important role in fractional crystallization of the basaltic
magma of Oshima-Oshima volcano.

(4) The amphibole fractionation (hornblendite and hornblende gabbro fractiona-
tion) occurred from the felsic basalt magma, which is noticed as an important factor
for the genesis of calc-alkaline andesite series.
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The calc-alkaline andesite of the Chokai Volcanic Zone

In the AFM diagram (Text-fig. 8), the chemical composition of the calc-alkaline
rocks from Oshima-Oshima volcano plot within the fields of those from other
volcanoes of the Chokai Volcanic Zone. These common chemical features may suggest
that the calc-alkaline andesite from Oshima-Oshima volcano has a genetic relation to
those from the other volcanoes of the Chokai Volcanic Zone.

On the basis of above assumption, the general features of the chemistry and the
petrography for the rocks of the Chokai Volcanic Zone including Oshima-Oshima
volcano were examined and compared with those of the Nasu Volcanic Zone. The
Quaternary volcanic rocks in Northern Japan are grouped in a basalt-andesite-dacite-
rhyolite suite, of which andesite and dacite of the calc-alkaline series are generally
abundant rocks as in other island arc areas. These rocks vary markedly in nature from
the Pacific side (calcic to low-potassic) to the Japan Sea side (more alkalic and high-
potassic) of the arc. The volcanoes of the Nasu Volcanic Zone are distributed on the
Pacific side, whereas those of the Chdokai Volcanic Zone are on Japan Sea side. Ac-
cordingly, the rocks of the Chokai Volcanic Zone are higher in alkali content than
those of the Nasu Volcanic Zone.

Si0, frequency-distribution for the rocks from the Chokai Volcanic Zone (Oshima-
Oshima volcano and the others) and the Nasu Volcanic Zone is shown in Text-fig. 34.
Chemical and petrographical data are from Kawano et al. (1961), Onuma (1963) and
Togashi (1977). It is noticed that:

(1) In the Nasu Volcanic Zone, both tholeiitic rocks and calc-alkaline rocks have a
wide range of SiO, contents. Furthermore, the of SiO, contents in calc-alkaline rocks is
different from that in tholeiitic rocks. In the Chokai Volcanic Zone, however, the
rocks of high-alumina basalt series or alkali basalt series (Oshima-Oshima) are low in
SiO, content, whereas those of calc-alkaline series are high in SiO,, content. In other
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Text-fig. 34 Silica-frequency diagram for the rocks from the Chokai Volcanic
Zone and Nasu Volcanic Zone.
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words, there is little overlap in SiO, contents of the two rock types.

(2) Amphiboles are associated with the dacite in the Nasu Volcanic Zone, whereas
they are associated with the andesite, and even with the basalt, in the Chokai Volcanic
Zone.

The above observations suggest that the crystallization course of the calc-alkaline
magma is different from that of the tholeiite magma in the Nasu Volcanic Zone. In the
Chokai Volcanic Zone the calc-alkaline magma may be produced by amphibole frac-
tionation from a hydrous basalt magma. As well known, the rocks of Chokai Volcanic
Zone frequently include many amphibole phenocrysts.

The amphiboles from Chokai volcano were analyzed by microprobe to compare
with those from Oshima-Oshima volcano. The analytical data are listed in Table 11.
According to the data, the amphiboles from Chokai volcano are poor in Si, as are from
Oshima-Oshima, and are classified into pargasite or pargasitic hornblende. On the
other hand, the amphiboles from the dacite of Osore-yama volcano (Nasu Zone) are
rich in Si and classified as common hornblende (Togashi, 1977).

Sakuyama (1977) examined the lateral variation of mafic phenocryst assemblages
in rocks in northeastern Japan and pointed out that the magmas under the area are not
satuated with H,O, although the H,O contents in the rocks increase away from the
volcanic front. It is an important fact that the pargasites are associated with the
basalts, as mentioned above. The basaltic magmas in the Chokai Volcanic Zone are
more hydrous than those in the Nasu Volcanic Zone and crystallize the Si-poor amphi-
bole.

The wet and alkalic nature of the magmas are important factors for the stability of
amphibole (Cawthorn, 1976; Cawthorn and O’Hara, 1976). These are indispensable
conditions under which the basaltic magma fractionates amphiboles at an early stage of
differentiation. The petrochemistry and petrography of the rocks from the Chokai
Volcanic Zone seem to meet the above conditions.

High-alumina basalts from Chodkai volcano are felsic and are similar to the felsic
basalt from Oshima-Oshima. Such a magma is considered capable of crystallizing
amphiboles as a liquidus phase. Accordingly, it is probable that the mafic andesite,
which is abundant in Chokai volcano, is produced from the high-alumina basalt
magma by such an amphibole fractionation process. The high-alumina basalt magma
would effectively increase in SiO, content by the fractionation of amphibole, because
the amphibole is highly nepheline-normative.

If H,y, which is analogous to the high-alumina basalt magma of Chokai volcano,
can be used as an initial liquid, then the residual liquid fraction of Hj, (mafic andesite)
is calculated as 0.86 (Text-fig. 33). this value supports the abundance of mafic andesite
in Chokai volcano.

Accordingly, it is possible that the calc-alkaline andesites from the Chdkai Volcanic
Zone are produced by amphibole fractionation from the basaltic magma at an early
stage of differentiation.

Fluorine generally has a great affinity for amphibole and apatite. Aoki (1978) in-
vestigated the F concentration in the volcanic rocks from Nasu Volcanic Zone, Chokai
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Table 11 Microprobe analyses of amphiboles from Chokai Volcano

1 2 3 4 5 6 7
sp.no. 1C-102 1C-1-3 1C-1-4 1C-3-1 1C-3-2 1C-3-3 1C03-5
SiO, 41.70 41.45 41.50 42.88 42.49 41.77 42.27
TiO, 2.82 2.80 2.81 2.88 3.40 3.05 2.62
Al,O, 13.69 13.98 12.15 11.45 11.47 11.45 11.31
FeO 9.5% 9.49 11.14 11.52 11.75 11.72 12.08
MnO 0.11 0.18 0.13 0.09 0.07 0.08 0.10
MgO 14.70 14.30 14.29 14.20 14.13 13.73 14.75
CaO 11.77 11.36 11.46 11.27 11.30 11.29 11.03
Na,O 232 2.22 2.30 2.19 217 2.05 2.10
K,O 0.77 0.70 0.73 0.57 0.62 0.60 0.56
Total 97.47 96.48 96.51 97.05 97.40 95.74 96.82

Numbers of cations on the basis of 23 oxygens

Si 6.100 6.111 6.182 6331 6.268 6272 6278
Al 1.900 1.889 1.818 1.669 1.732 1.728 1.722
Al 0.461 0.540  0.315 0324 0.262 0.298 0.258
Ti 0310 0310 0315 0320 0377 0.344 0.293
Fe 1.173 1.170 1.388 1.422 1.449 1.472 1.500
Mn 0.014  0.023 0.016  0.011 0.009 0.010 0.013
Mg 3206 3.143 3.173 3.126 3.107 3.074 3.266
Ca 1.845 1.795 1.829 1.783 1.786 1.816 1755
Na 0.658 0.635 0.664 0.627 0.621 0.597  0.605
K 0.144 0132 0.139 0107  0.117  0.115 0.106
Total 15.811 15748  15.839 15720 15728 15726  15.526
Ca 29.6 29.3 28.6 28.1 28.1 28.5 26.9
Mg 19.0 19.5 21.9 493 48.9 48.9 50.0
Fe+Mn 514 51.2 49.5 22.6 23.0 23.3 2.1
ey 73.0 72.5 69.3 68.6 61.5 67.4 68.3

1-3: hornblende-bearing olivine-hypersthene-augite andesite
4-7: hornblende-bearing hypersthene-olivine-augite andesite
Rock smaples from K. Onuma.

Volcanic Zone and Iki island. F content in the rocks from Nasu Volcanic Zone in-
creases with increasing SiO, content, whereas that from Chokai Volcanic Zone and Iki
island increases only slightly. It was interpreted by Aoki (1978) that the latter trend is
caused by hornblende- and biotite-fractionation. This supports the above discussions
of the amphibole fractionation for the genesis of calc-alkaline andesite.
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Conclusion

(1) Oshima-Oshima volcanic island is situated off the Japan Sea coast, southwest
Hokkaido, and consists of a triple stratovolcano.

(2) The volcanic edifice is made up of lavas and pyroclastics, of which about
30 vol.% is calc-alkaline andesite and the rest is alkali olivine basalt. The andesite and
basalt are intimately associated with each other, even within a single cycle of eruption
as in the recorded eruption in 1741-1742.

(3) In major element and trace element chemistry of the rocks from Oshima-
Oshima, almost continuous variation curves can be traced from basalt to andesite
without notable break. Both the alkali olivine basalt and calc-alkaline andesite have
higher alkali contents.

(4) Most of the andesites and some basalts contain ultramafic and mafic inclusions
such as dunite, wehrlite, olivine clinopyroxenite, hornblendite, and hornblende gab-
bro, which show a typical cumulate texture. Occurrence, textue and chemistry of
minerals of the inclusions suggest that they are products crystallized from a basaltic
magma and are cognate with the basalt-andesite suite of Oshima-Oshima volcano.
These inclusions have played an important role in the fractional crystallization of the
basaltic magma of Oshima-Oshima volcano.

(5) The different trends of oxide variation between the basalts and andesites have
resulted from the different crystallization sequence between both rock suites. The
crystallization sequence of the ultramafic and mafic inclusions is as follows: dunite >
wehrlite > olivine-clinopyroxenite > clinopyroxenite - hornblendite > hornblende
gabbro. The chemical variation trend from the picritic basalt to the felsic basalt is inter-
preted by the successive removal of the dunite, wehrlite and clinopyroxenite composi-
tions, whereas the trend from the felsic basalt to the andesite is explained by the suc-
cessive removal of hornblendite and hornblende gabbro compositions.

(6) The phase relationships of basalt-andesite in some synthetic or natural systems
and the comparison of mineral chemistry between the volcanic rocks and the inclusions
suggest that dunite fractionation from the primary magma took place at a higher
pressure under hydrous conditions, whereas the other fractionation took place at
shallow levels in the continental crust under hydrous conditions.

(7) The variation in the volcanic rocks from alkaline basalt to calc-alkaline
andesite was caused by amphibole fractionation under hydrous conditions at shallow
levels in the continental crust.

(8) The estimated rate of the residual liquid fractions is consistent with the field
observation that about 30 vol.% of the volcanic rocks are andesites and the rest are
basalts.

(9) The wet and alkalic nature of the magmas are important factors for the stability
of amphiboles. These are indispensable conditions under which basaltic magma
crystallizes amphibole at an early stage of differentiation. The petrochemistry and
petrography of the rocks from the Chokai Volcanic Zone seem to meet these condi-
tions. Therefore, it is possible that the calc-alkaline andesites from the Chokai
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Volcanic Zone are produced by amphibole fractionation from the basaltic magma.
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