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Magma mixing in the ophiolite:
in the case of Ibara ophiolite, Southwest Japan
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Abstract  The Ibara metabasalt, effusive member of the Ibara ophiolite, is a MORB-
like tholeiite, which is classified into three rock types with phenocryst assemblage. Genetic
relationship among these rock types can be explained in term of magma mixing. The un-
fractionated primordial magma (SO type), which was crystallizing spinel, olivine and
plagioclase, sometimes refill magma chamber (PC&NP type), where the fractionated magma
was crystallizing plagioclase, clinopyroxene and olivine. The enfilled magma had been
mixed with the fractionated magma. The mixed magma (TR type) became to be enriched in
Cr,05. Effect of Cr;03 enrichment expanded spinel liquidus field. Consequently, the TR
type magma started the crystallization of high-TiO, spinel together with plagioclase,
clinopyroxene and olivine. The oscillatory reverse compositional zoning in clinopyroxene of
the TR type metabasalt supports above the mixing scenario.
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I. Introduction

O’Hara (1977) proposed the open magma chamber model of mid-ocean ridge basalt, that
less fractionated magma successively injects into fractionating magma chamber in steady
state. This magma mixing model in MORB is supported by various evidence (e.g., DONALDSON
and BrowN, 1977; DuncaN and RuobpES, 1978; RuHODES et al., 1979; WALKER et al., 1979).
The crystallization process of ophiolitic basalts, most of which are fragments of an ancient
oceanic crust, has not been clear, because their original rock and mineral chemistries usually
have been modified as a result of metamorphism and alteration, such as ocean floor
metamorphism, ocean floor weathering, and metamorphism during or after emplacement.
Many studies on tectonic setting of ophiolitic basalts have been made using chemical affinity
of immobile elements to recent oceanic basalt (e.g., Bass et al., 1973; MivasHIrRO, 1975;
PeAaRcE et al., 1975, 1977). Although the Ibara metabasalt has been affected by metamorphism
and alteration, the primary mineral phases, such as clinopyroxene and spinel, and igneous
textures are preserved. In this paper, the author investigated field occurrence, mineral phase
assemblage, relict mineral chemistry and immobile element abundances, and showed the in-
formation possible to make clear the crystallization and magma mixing processes similar to
O’Hara (1977)’s open magma chamber model. This method may be adapted for other
ophiolites and is useful to identify the magmatic processes of ophiolites.

II. Geologic Outline

The Maizuru Tectonic Belt is located between the Permian (Hasg, 1964) and the Jurassic
accretion complexes (HasuimoTo, 1972; HasaiMoTo and Sarro, 1976; Isnica, 1983, 1985a,
b, 1986a, b; CarIDROIT et al., 1985) in the Inner Zone of Southwest Japan. This tectonic belt
consists of Late Carboniferous and Early Permian ophiolites (KoipE et al., 1987), which are
overlain by terrestrial sedimentary rocks of Late Permian and Triassic age.

The late Paleozoic ophiolite in the Ibara area belongs to the western extension of the
Maizuru Tectonic Belt. The ophiolite is composed of Lower, Middle and Upper Members in
ascending order, with accessory metagabbro and ultramafics. Three members and plutonic
rocks are in fault contact with each other. These members are general E-W strike and dip
homoclinally about 40° N (Fig. 1). In the southeastern margin of the area, these members are
intruded by Cretaceous granite and are overlain by Cretaceous rhyolite.

Lower Member: The Lower Member is up to 1000 m thick. The lower part of this member
is intruded by a granitic stock and affected by contact metamorphism. This member consists
mainly of metabasalt with small amounts of hyaloclastite and intercalated black slate.
Middle Member: The black and massive slate intercalated with a few beds of conglomerate
and metabasalt is the dominant rock type of the Middle Member which is up to 800 m thick.
The conglomerate consists of subrounded to angular cobbles and pebbles of various rocks such
as granite, diorite, metagabbro, metabasalt, arkorse sandstone, volcanic sandstone, and slate.
These fragments are poorly sorted, and a muddy matrix increases upward.
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Fig. 1. Geologic map of the Ibara area and distribution of the rock types of the Upper Member
porphyritic metabasalts. Abbreviations for inset. Nz: Nagato Tectonic Zone, Sy: San-yo
branch of the Sangun Belt, Si: San-in branch of the Sangun Belt, Ry: Ryoke Belt, N: North
Zone of the Sangun Belt, K: Kamigori Belt, T: Tamba Belt, M: Maizuru Tectonic Belt
(simplified from NISHIMURA et al., 1977). The rock types of SO, TR and PC are classified by
phenocryst assemblage.

Upper Member: The Upper Member, having total thickness of about 2000 m, is composed
mainly of slightly vesicular metabasalts with minor amounts of hyaloclastite and black slate.
Red shale and chert are rarely found. Original structures of pillow lavas, dykes and
hyaloclastite are well preserved. The pillow lavas, the main constituent of the Upper Member,
are commonly close-packed. Dykes are not commonly found. Black slate is less abundant in
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Table 1. Mineral assemblages of the Upper Member metabasalts

rock phenocryst groundmass texture Abundance
NP type none p! (pseudomorph) glassy 61.0 %
cpx (relict) variolitic
ol (pseudomorph) intergranular
ore (pseudomorph) intersertal
glass (altered) subophitic
ophitic
SO type moderately ol (pseudomorph) glassy 12.5%
sp+ol sp (relict) variolitic
sp+ol+pl cpx(relict)
pl (pseudomorph)
ore (pseudomorph)
glass (altered)
PC type sparsely pl (pseudomorph) glassy 243 %
pl cpx (relict) variolitic
cpx ol (pseudomorph) intergranular
pl+cpx ore (pseudomorph) intersertal
glass (altered) subophitic
ophitic
TR type moderately cpx (relict) glassy 22%
sp+ol+pl+cpx  pl (pseudomorph) intersertal
sp (relict) variolitic
ore (pseudomorph)
glass (altered)

Abundance is obtained the numbers of specimens classified under the microscope. Abbreviations. sp:
spinel, ol: olivine, pl: plagioclase, cpx: clinopyroxene, ore: oxide minerals (mainly titanomagnetite).

the lower horizon than in the upper horizon.

Metagabbro has a fine- to coarse-grained gneissose texture, and has been metamorphosed
to amphibolite facies. The ultramafic rocks have wehrlitic composition but are mostly altered
into serpentinite. Blocks of clinopyroxenite, ranging from one to several meters in diameter,
are sometimes found in the wehrlite. No igneous layering can be observed.

III. Petrography of Metabasalts

Metabasalt from the Upper Member consists of porphyritic and non-porphyritic rocks.
About 60% of the metabasalts are of the non-porphyritic one (Table 1).

The non-porphyritic (NP) metabasalt of the Upper Member has fine- to coarse-grained
textures. A typical textural change can be observed within a pillow lobe as follows; glassy,
variolitic, intersertal, intergranular, subophitic and ophitic from rim to core. The glassy part
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is commonly altered to a fine-grained aggregate of oxides and sheet silicates. The variolitic
part is composed mainly of variolitic plagioclase, skeletal and dendritic clinopyroxenes, oxide
minerals, and altered glass. The intersertal and intergranular parts are made up mainly of
plagioclase laths, subhedral to granular clinopyroxene, oxide minerals and/or altered glass.
The subophitic and ophitic parts consist of tabular plagioclase and anhedral clinopyroxene.

The porphyritic metabasalts of the Upper Member are essentially classified into the fol-
lowing three rock types; spinel+olivine +plagioclase (S0), plagioclase + clinopyroxene (PC),
and transitional types (TR).
Spinel + olivine £ plagioclase Type (SO type): The SO type metabasalt amounts to
about 30 % of the porphyritic rocks and is moderately olivine phyric (2 ~ 10 vol.% phenocryst).
This type rock contains scarcely plagioclase phenocrysts. Olivine phenocrysts include spinel.
Igneous textures are preserved even though the rocks are highly altered. This type of
metabasalt commonly has a glassy groundmass rich in dendritic clinopyroxene.
Plagioclase + clinopyroxene Type (PC type): The PC type metabasalt is usually spar-
sely phyric (<2 vol.% phenocryst) and contains phenocrysts of plagioclase and/or
clinopyroxene. Plagioclase phenocrysts rarely include clinopyroxene crystals. The ground-
mass is similar to that of the non-porphyritic metabasalt.
Transitional Type (TR type): The TR type metabasalt comprises two phenocryst as-
semblages of spinel+olivine + plagioclase +clinopyroxene (TR-1) and olivine + plagioclase +
clinopyroxene. The clinopyroxene phenocrysts are mostly euhedral but rarely anhedral or
granular. The groundmass of this type is similar to that of both the SO and PC type
metabasalts.

The major part of the metabasalt of the Lower Member has been subjected to late contact
metamorphism by Cretaceous granite, and so primary igneous textures are rarely preserved.

All rock types of the porphyritic metabasalt (SO, PC and TR types) are distributed
throughout the Ibara area as shown in Fig. 1. The abundance of the SO, PC and TR type
metabasalts is also observed in columnar sections obtained along some routes (Fig. 2). For
example, PC, NP, PC, NP, TR and PC type metabasalts occur successively from lower to
upper in a continuous outcrop along the route D. Such occurrences suggest that each rock type
was not derived from a tectonic slice of different magma origin, but rather the rocks were
formed by a magmatism having genetic relationship.

IV. Bulk Rock Chemistry

Major element analyses were carried out using an X-ray fluorescence analyzer (JEOL
Model JSX-60S7). Ni and Cr were measured by atomic absorption spectrometer (AA-475,
Varian Techtron). Table 2 lists analyses of the Upper Member metabasalts of the Ibara
ophiolite. New analyses of JB-1 and JG-1 are also given in Table 2, which agree fairly well with
the recommended values (ANDO et al., 1974).

Kok (1986; 1990) and Kok et al. (1987) have found that the Ibara metabasalts belong
to the tholeiitic rock series, and are characterized by
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1) low FeO*/MgO,

2) TiO, contents higher than arc tholeiites and less than ocean island tholeiites,

3) low Rb and Sr contents, and

4) high initial Nd isotope ratio.

These features correspond to chemical characteristics of MORB. However, the Ibara
metabasalts have slightly higher SiO, contents and higher normative plagioclase contents than
typical MORB. Relatively higher initial 87Sr/86Sr ratios are also characteristics of the Ibara
metabasalts. These chemical characteristics suggest that the Ibara ophiolite was derived from
a marginal sea mantle (Koipg, 1990).

In MORB-like tholeiitic rocks, Ti is partitioned into clinopyroxene and Fe-Ti oxides. Since
relict clinopyroxene preserves its initial chemistry, its Ti is immobile. Titanomagnetite which
is another Ti-bearing mineral of the Ibara metabasalts contains exsolved magnetite and
ulvospinel, the latter of which is sometimes replaced by sphene. Accordingly, Ti is fixed in
sphene and ulvospinel, and was experientially not removed or leached during metamorphism
and alteration.

Chromium is partitioned between clinopyroxene and spinel. Both minerals are usually
preserved as relicts, so that Cr can be regarded as an immobile element.

Nickel is concentrated in olivine. In the Ibara metabasalt, however, olivine is completely
altered and recrystallized to serpentine +sphene or clinozoisite + serpentine with small
amounts of opaque minerals. Ni should be fixed into Ni bearing metals, sulfides, arsenides or
serpentine minerals during serpentinization (KANEOKA et al., 1964, 1975; CrLaARrk, 1969). Then
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Ni may be immobile.

In MORB-like tholeiites, TiO; increases, and Ni and Cr decrease with fractionation of
spinel, olivine, clinopyroxene and plagioclase. Titanomagnetite occurs as a quench mineral in
the groundmass of the Ibara metabasalts. Ti participated in melt as an incompatible element
during fractional crystallization, whereas Cr and Ni acted as compatible elements. Accord-
ingly, Ti, Ni and Cr are useful indicators of the extent of fractional crystallization.

The SO type metabasalt is low in TiO; (<1.0 wt%), and high in Cr (>600 ppm) and Ni
(>160 ppm) contents (Fig. 3). On the other hand, the PC and NP type metabasalts have high
TiO, (>1.2 wt%), and low Cr (<340 ppm, <290 ppm) and Ni contents (<120 ppm, <100 ppm,
respectively). The TR type metabasalt is characterized by intermediate amounts of TiO, (1.1
wt%), Cr (350 ppm), and Ni (180 ppm) between the SO type, and the PC and NP types.

It is noteworthy that the PC and NP type metabasalts are similar to each other in TiO,, Cr
and Ni contents and they also have similar mineral assemblage. The PC type metabasalt
contains small amounts of plagioclase and clinopyroxene phenocrysts, that is, sparsely phyric
rock. The PC type metabasalt is regarded as being derived from the same magma as the NP
type metabasalt. Therefore, the PC and NP type metabasalts are treated as the same rock type
(PC&NP type).

V. Mineral Chemistry

Of the Ibara metabasalts, rock forming minerals are spinel, olivine, plagioclase and
clinopyroxene. The chemistry of the preserved minerals provides important information on
the magmatic character of the rocks. Spinel is present in the SO and TR type metabasalts,
while clinopyroxene occurs in the TR and PC&NP type metabasalts.

1. Spinel

Spinel from MORB has a low Fe3+ content (Bryan, 1972; RipDLEY et al., 1974; SiGURSSON
and SCHILLING, 1976), and this characteristic is useful in determining magma affinity of MORB
and ophiolitic basalts.

Spinel of the Ibara metabasalt occurs as microphenocryst and as minute crystal included
in olivine phenocryst or in the groundmass. There is no difference in the composition among
all types of spinel in the same sample (Table 3).

In the Ibara metabasalt, spinel is characterized by low Fe3+/(Cr+ Al+Fe3+) (<0.1) and
Cr/(Cr + Al) ratios (0.4~0.5), and is similar to MORB spinel (Koipg, 1986).

In TiO,-Cr/(Cr+ Al) diagram (Fig. 4), spinel of the TR type metabasalt has a higher
TiO; content (>0.5 wt%) than that of the SO type metabasalt (< 0.5 wt%).

Fe3+ content of spinel in the TR type metabasalt is relatively higher than that in the SO
type with the same mg value. Fe3* and FeO of the SO type metabasalt (< 1.2 and 7.0 wt%)
are also lower than those of the TR type (>1.3.and >7.0 wt%, respectively).
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Fig. 3. TiO,, Ni and Cr histograms of the Ibara metabasalt.

2. Clinopyroxene

Clinopyroxene Al-Si and Ti-Al diagrams (KusHIiro, 1960) for discrimination of magmatic
parentage have been widely used (e.g. LEBas, 1962; Aoxi, 1964). MaruvAaMA (1976) advo-
cated the boundaries between tholeiitic and alkaline rock series. Takasawa and HiranNo
(1977) have also proposed the Al,O3-FeO diagram to discriminate rock series.

Representative clinopyroxene analyses of the Ibara metabasalt are listed in Table 4.
Clinopyroxene phenocrysts from the Ibara metabasalt are characterized by high Si
(1.85~1.95), low Al (0.07~0.15) and low Ti (0.01~0.03). Groundmass clinopyroxene shows

TiOp
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wt%
:8 [ ]
0.5t
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Table 3. Representative spinel compositions
SO-1 SO-2 S0-3 SO-4 SO-5 TR-1
inGM inOL inGM inOL inGM inOL inGM inOL inGM inOL inGM inOL
Si02 0.12 0.14 0.11 0.11 n.d. n.d. 0.12 0.10 n.d. n.d. n.d. n.d.
TiO2 0.37 039 048 050 039 034 031 028 038 045 077 0.75
AlRO3 22.72 22.04 24.67 24.95 23.57 2297 31.89 30.67 20.94 20.63 21.44 21.79
Fe203* 4.32 4.17 4.64 4.88 6.48 6.03 3.49 5.42 5.98 5.62 7.44 7.13
FeO 12.31 17.29 14.60 15.65 12.65 12.07 12.72 12.31 14.32 12.68 15.36 15.27
MnO 0.30 0.54 0.32 0.36 0.28 0.26 0.27 0.17 0.22 0.21 0.36 0.25
MgO 14.89 12.05 13.89 13.29 14.89 1535 15.83 16.22 13.63 14.61 13.32 13.31
Ca0 0.16 0.16 . 0.23 0.08 0.25 0.15 0.06 0.05 0.12 0.19 0.08 0.10
Naz20 n.d. 0.01 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.04
K20 nd. 0.01 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cn03 43.63 44,59 41.22 40.15 41.79 43.45 35.08 35.56 4434 4542 4191 41.47
NiO 0.20 0.18 0.16 0.17 0.16 0.14 0.24 0.19 0.13 0.12 0.08 0.16
CoO n.a. n.a. n.a. n.a. 0.06 0.06 n.a. n.a. n.d. 0.06 n.a. n.a.
Total 99.02 101.57 100.32 100.14 100.52 100.82 100.01 100.97 100.06 99.99 100.76 100.27
Oxygen =32
Si 0.028 0.033 0.026 0.026 - - 0.028 0.023 - - - .
Ti 0.067 0.072 0.088 0.092 0.070 0.062 0.054 0.049 0.070 0.082 0.142 0.139
Al 6.562 6.332 7.038 7.151 6.705 6.151 8760 8.386 6.093 5.974 6.205 6.322
Fe* 0.795 0.765 0.845 0.893 1.177 1.093 0.612 0.946 1.111 1.038 1.376 1.322
Fe* 2,523 3.526 2.956 3.182 2.553 2.429 2480 2.389 2956 2.605 3.155 3.143
Mn 0.062 0.112 0.065 0.073 0.058 0.052 0.052 0.034 0.046 0.044 0.075 0.052
Mg 5.439 4379 5.011 4.817 5.359 5.509 5.502 5.610 5.016 5.353 4.878 4.884
Ca 0.042 0.041 0.059 0.021 0.065 0.040 0.014 0.013 0.032 0.051 0.022 0.025
Na - 0.006 = s = - - - 0.018
K - 0.002 - - - - - - - - - -
Cr 8.453 8.595 7.889 7.719 17.977 8.269 6.465 6.524 8.656 8.823 8.136 8.073
Ni 0.029 0.026 0.024 0.025 0.023 0.020 0.034 0.026 0.020 0.017 0.012 0.023
Co - - 0.012 0.011 - - 0.013 -

*: Fe203 is calculated by stoichiometry, inGM: spinel in groundmass, inOL: spinel in olivine, n.d.: not detected,

n.a.: not analyzed.

a decreasing trend of Al,Os (2 to 4 wt%) with increasing FeO (7 to 10 wt%). Therefore, the
clinopyroxene chemistries of the Ibara metabasalt show a tholeiitic parentage (Koipe, 1986).

Cores of phenocrystic clinopyroxene in the PC&NP type metabasalt are augite, while those
in the TR type are endiopside (Fig. 5A). The clinopyroxene in the TR type metabasalt is richer

in Mg than those of the PC&NP type.

Clinopyroxene cores in the TR type metabasalt have lower Ti contents (Fig. 5B) than 0.01
(average TiO; = 0.35 wt%). On the other hand, the Ti contents of the PC&NP type metabasalt
exceed 0.01 (Ti0,>0.4 wt%).

50C).

There is notable difference in Cry;O; content between
clinopyroxenes of the TR and PC&NP type metabasalts. The clinopyroxene of the TR type
metabasalt is higher in Cr;03 than that of the PC&NP type, which has less than 1.0 wt% (Fig.
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Fig. 6 shows zoning patterns of the clinopyroxene in each rock type. The clinopyroxene
of NP-3 is ophitic, and those of PC-7 and TR-1 are phenocrysts. From core to rim, the
clinopyroxenes of NP-3 and PC-7 show a decrease in MgO and Cr,0; with increasing FeO.
These zoning is normal. The clinopyroxene of TR-1 has a complex zoning pattern for each
element.

The plate shows the microprobe elemental map analyses of a clinopyroxene phenocryst
from TR-1. The maps show the zone profile from rim to core of TR-1 clinopyroxene. The
colors, black, blue, cyan, green, yellow, red, mazarine and white in these maps show Mg, Fe
and Cr in increasing order of concentration. The complex zone of the TR type is charac-
teristically observed in Cr map. The others show simple normal zonings. The Cr concentra-
tion from the inner to outer core changes high to low. This pattern is typical normal zoning.
Whereas, the Cr concentration from the outer core to the rim becomes higher than core.
Furthermore, the pattern is oscillatory. This complex zoning pattern obviously an oscillatory
reverse zoning. The same patterns are observed in the Al,O3 and TiO, shown in Fig. 6.

VI. Discussion

1. Fractional crystallization

Variations of TiO,, Cr and Ni contents suggest that the SO type metabasalt is the least
fractionated, while the PC&NP type is the fairly fractionated. The TR type has intermediate
degree of fractionation. The PC&NP type metabasalt shows the wide chemical variation.

The compositional variation of PC&NP type magma was controlled by fractional crystal-
lization of olivine, plagioclase and clinopyroxene. The variation trend of PC&NP type can be
interpreted by the Rayleigh fractionation model. Distribution coefficients used for calculation
of the Ibara metabasalts are given in Fig. 7.

The arrows on the right sides of Cr- and Ni-TiO, diagrams (Fig. 7) show the fractionation
trends of residual melt with proportion of crystallization of respective mineral. If the

Cr03 c
Ti I

CagoMagg
Q05

01 02 03 0 02 04 06
Al Fe/Mg

CazoMasoFern

Fig. 5A, Band C. Fe-Mg-Ca, Ti-Al and Cr;05-Fe/Mg diagrams for clinopyroxene of the TR, PC and
NP type metabasalts. PC and NP type clinopyroxenes show core data in Fig. A and B, while that
of TR type represents outer core data where the clinopyroxene equilibrates with a final liquid.
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proportion of fractionating minerals are determined, the crystallization trend can be estimated.

The arrows in the center of Fig. 7 show the calculated trends of Rayleigh fractional
crystallization. The trends are consistent with actual variation trends.

Phenocrysts of the SO type metabasalt are spinel and olivine which are sometimes ac-
companied by plagioclase. Fractionation of these minerals at any ratio does not follow varia-
tion trends from the SO type magma to the PC&NP type melt through the TR type. Con-
sidering fractionation of clinopyroxene, which is observed in cumulate rocks (metagabbro,
wehrlite and clinopyroxenite) together with spinel, olivine and plagioclase, the variation of
basaltic magma from the SO to PC&NP type metabasalt cannot be explained. For example,
the calculated fractionation trends of intermediate mineral assemblage between ultramafic
rocks and gabbro (olivine : spinel : clinopyroxene : plagioclase = 26 : 2 : 20 : 52 in volume
percent) are shown in Fig. 7 (arrows in the left). The results are inconsistent with the actual
trend. Therefore, a simple fractional crystallization model can interpret the variation trend
within the PC&NP type magma, but cannot explain the trend from the SO to PC&NP type
magma through the TR type magma.
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CPX

Contour maps for a clinopyroxene phenocryst of the TR type metabasalt (TR-1). These were
obtained by EPMA (JXA-733). The maps are 520 ¢m in length and 80 y#m in width. From the
left to right side, the map represents the groundmass and the rim and core of a clinopyroxene
phenocryst, successively. Colors show concentrations of elements; black, blue, cyan, green,
yellow, red, mazarine and white, in increasing order of concentration. The upper, middle and
lower of the maps are the Fe, Mg and Cr concentrations, respectively.
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Fig. 7. Rayleigh fractionation of the Ibara metabasalt in Cr- and Ni-TiO, diagrams. The inset table
in the Cr-Ti0O, diagram shows distribution coefficients (Kp) compiled by literature. The inset
table in the Ni-TiO, diagram represent volume percent of fractionated minerals in two models
(A and B), which show two arrows in the center of each diagram. *; data form Ibara
metabasalt. Four mineral arrows in right side of each diagram show volume percent and
composition trend of residual melt with fractionating each mineral. Symbols are the same as
Fig. 2.

2. Magma Mixing: Evidences and Model

Evidences: The clinopyroxene phenocryst of the TR type metabasalt represents an os-
cillatory reverse compositional zoning from outer core to rim. Fractional crystallization model
cannot account for the chemical variation among three type magmas.

Furthermore, relict mineral chemistries among three rock types show some differences.
Spinel composition of the SO type metabasalt is lower TiO; content (< 0.5 wt%) and Fe3+ ratio
at the same mg value than those of TR type. Clinopyroxene of the TR type metabasalt is lower
in Fe/Mg ratio (>0.18) and Ti content (<0.01) and higher in Cr,05 content (< 1.5 wt%) than
those of the PC&NP type (Fe/Mg>0.20, Ti>0.01 and Cry03<1.0 wt%).

Factors governing spinel composition are pressure, oxygen fugacity, temperature, and
magma composition (IRVINE, 1965, 1967; Trompson, 1973; Hirr and ROEDER, 1974; SHIRAKI
et al., 1979; Nacao et al., 1980). In the Ibara metabasalts, there is no need to consider a
pressure effect. Because spinel occurs as microphenocrysts in the groundmass, and crystal-
lized at low pressure. With increasing oxygen fugacity, Fe®+ in spinel increases while Ti
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Fig. 8. Cr- and Ni-Ti0O, diagrams of mixing relations between the SO and PC&NP type magmas.

unchanged (HiLL and RoEeDER, 1974). This is not the case of the Ibara metabasalts. With
decreasing temperature, Fe3+ in spinel increases and Ti increases slightly (HiLL and ROEDER,
1974). This tendency is observed in the Ibara metabasalts, but the increasing degree of Ti is
higher than that of Fe3+. Therefore, the controlling factor of the spinel compositions in the
Ibara metabasalts is neither pressure, oxygen fugacity nor temperature, but rather appears to
be magma composition. TiO, content of the spinel of the TR type metabasalt is higher than
that of the SO type. Thus the spinel of the TR type is not xenocryst derived from the SO type
magma, but crystallized in equilibrium from the TR type magma.

Clinopyroxene crystallized at high pressure is characterized by high Al and low Si contents
(PrRESNALL et al., 1978). Clinopyroxene of the Ibara metabasalt does not have these characters,
but is similar to the composition of MORB clinopyroxenes. The clinopyroxene of the Ibara
metabasalt is considered to have crystallized at low pressure. The distribution coefficient of
Ti between clinopyroxene and liquid generally decreases with increasing temperature (IRVING,
1978). However, both clinopyroxenes of the TR and PC&NP types have similar distribution
coefficients which are nearly constant (0.30~0.45). This suggests that TiO, contents of
clinopyroxenes of these type metabasalts are not controlled by temperature effect, but depend
on magma compositions. Similarly, the Cr,05; contents and mg values of the clinopyroxenes
may also depend on magma composition. The clinopyroxene of the TR type metabasalt may
be derived from the less fractionated magma than the PC&NP type magma.
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As mentioned above, three type magmas cannot be interpreted by fractional crystallization
of same magma, though the chemical variation trend within the PC&NP type metabasalt can
be interpreted by fractional crystallization. Fig. 8 shows the mixing lines of the SO and
PC&NP type magmas. The mixing lines connect the SO type metabasalt (SO-2) with the
PC&NP type metabasalt (average values of the PC&NP type). This diagram shows that the
TR type magma may have been formed by mixing between the SO and PC&NP magmas.

Model: A model of magma mixing for the Ibara metabasalts is supported by 1) oscillatory
reverse zoning of clinopyroxene in the TR type metabasalt, 2) the unaccountable fractionation
relationship among the SO, TR and PC&NP type magmas, 3) diversity in mineral compositions
reflecting differences of their magma compositions, and 4) the TR type metabasalt having
mixing composition between SO and PC&NP type magmas.

Crystallization condition can be discussed in terms of a Fo-An-Di system which is a part of
the Ca0-MgO-Al,05-Si0; system. The Fo-An-Di system approximates to a basalt composition
and phase relations among spinel, olivine, plagioclase and clinopyroxene can be traced in this
system.

In the SO type magma, spinel, olivine and plagioclase crystallize in equilibrium. The
PC&NP type magma equilibrates with plagioclase, clinopyroxene and olivine, while the TR
type one is cotectic with spinel, olivine, plagioclase and clinopyroxene.

The spinel field in the Fo-An-Di diagram (Fig. 9) is narrow at 1 atm. However the addition
of Cr to this system expands the spinel field (ONuMa, 1982, 1983; Onuma and Tonara, 1982,
1984). The Ibara metabasalt is plotted in the shaded area.

The SO and TR type metabasalts contain 0.18~0.35 and 0.10 wt% Cr,03, respectively.
These Cry05 contents are still effective enough to expand the spinel field, therefore spinel will
crystallize from the SO and TR type magmas in equilibrium. On the other hand, the PC&NP
type magma will crystallize plagioclase, clinopyroxene and olivine without spinel because of its
low Cr content.

In Fig. 10, the TiO, content (ordinate) indicates the degree of crystallization, and CryOs
content (abscissa) controls the phase boundaries. The field enclosed by solid line shows the
chemical compositional ranges of three rock types. The composition of the PC&NP type
metabasalt locates in TiOs-rich side, and that of the SO type in CryOs-rich side. The TR-1
metabasalt plots between them. The mixing process may be explained as follows: The rela-
tively fractionated PC&NP type magma crystallizes plagioclase, clinopyroxene and olivine. On
the other hand, the SO type magma, unfractionated and rich in Cr;03, crystallizes spinel, oli-
vine and plagioclase. When the SO type magma mixed with the PC&NP type magma, the
mixed magma (TR-1) is enriched in Cr;O3 and the spinel liquidus field expands. The TR-1
magma starts crystallization of spinel and the clinopyroxene develops oscillatory reverse
zoning structure.

The SO type metabasalt is observed throughout the Ibara area. This suggests that the SO
type magma intermittently injected into the PC&NP type magma chamber. The TR type
metabasalt alone characteristically retains clear evidence of magma mixing, and its occurrence
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Fig. 9. Di-An-Fo diagram. The Ibara metabasalt is plotted in the shadow area. Dashed lines: phase
boundaries in Cr-free system (PRESNALL et al., 1978), solid lines: Cr-bearing system (ONUMA
and ToHARA, 1982; OnuMA, 1983). The inset table shows the Cry0; ranges of the Ibara

metabasalt.

is rare compared with other types of metabasalts (Table 1). Therefore, it seems that the
magma mixing may have been so effective that the mixing evidence has been obliterated ex-
cept for the TR type metabasalt. This model is similar to open magma chamber model at
modern mid-ocean ridge proposed by O’Hara (1977). The magma chamber of the Ibara
ophiolite may be a “fossil” of an open magma chamber at the ridge.

VII. Conclusion

The Ibara metabasalts are MORB-like tholeiite in rock and mineral chemistries, and may
have been derived from a marginal sea magmatism. Though the Ibara metabasalts have been
variously metamorphosed, the crystallization process of the metabasalts has been revealed
from the mineral assemblage, chemistry of relict minerals, bulk rock composition and the
immobile element abundances of Ti, Cr and Ni.
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Fig. 10. TiO,-Cr,03 diagram shows genetic relation among the rock types of the Ibara metabasalt.
The TR type (TR-1) represents the product of magma mixing between the SO and PC&NP
type magmas.

The Ibara metabasalts are classified into three types on the basis of phenocryst assem-
blage; SO, TR and PC&NP. The PC&NP type magma is relatively evolved and crystallizes
plagioclase, clinopyroxene and olivine. On the other hand, the SO type magma is unfractio-
nated and rich in Cr,03, and crystallizes spinel, olivine and plagioclase, while the TR type
magma is intermediate between the SO and PC&NP type magmas, and crystallizes spinel,
olivine, plagioclase and clinopyroxene.

Relationship among the SO, TR and PC&NP type magmas cannot be interpreted by
fractional crystallization, though the variation trend in the PC&NP type metabasalt can be
explained by fractionation. Differences in relict mineral chemistries of three magmas depend
on their magma compositions. Clinopyroxene of the TR type metabasalt have oscillatory
reverse zoning. This evidence suggests a model of magma mixing as follows; the unfractio-
nated magma (SO type) is intermittently injected into a fractionated magma chamber (PC&NP
type). The resultant mixed magma (TR type) is enriched in Cr,03 and the spinel liquidus field
expands. Consequently, the TR type magma begins crystallization of spinel together with
plagioclase, olivine and clinopyroxene, and the clinopyroxene develops oscillatory reverse
zoning structure.
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