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Abstract

Geochemical characteristics of clinopyroxene in peridotite xenoliths from three volcanos, Megata, On-yama and Kurose,
in the Japan arcs are important for understanding igneous and metasomatic processes within the mantle wedge. The
clinopyroxenes in peridotite xenoliths from the Japan arcs are clearly different from those in abyssal peridotites and the
peridotite xenoliths from other tectonic settings, such as continental rifts and oceanic hotspots. Geochemical characteristics
of the sub-arc clinopyroxenes are not apparently related either to degree of hydration or to degree of refractoriness, but are
consistent from one sample to another. The REE patterns vary from LREE-depleted pattern to flat or slightly LREE-enriched

Ž . Ž .patterns. Then their CerYb subscript Nschondrite-normalized vary widely from 0.04 to 4.0. On the other hand theN

TirZr ratio is rather constant in each sample, around 100. Clinopyroxenes in the Japan arcs peridotite xenoliths are
Ž .intermediate for Ce and Sr contents, and CerYb and TirZr ratios. Furthermore, the most fertile peridotites from JapanN

arcs are similar for the clinopyroxene chemistry to the most fertile abyssal peridotites. The peridotite xenoliths from Japan
arcs had possibly evolved through different process from common source peridotite to abyssal peridotite. The Japan arc
mantle peridotites had been polluted by the metasomatic agent with consistent chemical characteristics due to regional
mantle wedge metasomatism. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is necessary to understand petrological charac-
ters of mantle wedge materials for consideration not
only of deep structure but also of arc magmatism.
Their geochemistry has been generally estimated only
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from the chemistry of island arc volcanic rocks
because the mantle wedge materials are rare.

Peridotite xenoliths are usually brought up by
alkaline basalts of intraplate type or by kimberlites
and related magmas and, therefore, represent the
upper mantle beneath oceanic hotspots, continental

Ž .rifts and continental cratons e.g., Nixon, 1987 .
Ultramafic xenoliths from the arc were derived from
the mantle wedge; those included within arc-related

Žmagmas e.g., those from Megata volcano in the
Northeastern Japan arc: Kuno, 1967; Katsui et al.,
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.1979; Tanaka and Aoki, 1981; Takahashi, 1986 ,
especially may give us direct evidence of the petro-
logical characteristics of the mantle wedge. Arc mag-
mas carrying mantle xenoliths are, however, very
rare on Earth. In addition to the Megata xenoliths,

Ž .Ninomiya and Arai 1992 reported harzburgite frag-
ments in gabbroic xenoliths from andesite of the

Oshima-Oshima volcano, northern Japan. Richard
Ž . Ž .1986 and Vidal et al. 1989 reported partly meta-
somatized peridotite xenoliths in calc-alkaline an-
desite from Batan island, the Philippines. Lherzolite
xenoliths have been reported in andesite lava from

ŽChirinkotan volcano, Kurile islands, Russia Tsvet-
.kov and Avdeyko, 1982 and in basalt from Mednyy

Fig. 1. Location map of the samples. For reference, other localities of residual peridotite xenoliths are shown.
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ŽIsland, Komandor islands, Russia Tsvetkov and
.Shmidt, 1982 . Peridotite xenoliths have been found

in arc magmas from the Kamchatka arc, Russia
ŽShcheka, 1976; Erlich et al., 1979; Shcheka, per-

.sonal com. 1993 .
In this paper, we would like to describe petro-

chemical characteristics of the peridotite xenoliths
from the Japan arcs and compare them with peri-
dotites from other tectonic settings in order to under-
stand mantle processes beneath the arc.

As far as we know, residual peridotite xenoliths
are available from nine localities on the Japan arcs
Ž .Fig. 1; Takamura, 1973; Aoki, 1987 : i.e., Megata
Že.g., Kuno, 1967; Abe et al., 1992; Abe and Arai,

. Ž1993 and Oshima-Oshima Ninomiya and Arai,

.1992 of the Northeast Japan arc, Kibi Plateau
Ž . ŽFujiwara and Arai, 1982 , Tsuyama Basin Arai and

. Ž .Muraoka, 1992 , Oki-Dogo Takahashi, 1978 ,
Ž .Noyamadake Arai and Hirai, 1983; Hirai, 1986 ,

ŽKawashimo Nagao and Sakaguchi, 1990; Arai and
. ŽAbe, 1995 , Kurose Arai and Hirai, 1983; Hirai,

. Ž .1986 and Shingu Goto and Arai, 1987 of the
Southwest Japan arc. Considering the degree of melt

Žextraction, mineral composition e.g., Arai and Mu-
.raoka, 1992; Arai, 1994 and spatial distributions of

Ž .the localities Fig. 1 , we selected representative
peridotite xenoliths from three localities, Megata,

Ž .On-yama Tusyama Basin and Kurose, for detailed
analyses.

2. Samples and geological setting

Thirty xenoliths of residual peridotites from three
Cenozoic volcanos in the Japan arcs were examined
in detail. One of the volcanos is Megata volcano
from the Northeastern Japan arc, and the others are
On-yama and Kurose from the Southwestern Japan
arc. These three xenolithic suites have different pet-
rographical and geographical characteristics and may
represent, to some extent, the mantle materials be-
neath the Japan arcs. These peridotites may represent
the nature of the mantle portion of the lithosphere
beneath the Japan arcs. Modal compositions of the
samples are shown in Table 1 and modal amount of
olivine and pyroxenes for the samples are shown in
Fig. 3.

Table 1
Modal compositions of peridotite xenoliths from Japan arcs

Ol Opx Cpx Sp Amph Mica Symp Others

Megata
I-610 51.2 26.9 1.2 0.4 20.0 0.1 0.5 y
I-014 51.1 32.4 0.8 0.9 14.1 y y 0.2
I-701 70.7 18.7 8.7 0.8 1.1 y y y
I-702 70.5 12.4 3.7 2.0 6.3 y 5.0 y
I-708 73.9 18.9 5.9 2.1 tr. y y y
I-729 56.6 24.3 9.8 1.0 0.6 y 7.7 y
I-738-1 60.7 23.7 7.3 1.1 5 y 2.1 0.3
N-01 67.8 19.4 6.4 1.6 2.4 y 1.1 1.3
N-03 63.0 23.4 4.2 0.7 4.1 y 0.6 3.9
N-04 79.9 13.8 5.3 0.6 y y y 0.4
N-06 70.3 27.5 1.0 1.2 y y y y
N-09 65.5 31.3 2.7 0.5 y y y 0.1
N-11 54.2 30.1 7.8 1.4 0.5 y 2.3 3.6
S-101 69.1 17.1 3.6 1.1 y y 2.1 7.0
S-1001 49.1 30.9 5.7 0.9 y y 3.6 10
S-1007 62.5 20.5 5.6 0.7 y y 0.2 10.5
S-1019 55.6 23.2 3.4 0.6 y y 1.3 15.9
S-111 65.6 19.4 4.8 1.5 y y 0.1 8.6
S-469 61.4 17.0 3.8 1.8 y y y 16.0

Kurose
KR-50 80.8 16.7 2.0 0.5 y y y y
KR-350 78.9 18.4 2.2 0.5 y y y y
KR-379 83.1 15.6 0.5 0.8 y y y y
KR-392 84.4 14.1 1.4 0.1 y y y y

On-yama
ON-104 62.5 16.4 5.5 2.7 y y y 12.9
ON-105 69.3 15.2 3.1 1.2 y y y 11.2
ON-108 64.0 11.9 5.7 0.8 y y y 17.7
ON-110 64.7 23.2 2.4 0.7 y y y 8.9
ON-127 69.1 24.3 3.8 1.0 y y y 1.8
ON-129 66.6 23.5 3.6 1.4 y y y 4.9
ON-133 71.0 16.0 3.6 3.2 y y y 6.2

Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Sp, chro-
mian spinel; Amph, amphibole; Mica, phlogopite; Symp, pyrox-
ene–spinel symplectite; Others are breakdown product after parg-
asite and ‘fine-grained aggregate’ surrounding pyroxene–spinel
symplectite andror reaction products between orthopyroxene and
magma. I-, the sample from Ichinomegata; N-, from Ninomegata;
S-, from Sannomegata; KR-, from Kurose; ON-, from On-yama.

Megata volcano located at the Oga Peninsula, the
Ž .Northeast Japan arc Fig. 1 , is very famous for the

abundant deep-seated xenoliths. Petrological and
geochemical studies on the xenoliths have been pub-

Žlished by many authors e.g., Kuno, 1967; Aoki,
1971; Aoki and Prinz, 1974; Takahashi, 1980, 1986;

.Tanaka and Aoki, 1981 . More recently Abe et al.
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Ž . Ž .1992, 1995 and Abe and Arai 1993 reported
detailed petrological characteristics of the Megata
peridotite xenoliths. The host magma is calc-alkali

Ž .andesite to dacite, ca. 10,000 yr in age Horie, 1964 ,
for the Ichinomegata and Ninomegata craters, and
high-alumina basalt for the Sannomegata crater
Ž .Katsui et al., 1979; Aoki and Fujimaki, 1982 .

Ž .Recent stratigraphical and chronological A agec

studies indicate that the Ichinomegata and San-
nomegata craters formed from 80,000 to 60,000 yr

Žago and from 24,000 to 20,000 yr ago Kitamura,
.1990 . In any case the activity of Megata volcano

was surely in Holocene. It is noticeable that Megata
volcano is one of the few places on earth where
deep-seated xenoliths which have been captured by

Žcalc-alkaline magmas are available cf. Abe and
.Arai, 1993 .

The Megata xenolith suite is composed of peri-
dotites, websterites, clinopyroxenites, gabbros, am-

Žphibolites, and other shallow-seated rocks granitic
.and metavolcanics rocks, and sediments . Ultramafic

xenoliths from Megata volcano are up to 30 cm, but
usually less than 10 cm, in diameter. The peridotite
xenoliths are most frequently lherzolite and less fre-
quently harzburgite. The texture is equigranular to

Ž .porphyroclastic Fig. 2a . All ultramafic xenoliths
from Megata volcano belong to Group I in the sense

Ž .used by Frey and Prinz 1978 . Lherzolites often
have plagioclase which has reacted with olivine to
various extent, producing a spinel-pyroxene symplec-

Ž .tite Takahashi, 1986 . Peridotite, especially lherzo-
lite, xenoliths from Ichinomegata crater have sec-

Ž .ondary pargasite Fig. 2b and c and rarely phlogo-
pite, which are less than a few volume percent on

Žaverage and up to 20 vol.% e.g., Abe and Arai,
.1993 . The peridotites are sometimes veined by

Ž .hornblendite with phlogopite Fig. 2d . The amphi-
boles, mostly pargasite or pargasitic hornblende, usu-

Fig. 3. Modal amounts of olivine and pyroxenes in the samples.
Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; am., amphi-
bole; hydrous, hydrous peridotite with amphibole; dry, dry peri-

Ždotite without amphibole. The broken line shows Cpxr Cpxq
.Opx s0.1.

ally replace subsolidus reaction products, such as
spinel-pyroxene symplectite and exsolution lamella
of clinopyroxene in orthopyroxene. Therefore, those
amphiboles are mantle metasomatic minerals, due to

Žaddition of hydrous meltrfluid to dry peridotite Abe
.et al., 1992; Abe and Arai, 1993 .

On-yama is one of small monogenetic volcanos
which are clustered in and around the Tsuyama

Ž .Basin, southwest Japan Fig. 1 . There are no data
available for the age of On-yama volcanism. How-
ever, the ages of other volcanos around On-yama in
Tsuyama basin are 4.7–6.5 Ma by K–Ar method
Ž .Uto et al., 1986 . Both alkali basaltic breccia and
lavas of On-yama have abundant ultramafic xeno-

Ž .liths, which are small in size -5 cm across . The
texture is equigranular to slightly porphyroclastic
Ž .Fig. 2e . The pyroxenes often have spinel or other

Ž .inclusions Fig. 2f . Detailed petrological data are
Ž .shown in Arai and Muraoka 1992 . Lherzolite is

predominant among the xenoliths. Small amounts of

Fig. 2. Photomicrographs; all scale bar are 0.5 mm. Opx, orthopyroxene; Cpx, clinopyroxene; Am, amphibole; Symp, pyroxene–spinel
Ž . Ž .symplectite; Ol, olivine; Ph, phlogopite; HB, hornblendite; OP, orthopyroxenite; HA, harzburgite. a Harzburgite from Ninomegata N-06

Ž .with porphyroclastic texture. With cross-polarized light. b Lherzolite from Ichinomegata with secondary amphibole around pyroxene–spinel
Ž . Ž . Žsymplectite I-738-1 . With plane-polarized light. c Lherzolite from Ichinomegata with secondary amphibole around clinopyroxene I-756,

. Ž .no chemical data in this paper . With plane-polarized light. d Harzburgite veined by hornblendite with inter-veining orthopyroxenite
Ž . Ž . Ž . Ž .I-706 . With plane-polarized light. e Lherzolite from On-yama with equigranular ON-133 . With crossed-polarized light. f Spinel and

Ž . Ž .other inclusions in orthopyroxene in On-yama lherzolite ON-104 . With plane-polarized light. g Harzburgite from Kurose with
Ž . Ž . Ž .porphyroclastic texture KR-379 . With cross-polarized light. h Clinopyroxene in Kurose peridotite is very small KR-392 . With

plane-polarized light.
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Žother xenoliths of both Group I wehrlite and pyrox-
. Ž .enites and Group II clinopyroxenite , in the sense

Ž .used by Frey and Prinz 1978 and megacrysts
Ž .clinopyroxene, spinel and phlogopite are associated
with the lherzolite. Absence of dunite is characteris-
tic of the On-yama xenolith suite.

Kurose, located at the Hakata Bay, Fukuoka Pre-
fecture, is composed of several small rocks of alkali

Ž . Ž .basalt Fig. 1 . Uto et al. 1993 shows that the
K–Ar ages for two blocks of alkali basalts from
Kurose are 1.14"0.12 and 1.10"0.22 Ma. The
activity of the Kurose is younger than other vol-
canics which have ultramafic xenoliths from South-
western Japan arc. Mode of occurrence and fre-

quency of rock species of the xenoliths, some of
which are larger than 30 cm across, were briefly

Ž .described by Arai and Kobayashi 1981 and Arai
Ž . Žand Hirai 1983 . The texture is porphyroclastic Fig.

.2g and the clinopyroxene grain is very small com-
pared with olivine or orthopyroxene porphyroclast
Ž .Fig. 2g and h . Harzburgite and clinopyroxene-poor
lherzolite are dominant among the Kurose peridotite
Ž .Fig. 3; Arai and Hirai, 1983 . The xenoliths derived

Ž .from the so-called cumulus mantle Takahashi, 1978
Žare much less abundant less than one twentieth in

.volume than those of the mantle peridotites, possi-
Žbly implying the very thin cumulus mantle Arai and

.Hirai, 1983 . The Kurose xenolith suite is almost

Table 2
Major elements in clinopyroxene and amphibole

I-610 I-014 I-701 I-702 I-708 I-729 I-738-1 N-01 N-03 N-11 N-04 N-06 N-09 S101 S1001 S1007

SiO 53.80 51.58 52.28 51.63 52.67 51.21 51.53 51.58 52.23 51.49 53.60 53.46 53.77 51.64 51.73 51.962

TiO 0.06 0.46 0.36 0.46 0.07 0.59 0.40 0.39 0.44 0.49 0.13 0.08 0.09 0.37 0.47 0.392

Al O 2.19 5.29 3.59 4.99 3.05 5.15 4.33 4.92 3.53 4.52 1.93 1.64 1.73 4.80 4.87 4.482 3

Cr O 0.56 0.98 0.64 1.14 1.18 1.16 0.92 1.16 0.77 1.12 0.80 0.56 0.57 1.18 0.93 1.152 3

FeO) 2.45 2.75 2.98 2.62 2.64 2.43 2.77 2.66 2.76 2.74 2.38 2.03 2.00 2.81 2.78 2.82
MnO 0.06 0.12 0.06 0.14 0.17 0.13 0.14 0.11 0.08 0.04 0.06 0.08 0.00 0.05 0.11 0.16
MgO 17.92 15.49 16.84 15.42 16.78 15.49 16.14 15.57 16.19 15.54 17.12 17.13 17.82 15.57 15.55 15.87
CaO 22.12 22.22 21.96 22.17 22.51 22.63 22.87 22.31 23.29 23.37 23.65 23.90 23.76 22.56 22.80 22.44
Na O 0.33 0.26 0.40 0.61 0.06 0.26 0.00 0.50 0.00 0.00 0.00 0.13 0.00 0.28 0.00 0.002

K O 0.00 0.03 0.00 0.03 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.012

NiO 0.00 0.26 0.15 0.21 0.20 0.21 0.11 0.22 0.00 0.16 0.14 0.20 0.18 0.08 0.21 0.17
Total 99.49 99.44 99.45 99.46 99.43 99.43 99.46 99.45 99.28 99.47 99.80 99.20 99.92 99.43 99.45 99.45
Mga 0.929 0.910 0.910 0.913 0.919 0.919 0.912 0.912 0.913 0.910 0.928 0.938 0.941 0.908 0.914 0.909
Cra 0.222 0.250 0.323 0.164 0.341 0.218 0.188 0.189 0.174 0.155 0.345 0.455 0.447 0.176 0.205 0.187

S111 S469 KR50 KR350 KR379 KR392 ON104 ON105 ON108 ON110 ON127 ON129 ON133 I-610A I-014A

SiO 52.47 50.99 53.14 53.02 53.56 52.70 52.10 51.73 52.88 51.62 50.88 52.29 52.20 43.80 44.442

TiO 0.26 0.53 0.03 0.18 0.09 0.15 0.39 0.30 0.18 0.32 0.38 0.32 0.33 0.85 0.792

Al O 2.83 4.89 3.29 3.86 2.61 3.06 3.85 3.89 4.11 4.66 5.41 4.33 4.77 14.67 12.632 3

Cr O 0.70 1.04 0.76 0.96 1.01 0.69 0.46 0.40 0.47 0.64 0.68 0.34 0.56 0.15 1.092 3

FeO) 2.74 2.98 2.69 2.71 2.47 2.65 2.95 2.87 2.76 3.08 3.63 3.04 2.78 6.89 6.79
MnO 0.09 0.04 0.04 0.22 0.13 0.09 0.12 0.16 0.11 0.06 0.14 0.10 0.09 0.21 0.12
MgO 16.42 15.87 17.26 16.54 17.18 17.20 16.86 17.01 17.11 17.09 16.66 16.52 16.76 16.48 16.55
CaO 23.48 22.70 21.43 21.65 21.65 22.22 21.60 22.09 22.06 21.89 21.49 22.51 22.07 11.50 11.49
Na O 0.00 0.00 0.72 0.06 0.27 0.30 0.75 0.70 0.00 0.00 0.00 0.20 0.00 2.17 2.252

K O 0.00 0.01 0.00 0.07 0.05 0.05 0.05 0.03 0.00 0.00 0.02 0.00 0.04 0.65 0.782

NiO 0.19 0.08 0.09 0.18 0.27 0.15 0.32 0.19 0.13 0.00 0.27 0.05 0.35 0.10 0.22
Total 99.50 99.46 99.45 99.46 99.43 99.44 99.44 99.36 99.82 99.36 99.56 99.69 99.95 97.47 97.15
Mga 0.914 0.905 0.920 0.916 0.925 0.920 0.911 0.913 0.917 0.908 0.891 0.906 0.915 0.810 0.813
Cra 0.160 0.203 0.372 0.299 0.474 0.304 0.148 0.146 0.157 0.149 0.118 0.151 0.131

Ž . Ž . Ž .FeO), total iron as FeO; Mga, Mgr MgqFe) atomic ratio Fe), total Fe ; Cra, Crr CrqAl atomic ratio of chromian spinel in the
sample.

Ž .I-610A and I-014A are amphibole pargasite and others are clinopyroxene.
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Žfree of Group II xenoliths and megacrysts Arai and
.Kobayashi, 1981 .

3. Mineral chemistry

3.1. Major elements

The major-element mineral compositions were
Ž .measured by SEM Akashi alpha-30 with an energy

dispersive spectrometer, at Kanazawa University. Se-
lected data for clinopyroxene and amphibole and

Ž Ž . .Cra sCrr CrqAl atomic ratio of chromian
spinels in each samples are shown in Table 2. Cra
of spinel and Fo content of olivine in the samples
which were analyzed for clinopyroxenes are shown
in Fig. 4. Relations between the Cra of spinel and

Ž . Žmodal amount and Mgr MgqFe) ratio sMga;
.Fe) means total iron of clinopyroxene are shown in

Fig. 10a and b.
Many samples of clinopyroxene in the Megata

Žperidotites have a constant Mga about 0.91 Table
. Ž2 ; some of them have higher Mga’s )0.94; Abe

.et al., 1992 . It is noteworthy that the clinopyroxene
Ž .in strongly hydrated peridotites I-610 and I-014

Fig. 4. Relationships between the Fo content of olivine and the
Ž . Ž .Crr CrqAl atomic ratio sCra of chromian spinel in the

samples. OSMA, olivine–spinel mantle array, which was pro-
Ž .posed by Arai 1987, 1994 as a mantle peridotite restite trend

formed in the spinel lherzolite field in terms of Fo content of
olivine and Cra of spinel. Symbols as in Fig. 3.

Ž .also has high Mga Table 2 . All clinopyroxenes are
Ž .characteristically poor in Na O Arai, 1991 . Chemi-2

cal data for other minerals were described and listed
Ž .by Abe et al. 1992, 1995 . According to Abe et al.

Ž .1992, 1995 , olivine in anhydrous or slightly hy-
drated peridotites is Fo in composition. Strongly88 – 91

hydrated peridotites have much more Fe-enriched
Ž .down to Fo olivine. Chromian spinel in the Ichi-83

nomegata peridotites is strongly variable in composi-
Žtion; Cra varies from 0.07 to 0.53 Table 2; Fig. 4;

.Abe et al., 1992, 1995 . Pyroxene-spinel symplectite
and plagioclase are contained only in fertile peri-
dotites, with spinel of Cra-0.25. As pointed out by

Ž . 3q Ž 3q.Abe et al. 1992 , Fe r CrqAlqFe of spinel
is distinctly higher in amphibole-rich peridotites than
in nearly anhydrous ones. In a particular harzburgite
xenolith with hornblendite selvage, the Cra of spinel

Ž .decreases towards the selvage Abe et al., 1992 .
Ž .Pargasite is generally low in TiO -1.6 wt.% ,2
Žwhich is distinctive from amphiboles Ti-rich parga-

.site to kaersutite in peridotites from continental rift
Ž .zones and oceanic hotspots e.g., Arai, 1986 . Parga-

site is slightly higher both in TiO content and in2
Ž .Kr KqNa ratio in harzburgite than in lherzolite.
Ž .Kr KqNa ratio is the highest in the vein-forming

pargasite.
Clinopyroxene in On-yama peridotites has low

Ž .Mga 0.89–0.92; Table 2 and is also poor in Na O.2
Ž .According to Arai and Muraoka 1992 , the On-yama

lherzolites have a rock-by-rock uniformity in miner-
alogy, with olivine of Fo and chromian spinel89 – 90

of Cras0.10–0.15. The On-yama lherzolites are
Žalways enriched in clinopyroxene; the Cpxr Cpxq

.Opx volume ratio is higher than 0.1. The low
refractoriness of the On-yama lherzolites are appar-
ently correlated with the low frequency of associated
dunite and other cumulative ultramafic xenoliths
Ž .Arai and Muraoka, 1992 . The On-yama lherzolite
may be representative of the least refractory part of
the upper mantle beneath the Japan arcs.

Clinopyroxene in Kurose peridotites has higher
Ž .Mga more than 0.92; Table 2 than in the On-yama

Ž .lherzolites. That is also poor in Na O -0.7 wt.%2

and Cr O and Al O contents are -1.0 and -3.92 3 2 3

wt.%, respectively. Olivine in the Kurose peridotites
is rather constant in composition, between Fo and90

Fo , irrespective of the modal amounts of olivine91

and pyroxenes. They have chromian spinel of which
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Fig. 5. Chondrite-normalized REE patterns for clinopyroxene
from On-yama peridotite. All of them are depleted in light rare
earth element.

ŽCra is rather variable, from 0.25 to 0.55 Table 2;
.Arai and Hirai, 1983 .

3.2. Trace elements

Selected clinopyroxenes and amphibole were ana-
lyzed in situ for REEs and Sr, Zr and Ti using a
Cameca IMS 3f ion-microprobe at Tokyo Institute of
Technology. Analytical procedure was described by

Ž .Yurimoto et al. 1989 . The data are presented in
Table 3. Relations between Cra of coexisting spinel

Ž .and Ce , Yb , Sr , CerYb ratio, Ti and ZrN N N N

wt.% and TirZr weight ratio of clinopyroxenes are
shown in Fig. 10c–i. Their REE patterns are shown

Žin Figs. 5–9 Chondrite normalizing values from
.Anders and Ebihara, 1982 .

As with the case of the major elements, On-yama
samples are relatively homogeneous with respect to

Ž .contents of Ti, Zr and Sr Table 3 and their chon-
Ž .drite-normalized REE patterns Fig. 5 . Ti and Zr are

relatively abundant; 1003 to 1400 and 3.9 to 10.3
Ž .ppm Table 3 , respectively. However, Sr contents

Ž .are low Table 3 , 3.5 to 12.1 ppm. Chondrite-nor-
malized REE patterns are LREE-depleted convex-

Ž . Ž .upward Fig. 5 . Their CerYb and TirZr ratioN

Fig. 6. Chondrite-normalized REE patterns for clinopyroxene
from Kurose peridotite. They are depleted in heavy rare earth
element.

Fig. 7. Chondrite-normalized REE patterns for clinopyroxene
Ž .from Ichinomegata peridotite. a For strongly hydrated peridotite.

Ž . Ž .b For lherzolite with pyroxene–spinel symplectite. c For lher-
zolite without pyroxene–spinel symplectite. All of the samples
from Ichinomegata, analyzed in this paper, include small amount
or abundant amount of amphibole.

are comparatively constant, 0.1 to 0.3 and 106 to
260, respectively.

Samples from Kurose are even less variable in Ti,
ŽZr and Sr abundances 273 to 546, 0.9 to 3.0 and 4.8

Fig. 8. Chondrite-normalized REE patterns for clinopyroxene
Ž .from Ninomegata peridotite. a For hydrous lherzolite with sym-

Ž .plectite. b For dry lherzolite and harzburgite without amphibole.
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Table 3
Rare earth elements, Ti, Zr and Sr abundances in clinopyroxene and amphibole

I-610 I-014 I-701 I-702 I-708 I-729 I-738-1 N-01 N-03 N-04 N-06 N-09 N-11 S-101 S-1001 S-1007 S-1019

Ti 3215 965 1354 2512 206 3057 2757 3304 2313 728 367 454 3620 3142 3114 3140 2985
Zr 30.1 12.2 15.1 14.1 1.6 29.4 10.8 11.2 17.4 6.5 3.6 4.1 14.0 10.0 15.4 23.3 12.9
Sr 86.4 41.3 52.0 2.9 7.0 6.8 6.3 0.9 9.1 19.8 11.5 13.1 1.8 1.3 6.8 7.1 6.7
Ce 17.56 10.37 9.72 0.96 4.62 2.79 0.47 0.43 1.36 1.89 0.75 1.08 0.74 0.50 0.66 1.54 1.00
Nd 9.46 5.10 5.36 2.48 1.45 4.49 1.59 2.91 1.73 1.73 0.81 1.38 2.05 1.54 1.96 4.09 2.97
Sm 3.01 1.90 1.71 2.58 y 2.50 y y y y y y y y y y y
Eu 1.33 0.47 0.57 1.03 0.11 0.95 0.44 0.83 0.45 0.21 0.19 0.22 0.83 0.62 0.69 0.78 0.67
Dy 3.81 1.11 1.79 5.25 0.43 4.41 2.86 4.42 2.14 0.85 1.03 0.55 4.68 4.26 4.44 4.92 4.57
Er 2.77 0.81 1.22 2.73 0.61 1.95 2.15 2.69 1.92 0.67 0.66 0.52 2.58 3.40 2.32 2.79 3.32
Yb 2.42- 1.16 0.66 2.70 0.31 2.40 1.97 2.86 1.59 0.73 0.33 0.35 2.50 2.18 3.09 2.46 2.94

S-111 S-469 K-R50 KR-350 KR-379 KR-392 ON-104 ON-105 ON-108 ON-110 ON-127 ON-129 ON-133 I-610A I-014A

Ti 1320 1736 173 546 273 422 1038 1274 1097 1107 1399 1003 1167 4712 3680
Zr 4.9 6.5 0.9 3.0 1.6 0.9 5.5 6.9 10.3 5.6 9.4 3.9 5.0 56.5 51.0
Sr 5.2 14.7 8.2 52.4 12.6 4.8 3.5 7.2 12.1 4.1 11.3 8.5 5.5 180.8 178.5
Ce 1.48 4.58 1.73 5.90 1.11 0.50 0.50 0.86 1.56 0.53 1.46 0.58 0.39 20.28 16.00
Nd 1.01 1.78 0.33 1.83 0.75 0.47 1.44 1.83 2.42 1.55 3.00 1.24 1.58 11.17 14.64
Sm y y 0.24 0.62 0.77 0.47 1.21 1.35 1.14 1.20 1.15 1.13 1.04 3.43 3.69
Eu 0.29 0.46 0.09 0.17 0.30 0.11 0.42 0.47 0.32 0.49 0.33 0.34 0.30 1.70 0.49
Dy 1.03 1.49 0.77 1.29 0.83 1.12 1.89 2.38 1.60 2.30 2.57 1.74 0.98 3.56 1.79
Er 0.88 1.33 0.80 1.09 0.80 0.87 1.68 1.38 1.43 1.66 2.25 1.44 1.12 y y
Yb 1.14 1.24 0.43 0.74 0.57 0.47 1.14 0.97 1.20 1.06 1.34 0.70 1.09 2.22 1.18

Ž .I-610A and I-014A are amphibole pargasite and others are clinopyroxene.
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Fig. 9. Chondrite-normalized REE patterns for clinopyroxene
Ž .from Sannomegata peridotite. a For lherzolite with abundant

Ž .pyroxene–spinel symplectite. b For lherzolite with porphyroclas-
tic texture. One of them has small amount of pyroxene–spinel
symplectite and the other has none.

. Ž .to 52.5 ppm, respectively Table 3 . However, chon-
drite-normalized REE patterns are variable from flat
to slightly LREE-depleted, being very depleted in all

Ž .REEs Fig. 6 . Their TirZr ratio is constant; 166–
Ž .467, but CerYb varies from 0.2 to 2.0.N

In contrast to the On-yama and Kurose cases, the
samples from Megata volcano are variable for both

Ž .trace elements abundance Table 3 and chondrite-
Ž .normalized REE patterns Figs. 7–9 . The Ti, Zr and

Sr contents are 200 to 3620, 1.6 to 30.1 and 0.9 to
86.4 ppm, respectively. The most hydrated peridotite
Ž .Table 3; I-610 has clinopyroxene which is most
enriched in Ti, Zr, Sr and Ce, and its chondrite-nor-
malized REE pattern is LREE-enriched. The
Ž .CerYb varies greatly from 0.04 to 4.0 and theN

TirZr ratio varies from 90 to 313 ppm but the
majority contain about 100 ppm.

4. Discussion

4.1. Comparisons with the peridotites from other
tectonic settings

The modal amounts of minerals and major-ele-
ment chemistry of the minerals indicate that the
samples in this paper are typical of the peridotite

Žxenoliths from the Japan arcs. Their Cpxr Cpxq
.Opx volume ratios vary from less than 0.1 to more

Ž .than 0.3 Fig. 3 . The Cra’s of spinel vary widely
from 0.1 to 0.5; they cover the range of the peridotite

Ž .xenoliths from the Japan arcs Table 2; Fig. 4 ,
which are representative of residual peridotites with
various degrees of melt extraction. Furthermore, they
are suitable for consideration of arc mantle metaso-
matism, because they are composed of both hydrous

Ž .and anhydrous peridotites Abe et al., 1992 ; some of
them have been modified by ‘modal metasomatism’

Žand possibly by ‘cryptic metasomatism’ Dawson,
.1984 . We have compared our analytical data with

Žpublished data for abyssal peridotites Dick, 1989;
.Johnson et al., 1990 and peridotite xenoliths from

Žother settings e.g., Menzies et al., 1985; Stosch and
.Lugmair, 1986; Sen et al., 1993 . Most of the data

are for spinel- andror plagioclase-facies mantle peri-
dotites, some of them are for garnet-facies. The data
of the peridotite xenoliths from kimberlite are ex-
cluded. The analytical data from literature are mainly
by using SIMS, and instrumental and radiochemical
neutron activation and isotope dilution techniques for
some samples.

In Fig. 10 relations between Cra of spinel and
chemistry of clinopyroxene are shown for the peri-
dotites from the Japan arcs and from the ocean floor
Ž .Dick, 1989; Johnson et al., 1990 . It is believed that
Cra of spinel increases with an increase of degree of
melt extraction in the mantle peridotite. If the peri-
dotites were products of simple melt extraction, in-
compatible elements have to decrease with an in-
crease of Cra of spinel. Ce, Yb, Ti, Zr and Sr
contents of examined clinopyroxene from Japan arcs
have, however, no clear correlations with Cra of

Ž .spinel Fig. 10 . Ce content does not decrease with
Ž . Ž .an increase of Cra of spinel Fig. 10d . CerYb N

ratio slightly increases rather than decreases with an
Ž .increase of Cra of spinel Fig. 10e . Such a correla-

tion between REE and major element contents in
mantle peridotites was first recognized in the peri-

Ž .dotite xenoliths by Frey and Green 1974 , and has
been reported from many peridotite xenoliths and
massif peridotites all over the world except for the

Žabyssal peridotites cf. Frey, 1984; McDonough and
.Frey, 1989 . Furthermore, TirZr ratio is constant or

slightly decreases with an increase of Cra of spinel
Ž .Fig. 10i . The peridotites from Japan arcs have
slightly less volume of clinopyroxene than that of

Ž .abyssal peridotites Fig. 10a . In terms of their ma-
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Ž .jor-element chemistry of minerals cf. Arai, 1994
and trace-element contents of clinopyroxene, how-
ever, the fertile sample from Japan arcs is quite

similar to the fertile one of abyssal peridotite. It is
possible, therefore, that the peridotites from Japan
arcs had shared the same source with the abyssal

Ž . Ž . Ž .Fig. 10. Relations between the Cra of spinel and other characteristics of clinopyroxenes. a Modal amount. b Mgr MgqFe) ratio
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .sMga; Fe) means total iron . c Sr . d Ce . e Yb . f CerYb ratio. g Ti concentration ppm . h Zr concentration ppm . iN N N N

Ž . Ž .TirZr weight ratio. For comparison, ranges for abyssal peridotites shaded Dick, 1989; Johnson et al., 1990 are shown. Symbols as in
Fig. 3.
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peridotite, but they had evolved through different
processes.

For comparison with peridotite xenoliths from
other settings, the modal amount of clinopyroxene in
the samples vs. Ce, Yb, Ti, Zr and Sr contents, and
Ž .CerYb and TirZr ratios in the clinopyroxene areN

shown in Fig. 11.
If the peridotites had evolved through simple melt

extraction from pyrolite without pollution of exotic
meltrfluid, their clinopyroxenes show similar trends
in terms of trace-element contents to that of the

Žabyssal peridotites, which are simple residue John-
.son et al., 1990 . Clinopyroxenes in both peridotite

xenoliths from the Japan arcs and other settings,
however, do not show the trends by abyssal peri-
dotite in terms of trace elements except Yb and Ti.N

It is noteworthy that the clinopyroxenes from
Japan arc mantle peridotites are obviously distin-
guished from those of abyssal peridotites and the
peridotite xenoliths from other tectonic settings for

Ž .Ce and Sr contents and CerYb and TirZr ratios.N
Ž .Arai 1991 demonstrated a similar relation; Na O2

Ž . Ž . Ž . Ž . Ž . Ž .Fig. 11. Relationships between clinopyroxene modal amount and a Cra of spinel, b Mgr MgqFe) atomic ratio, c Sr , d Ce , eN N
Ž . Ž . Ž . Ž . Ž . Ž . Ž .Yb , f CerYb ratio, g Ti concentration ppm , h Zr concentration ppm and i TirZr weight ratio for clinopyroxene in the JapanN N

Ž . Ž .arc peridotites larger symbols . For comparison, ranges for abyssal peridotites shaded and peridotite xenoliths from other settings
Ž . Ž . Ž .enclosed by the broken line are shown. Data of other settings are after Frey and Prinz 1978 , Menzies et al. 1985 , Salters and Shimizu
Ž . Ž . Ž . Ž . Ž . Ž .1988 , Sen et al. 1993 , Stosch and Lugmair 1986 , Witt-Eickshen et al. 1993 , Alibert 1994 and Blusztajn and Shimizu 1994 .
Symbols as in Fig. 3.
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content in clinopyroxene from Japan arc mantle is
Ž .intermediate between abyssal peridotites low and

Ž .oceanic hotspot and continental rift peridotites high .
It is especially interesting that the TirZr ratio is

Žnearly constant, almost from 100 to 300 Fig. 10i,
.Fig. 11i, Fig. 13 .

4.2. The effect of formation of hydrous minerals

Ž .The partition coefficients D for REE and other
trace elements between melt or fluid and solid phases
are different according to the minerals concerned. D
values for trace elements between hornblende
Ž . Ž .pargasite and clinopyroxene diopside are not
unity; the D values of pargasiterdiopside for REE,
Sr, Y, Zr and Hf from mantle peridotites of Eifel,

ŽGermany, vary from 1 to 8 Witt-Eickschen and
.Harte, 1994 . Clinopyroxene of the most hydrated

Ž .sample, I-610 Table 3 , has high REE and Ti, Zr
and Sr contents. The partition coefficients for these
elements of hornblenderclinopyroxene pairs are low
Ž .Ds0.9 to 2.1 . On the other hand, REE contents of
clinopyroxene from a strongly hydrated sample, I-014
Ž .Table 3 , are rather low, and the D values of

Žhornblenderclinopyroxene are higher Ds1.4 to
. Ž .4.3 than for the most hydrated sample I-610 . In

other samples the partition coefficients for horn-
blenderclinopyroxene pairs vary widely without any
correlations with the volume of hornblende and

Ž .Fig. 12. Relationship between Ti and Zr concentrations ppm in
Ž .clinopyroxene of Japan arc peridotites larger symbols . Symbols

as in Fig. 3. Note that the trend for the Japan arc peridotites is
different from that of the abyssal peridotite.

Ž .Fig. 13. TirZr ratio vs. CerYb ratio in clinopyroxene in theN

peridotite. The clinopyroxene in the Japan arc peridotites is rather
constant with TirZr ratio of about 100 and intermediate value of
Ž .CerYb ratio between abyssal peridotites and peridotite xeno-N

liths from other settings. The clinopyroxene from the Japan arcs
are obviously different from others. Symbols as in Fig. 3.

Žclinopyroxene in the samples Abe and Yurimoto,
.unpublished . The difference of REE and other

trace-element abundances in clinopyroxene, there-
fore, cannot be completely explained by the differ-
ence in degree of hydration.

4.3. Geochemical characteristics of the Japan arc
peridotite xenoliths

Clinopyroxenes of hydrous peridotites from
Megata volcano are relatively rich in Ti to those of
anhydrous peridotite from abyssal and other tectonic
settings. If the metasomatizing agent which formed
hydrous minerals in Megata peridotites was arc
magma, it is unlikely for the clinopyroxene to have
high Ti content. It is more probable that hydrous
melt or fluid which was metasomatic agent added Ti
to the Megata peridotite.

The residue left after partial melting should have
a higher TirZr ratio than the source material because

ŽZr is more incompatible than Ti Hart and Dunn,
.1993 . The TirZr ratio of clinopyroxene from abyssal

Ž .peridotite Johnson et al., 1990 increases up to 4430
with an increase of melt extraction. Addition of a
metasomatic component commonly leads to a de-

Žcrease of the TirZr ratio of clinopyroxene Figs. 12
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.and 13; Blusztajn and Shimizu, 1994 . Compared
with the clinopyroxene in abyssal peridotites as rep-
resentative of residue after partial melting, those in
the peridotite xenoliths from Japan arcs are enriched
in incompatible elements such as Sr, Zr and Ce. The
Ž .CerYb ratios slightly increases and the TirZrN

ratios is rather constant with an increase of Cra of
Ž .spinel in the Japan arc peridotites Fig. 10f and i .

The trends of these ratios in clinopyroxene cannot be
due to simple melt extraction, but the peridotites are
metasomatized andror polluted by some metaso-

Žmatic agent with a nearly constant TirZr ratio Fig.
.13 . If the metasomatic melt or fluid is percolated

chromatographically once or more times into the
peridotite locally, the TirZr ratio may be rather
variable spatially.

It appears that wedge mantle metasomatism is a
regional phenomenon establishing to give the com-
mon geochemical characteristics to the sub-arc peri-
dotites.

5. Conclusions

Clinopyroxenes in the peridotite xenoliths from
three localities of the Japan arcs are geochemically
distinguished from those in abyssal peridotites and
peridotite xenoliths from other tectonic settings in-
cluding continental rifts and oceanic hotspots. Their
incompatible elements’ contents are higher than those
in abyssal peridotite and lower than in the peridotite
xenoliths from other tectonic settings. Their TirZr

Ž .and CerYb ratios are rather constant; 90 to 313N

and 0.04 to 4.0, respectively.
We conclude that the Japan arcs mantle peri-

dotites have been polluted by a metasomatic agent
with relatively consistent chemical characteristics ac-
companying regional mantle wedge metasomatism.
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