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Abstract We found fine-grained Fe-rich orthopyrox-
ene-rich xenoliths (mainly orthopyroxenite) containing
partially digested dunite fragments of Group I from
Takashima, Southwest Japan. Orthopyroxenite vein-
lets, some of which contain plagioclase at the center,
also replace olivine in dunite and wehrlite xenoliths of
Group I. This shows high reactivity with respect to
olivine of the melt involved in orthopyroxenite for-
mation, indicating its high SiO, activity. The secondary
orthopyroxene of this type is characterized by low
Mg# [= Mg/(Mg + total Fe) atomic ratio] (down to
0.73) and high Al,O3 contents (5-6 wt%). It is differ-
ent in chemistry from other secondary orthopyroxenes
found in peridotite xenoliths derived from the mantle
wedge. Clinopyroxenes in the Fe-rich orthopyroxenite
show a convex-upward REE pattern with a crest
around Sm. This pattern is strikingly similar to that of
clinopyroxenes of Group Il pyroxenite xenoliths and of
phenocrystal and xenocrystal clinopyroxenes, indicat-
ing involvement of similar alkali basaltic melts. The Fe-
rich orthopyroxenite xenoliths from Takashima formed
by reaction between evolved alkali basalt melt and
mantle olivine; alkali basalt initially slightly undersat-
urated in silica might have evolved to silica-oversatu-
rated compositions by fractional crystallization at high-
pressure conditions. The Fe-rich orthopyroxenites oc-
cur as dikes within the uppermost mantle composed of
dunite and wehrlite overlying pockets of Group II
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pyroxenites. The orthopyroxene-rich pyroxenites of
this type are possibly common in the uppermost mantle
beneath continental rift zones where alkali basalt
magmas have been prevalent.

Introduction

It has been well recognized that silica enrichment of
mantle peridotite is pervasive within the mantle wedge
above subducted slab. The involved agent has been
considered either as a silicate melt or a fluid derived
from the slab (e.g., Kelemen et al. 1998). The slab melt
is highly SiO,-rich, and is, therefore, expected to react
with the mantle olivine en route to the surface from
the slab. High-pressure melting experiments (e.g.,
Rapp and Watson 1995; Rapp et al. 1991, 1999) indi-
cate that partial melting of metamorphosed basalts in
slabs can produce silica-rich melts, which are similar in
composition to a particular magma called adakite (e.g.,
Defant and Drummond 1990). Such adakitic melts, for
example, should strongly react with mantle olivine to
form pyroxenites before eruption or intrusion into the
crust (Arai et al. 2003a). The fluid released from the
slab is also silica-rich (e.g., Manning 2004). Aqueous
fluids in equilibrium with mantle peridotite dissolve
silica-rich component from the peridotite at high
pressures (e.g., Nakamura and Kushiro 1974; Mibe
et al. 2002), and can enrich overlying shallower mantle
in silica if they precipitate the silicate component. The
fluid moving upward in the mantle wedge can there-
fore enrich the peridotite in silica as observed in some
sub-arc xenoliths (e.g., Franz et al. 2002; Arai et al.
2004).
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Magmas derived from partial melts of mantle peri-
dotite are also capable to locally enrich the mantle
peridotite with silica if they are fractionated effectively
within the mantle. Even initially silica-undersaturated
alkali basalt melts can evolve to silica-oversaturated
melts by crystallization differentiation at mantle con-
ditions (e.g., Miyashiro 1978; Nekvasil et al. 2004).
These may enrich the uppermost mantle in silica,
forming a peculiar type of orthopyroxenite. We found
such a type of orthopyroxenite xenoliths captured by
alkali basalt erupted at Takashima, Southwest Japan.
We present their detailed petrological and geochemical
characterization and discuss their bearing on a new
way of silica enrichment of mantle peridotite. Highly
silicic melts enriched with alkalis and other incompat-
ible elements can be produced in mantle peridotite
either by incipient small-degree partial melting (e.g.,
Falloon et al. 1997) or by reaction with infiltrating
basaltic melt (e.g., Wulff-Pedersen et al. 1996). The
melt of this type is, however, of very small volume
(e.g., Schiano and Clocchiatti 1994), and is different
from the melt discussed in this paper.

Geological background and petrological summary
of the xenoliths from Takashima, Japan

Takashima, located at northern Kyushu, Southwest

Japan (Fig. 1), is one of the localities supplying large
amounts of ultramafic xenoliths within the Japan arcs
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Fig. 1 Location of Takashima (open star) of Kyushu Island,

Southwest Japan. Kurose is one of the localities of mantle

peridotite xenoliths (Arai et al. 2000, 2001). Black shows the
distribution of Cenozoic basalts. Modified from Takamura (1973)
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(e.g., Arai et al. 2000, 2001). The host lava is an alkali
olivine basalt with normative nepheline (< 10 wt%)
(Table 1) (Arai et al. 2001) of 3.0 Ma (Nakamura et al.
1986). Alkali to tholeiitic basalts are widely distributed
in the Southwest Japan arc (Takamura 1973). Uto
(1990) and Iwamori (1991) ascribed the basaltic vol-
canism to mantle diapir activities related with the back-
arc basin opening during and after the Miocene (e.g.,
Otofuji et al. 1984). After the disruption of slab during
the back-arc (Japan Sea) opening, the mantle diapirs
intruded into the then mantle-wedge peridotite that
had been affected by slab-derived fluids/melts. Na-
kamura et al. (1989) demonstrated that these Cenozoic
basalts have intraplate geochemical signatures slightly
affected by arc-magma components. Some of the
Cenozoic basalts form monogenetic volcano clusters
with distinctive temporal and geochemical character-
istics (Takamura 1973; Iwamori 1991). The Takashima
alkali basalt belongs to the Higashi-Matsuura volcano
clusters (see Arai et al. 2000).

Two kinds of xenolith suites have been distinguished
similar to other mantle xenolith localities in the world
(e.g., Ishibashi 1970; Frey and Prinz 1978). Dunite,

Table 1 Selected bulk chemical and normative compositions of
host alkali basalt from Takashima

Number T-058 T-066
SiO, 48.84 48.16
TiO, 1.89 1.88
AlLO3 16.32 16.42
Cr,03 0.01 0.01
Fe, 05 342 2.62
FeO 6.44 7.62
NiO 0.01 0.01
MnO 0.16 0.16
MgO 7.26 7.95
CaO 8.35 8.19
Na,O 4.62 3.23
K,O 1.87 1.83
P,0s5 0.48 0.43
H,O (+) 0.57 1.24
H,O (-) 0.17 0.20
Total 100.41 99.95
Q 0.0 0.0
Or 11.1 10.6
Ab 24.7 26.7
An 18.1 25.0
Ne 8.0 03
Hy 16.5 10.3
Ol 11.8 17.3
Mt 4.9 3.7
1l 3.6 3.6
Ap 1.0 1.0

Analyzed by H. Haramura, University of Tokyo, using conven-
tional wet chemical method. From Arai et al. (2001). Trace-
element characteristics of the alkali basalt from Takashima are
available from Nakamura et al. (1989)
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wehrlite and clinopyroxenites of Group I (Frey and
Prinz 1978), or green-pyroxene series (Ishibashi 1970),
are predominant, and harzburgite or lherzolite xeno-
liths are extremely rare (Arai and Kobayashi 1984).
Rare chromitite xenoliths are found at Takashima
(Arai and Abe 1994). Large amount of coarse-grained
pyroxenites of Group II (Frey and Prinz 1978), or
black-pyroxene series (Ishibashi 1970), are present,
cutting or enclosing the rocks of Group I (Arai et al.
2000). In addition to the xenoliths, megacrysts
(= nodules of discrete coarse minerals) of pyroxenes
(Kuno 1964) and andesine (Aoki 1970) are commonly
found in the Takashima alkali basalt.

Dunite and wehrlite of Group I contain magnesian
olivine [Mg# = Mg/(Mg + total Fe) atomic ratio: 0.85-
0.93] and spinel of high Cr# [= Cr/(Cr + Al) atomic
ratio: up to > 0.7] and low TiO; (< 1 wt%). The wide
range of olivine composition with almost constant and
high Cr# of spinel possibly indicate their cumulus ori-
gin from primitive arc magmas (e.g., Arai 1992, 1994).
They have well-equilibrated equigranular textures and
correspond to meta-cumulates (Arai et al. 2001),
forming the so-called cumulus mantle, which is thick
beneath the mafic crust in the Southwest Japan arc
(Takahashi 1978). Arai and Abe (1994) suggested the
presence of pediform chromitite hosted by dunite,
which is a melt/harzburgite reaction product, beneath
Takashima. Pyroxenes of Group II pyroxenite xeno-
liths are rich in Al, Ti and Fe and poor in Cr, and are
very similar in composition to the pyroxene megacrysts
(Irving 1974; Arai et al. 2000). Group II xenoliths have
been interpreted as deep-seated young cumulates from
alkali basalts that were genetically related with but
slightly older that the host magma (Irving 1974; Arai
et al. 2000).

A new type of orthopyroxene-rich xenolith;
petrography

In addition to the above suites of rocks (Groups I and
II), a third group of xenoliths (= Group III of
Kobayashi and Arai 1981) has been found within the
Takashima alkali basalt (Fig. 2). These are mainly
fine-grained orthopyroxenites containing orthopyrox-
ene, aluminous spinel and various amounts of
clinopyroxene (less than 30 vol. %), with or without
plagioclase. The rocks of this group are dark brownish
purple in hand specimens and are distinctively different
from the Group I and II rock suites (Fig. 2). Orthopy-
roxenites of this group occur either as discrete xenoliths
containing small angular dunite fragments, or as vein-
lets cutting dunite xenoliths of Group I (Figs. 2, 3). The

relationships between the rocks of Groups II and the
fine-grained orthopyroxenites are not clear. The
orthopyroxene of the latter is fine, 0.2-0.5 mm across,
and is free of exsolution lamellae and deformation
features (Fig. 3). It is pale purplish brown in thin sec-
tion, and characteristically replaces olivine, which has
cuspate-outward grain boundaries along the contact
with orthopyroxene (Fig. 3c). Veinlets of orthopyrox-
enite of this group in dunite contain plagioclase only at
the interior (Fig. 3a), suggesting a reaction between
melt and olivine, forming orthopyroxene and leaving a
felsic portion only inside the veinlets. Orthopyroxene
selectively fringes chromian spinel in olivine adjacent to
the orthopyroxenite veinlets, suggesting a reaction
between melt and chromian spinel, in addition to
reaction with olivine (Fig. 3b). The same type of orth-
opyroxenite rarely occurs as thin veinlets in harzburgite
xenoliths from Kurose (Arai et al. 2000, 2001), about
30 km northeast of Takashima (Fig. 1). This indicates
widespread occurrence of this type of orthopyroxenite
beneath northern Kyushu.

It is noteworthy that the Takashima orthopyroxene
replacing olivine is different in mode of occurrence from
another type of secondary orthopyroxene found in
mantle wedge peridotite xenoliths (Smith and Riter
1997; Smith et al. 1999; Mclnnes et al. 2001; Arai et al.
2003b, 2004). Some of these mantle-wedge xenoliths are
enclosed by arc-related magmas (Mclnnes et al. 2001;
Arai et al. 2003b, 2004). That type of orthopyroxene also
replaces olivine but is not associated with other meta-
somatic minerals (silicates), and locally forms charac-
teristic radial aggregates (see Fig. 3 of Arai et al. 2003b;
Fig. 6 of Arai et al. 2004). It is most commonly found in
the peridotite xenoliths from the Avacha volcano,

Fig. 2 Photograph of a xenolith of fine-grained orthopyroxenite
(Fe-rich) containing fragments of dunite (Group I) within the
Takashima alkali basalt, Southwest Japan
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Kamchatka (Arai et al. 2003b) and is hereafter referred
to as ‘““‘Avacha-type orthopyroxene’. Morishita et al.
(2003a) also found the Avacha-type orthopyroxene in a
solid-intrusive peridotite. The Avacha-type orthopy-
roxene is interpreted as a reaction product between
mantle olivine and aqueous slab-derived fluid (Smith
and Riter 1997; Smith et al. 1999; Mclnnes et al. 2001;
Arai et al. 2003b, 2004). The orthopyroxene in the fine-
grained orthopyroxenites from Takashima is to some
extent similar in petrography to the secondary ortho-
pyroxene around quartz diorite veins, which are adakitic
in chemistry, in Tallante peridotite xenoliths, Spain
(Arai et al. 2003a; Shimizu et al. 2004).

Mineral chemistry of the fine-grained orthopyroxenites

Minerals were analyzed for major elements by JEOL
microprobes at Kanazawa University and at University
of Tsukuba. Trace-element abundances of clinopyrox-
ene and orthopyroxene were determined using laser-
ablasion ICP-MS (Agilent 7500s + MicroLas) at
Kanazawa University following the procedure of
Ishida et al. (2004). Selected analyses of minerals are
listed in Tables 2 and 3.

Fig. 3 Photomicrographs of the fine-grained orthopyroxenite
(Fe-rich) from Takashima, Southwest Japan. Crossed-polarized
light. a Thin orthopyroxenite (opx) between inner plagioclase-
rich part (pl) and dunite wall (o, olivine). Note that plagioclase
is mostly altered to clay minerals (p/-alf). b Thin orthopyroxene
(opx) veinlet replacing olivine (ol) in dunite. Note the
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Pyroxenes in the orthopyroxenite are relatively Fe-
rich, and their Mg# ranges from 0.73 to 0.88. Their
Al,O5 contents are high, around 5-6 wt% in orthopy-
roxene and 5-9 wt% in clinopyroxene (Table 2).
Orthopyroxene exhibits relatively low contents of CaO
(1 wt%) and Cr,05 (< 0.3 wt%). Clinopyroxene con-
tains 1-2 wt% TiO, and about 0.1 wt% Cr,0O; (Ta-
ble 2). Pyroxenes decrease in Al and increase in Mg#
and Cr with the decrease of rock dimensions, from
discrete xenoliths (Fig. 3d) to thin veins in dunite or
wehrlite (Fig. 3b). In accordance with this, the Fo
content of olivine and Cr# of spinel in dunite or
wehrlite decrease in the dunite domains adjacent to the
orthopyroxenite veins. Dunitic fragments within the
orthopyroxenite (Fig. 3d) exhibit a strong zonation in
Mg# of olivine, which distinctly decreases toward the
rim of fragments. Plagioclase exhibits inter-grain and
intra-grain (slightly normal zoning) chemical hetero-
geneity, and is around Ansg (Ang;_sg). Spinels of the
Fe-rich orthopyroxenites are pale purplish brown in
thin section, are aluminous and have low Cri#s < 0.2
(Table 2). Two pyroxenes are in equilibrium with each
other both in texture and in chemistry, being different
from residual remnant olivine (Fig. 3c, d), which is
strongly zoned in Mg#. For example, the two-pyroxene

orthopyroxene (light gray) fringing chromian spinel (sp).
¢ Remnant olivine (o/) within orthopyroxenite (partly altered).
Note the ragged grain boundary of olivine indicating replace-
ment by orthopyroxene. d Fine-grained orthopyroxenite (opx)
containing dunite fragments (dun) and olivine xenocrysts
(coarse)
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Table 3 Selected LA-ICP-MS trace-element analyses of clinopyroxene and orthopyroxene in Fe-rich clinopyroxene-bearing
orthopyroxenite xenoliths from Takashima

Mineral  Clinopyroxene Orthopyroxene
Sample  TI T3-1 T3-2 T1 T3-1 T3-2

Core Rim Core Rim Core Rim
Sc 25 53 48 18 17 11 14 15 23 7 9
Ti 7900 16200 14400 12400 11500 1700 3400 2500 3500 1900 4300
A\ 190 337 304 139 135 58 119 113 143 53 77
Co 51 36 57 32 38 73 74 74 83 73 71
Ni 330 170 301 372 423 503 500 406 395 718 680
Rb 0.57 1.26 0.77 2.81 2.49 0.38 1.22
Sr 41.4 72.2 64.1 80.3 74.8 4.56 3.70 1.05 1.12 1.44 11.40
Y 16.6 258 239 31.8 292 2.92 3.42 2.85 2.95 322 6.64
Zr 48.6 37.2 39.8 88.9 92.6 14.70 11.80 9.09 7.27 18.17 31.11
Nb 0.39 0.32 0.68 0.49 0.61 0.57 0.12 0.04 0.37
Ba 0.09 0.12 2.01 0.08 0.15 0.55 1.31
La 227 2.31 2.30 3.69 371 0.15 0.24 0.06 0.06 0.06 0.84
Ce 8.20 8.78 8.50 13.9 13.9 0.43 0.46 0.23 0.22 0.29 241
Pr 1.51 1.66 1.76 271 2.54 0.07 0.09 0.05 0.07 0.45
Nd 9.23 11.2 10.9 16.4 16.1 0.40 0.53 0.37 0.31 0.39 2.59
Sm 3.13 437 4.09 5.94 5.24 0.19 0.21 0.19 0.18 0.21 0.94
Eu 1.11 1.49 1.42 1.88 1.98 0.06 0.08 0.06 0.09 0.33
Gd 3.74 5.88 5.29 7.30 6.52 0.32 0.34 0.24 0.30 0.34 1.16
Tb 0.56 0.81 0.83 1.09 1.04 0.06 0.06 0.06 0.07 0.18
Dy 3.48 5.53 4.84 6.79 6.61 0.45 0.56 0.46 0.43 0.43 1.22
Ho 0.71 1.04 1.04 1.14 1.20 0.10 0.11 0.10 0.13 0.14 0.26
Er 1.80 2.54 2.37 324 2.97 0.35 0.37 0.34 0.36 0.35 0.72
Tm 0.23 0.30 0.35 0.41 0.40 0.06 0.06 0.06 0.05 0.05 0.12
Yb 1.52 2.07 2.15 2.63 2.44 0.48 0.52 0.48 0.45 0.51 0.82
Lu 0.21 0.31 0.25 0.37 0.33 0.07 0.08 0.09 0.07 0.06 0.14
Hf 225 1.65 1.59 4.64 417 0.81 0.56 0.55 0.25 1.17 1.34
Ta 0.08 0.05 0.08 0.12 0.13 0.04 0.01 0.01 0.06
Pb 3.01 3.18 1.94 2.98 1.77 1.40 228 1.00 0.84 0.88 0.82
Th 0.06 0.07 0.07 0.09 0.10 0.03 0.02 0.08

pairs have the same value of Kp (Mg re), around 1,
between the samples examined (Table 2), indicating
equilibrium at some high igneous temperature (e.g.,
Kretz 1963).

Orthopyroxene from the fine-grained Fe-rich orth-
opyroxenite is relatively high in Al and Ca, being
clearly different from the Avacha-type secondary
orthopyroxene that is low in Al,O5 (< 3wt%) and CaO
(< 1wt%) (e.g., Smith and Riter 1997; Arai et al
2003b; Morishita et al. 2003a) as well as from other
types of secondary orthopyroxene (Ertan and Leeman
1996; Arai et al. 2003a; Morishita et al. 2003b; Shimizu
et al. 2004) (Fig. 4). The orthopyroxene from Taka-
shima contains low amounts of REE (rare earth ele-
ments) and shows strong depletion in LREE (light
REE) relative to HREE (heavy REE), as usually ob-
served in orthopyroxene (e.g., Neuman et al. 2002)
(Fig. 5). However, the REE contents in the secondary
Fe-rich orthopyroxene from Takashima are higher
than in ordinary mantle orthopyroxene and in the
Avacha-type secondary orthopyroxene (Ishimaru

@ Springer

et al., unpublished) (Fig. 5). It is noteworthy that the
REE contents of the Takashima orthopyroxene are
almost equivalent to those of orthopyroxene from
metasomatized peridotites from the Canary Islands
(Neuman et al. 2002).

Clinopyroxenes of Groups I, II, and Fe-rich
orthopyroxenites are well distinguished based on the
major-element compositions; their Al,O; and TiO,
contents increase and Cr,Os; content decrease from
Group I through Group II to Fe-rich pyroxenites
(Fig. 6) (Arai et al. 2001). The megacryst and
phenocryst clinopyroxenes are almost similar to
Group II clinopyroxene in major-element composition
(Fig. 6) (Arai et al. 2001). Clinopyroxenes are strik-
ingly similar in REE and trace element contents and
distribution patterns normalized to primitive mantle
(McDonough and Sun 1995) between Groups II, Fe-
rich orthopyroxenites, megacryst and phenocryst
(Figs. 7, 8). The REE pattern is uniformly convex
upward with a crest around Sm (Fig. 7). In contrast,
clinopyroxenes of Group I xenoliths contain lower
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Fig. 4 Relationships between Al,O; versus Cr,O3; and ALO;
versus CaO of secondary-formed orthopyroxenes in mantle-
derived peridotites and pyroxenites. Note that orthopyroxene in
the Fe-rich orthopyroxenite from Takashima is different in
chemistry from the other secondary orthopyroxenes replacing
olivine. Data source Arai et al. (2003b) for Avacha, Shimizu
et al. (2004) for Tallante, McInnes et al. (2001) for Papua New
Guinea, Ertan, and Leeman (1996) for Cascades, Morishita et al.
(2003a) for Horoman, and Morishita et al. (2003b) for Finero

amounts of REE and show relatively flat patterns
with slightly negative slope from LREE to HREE
(Fig. 7).

The pyroxene thermometer of Wells (1977) yields
relatively low temperatures, 1,000-1,100°C for Group
I, and 1,000-1,050°C for the Fe-rich orthopyroxenite.
Group II pyroxenites on the other hand denote high
equilibrium temperatures, around 1,150°C, indicating a
late igneous character (Arai et al. 2001). The well-
equilibrated mantle peridotite xenolith from Kurose
(Fig. 1), 30 km Northeast of Takashima, shows rela-
tively low temperatures, 1,000-1,050°C, being equiva-
lent to Group I (meta-cumulates) of Takashima (Arai
et al. 2001).
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Fig. 5 Chondrite-normalized REE patterns of orthopyroxnes in
the Fe-rich orthopyroxenites from Takashima and mantle-
derived peridotite xenoliths. Normalization values from McDon-
ough and Sun (1995). The secondary orthopyroxene in depleted
harzburgite xenoliths from the Avacha volcano is a reaction
product between slab-derived fluid and olivine (Ishimaru,
unpublished). The peridotite xenoliths from Tenerife, Canary
Islands, are metasomatized by a silicic carbonatite melt (Nueman
et al. 2002). Orthopyroxenes in the peridotite xenoliths from the
Lihir volcano, Papua New Guinea, are variable in origin and
chemistry, from REE-enriched metasomatic products by slab-
derived fluid to ordinary mantle minerals (McInnes et al. 2001)
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Fig. 6 Relationships between TiO, and AL, O; or Cr,O; of
clinopyroxenes from Takashima. Note that clinopyroxene in the
Fe-rich orthopyroxenites (opxnt) plots close to the areas for
megacrysts (M) and phenocrysts (P) as well as an extended area
of Group II clinopyroxene (II)
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Fig. 7 Chondrite-normalized REE patterns of clinopyroxenes in
the Fe-rich orthopyroxenites, Group II clinopyroxenites, Group I
wehrlite and megacrystal and phenocrystal clinopyroxenes from
Takashima. Note the similarity between those except Group I
clinopyroxene. Normalization values from McDonough and Sun
(1995)

Discussion

The striking similarity of the REE and trace element
contents and distribution patterns of clinopyroxenes
(Figs. 7, 8) indicates a genetical link of the Fe-rich
orthopyroxenites to the host alkali basalt, megacrysts,
and pyroxenites of Group II. This is supported by the
similarity of REE pattern between Cenozoic alkali
basalts distributed in northern Kyushu, including
Takashima, and the calculated compositions of melts in
equilibrium with the clinopyroxenes (Fig. 9). The
megacryst pyroxenes are similar both in appearance
and in chemistry to pyroxenes of Group II pyroxenites
(Arai et al. 2000), and both of them represent deep
cumulates crystallized from the alkali basalt slightly
before their entrainment in the host alkali basalt (Arai
et al. 2000). Both of them were almost coeval and were

Fig. 8 Chondrite-normalized
trace-element patterns of

closely related in genesis, having shared the same
magma source (Iwamori 1991). The parent magma for
the Fe-rich orthopyroxenites was, therefore, also alkali
basaltic. The high Al,Oj; content and low Mg# of
pyroxenes of the Fe-rich orthopyroxenites (Fig. 4;
Table 2) may indicate the highly fractionated character
of the basalt. The relatively high averaged REE con-
tents of clinopyroxene in the Fe-rich orthopyroxenites
(Fig. 7) are consistent with this interpretation. The
relatively high REE contents of orthopyroxene of the
Fe-rich orthopyroxenites (Fig. 5) are also consistent
with their alkali basaltic parentage. The chemical dif-
ference between orthopyroxenes from the Takashima
orthopyroxenites and the Avacha-type veins reflects a
difference of involved agent, i.e., evolved alkali basalt
versus slab-derived fluid/melt, respectively (Smith and
Riter 1997; Smith et al. 1999; Mclnnes et al. 2001;
Franz et al. 2002; Arai et al. 2003b, 2004; Ertan and
Leeman 1996) reported a phlogopite-bearing ortho-
pyroxenite xenolith derived from the Cascades sub-arc
mantle. They discussed its secondary origin due to
addition of high-K,O silicic melt unrelated to the
subduction processes. The orthopyroxene from the
Cascades is, however, different from that of Fe-rich
orthopyroxenites from Takashima, containing about
2 wt% Al,O3 and less than 1 wt% CaO (Ertan and
Leeman 1996) (Fig. 4). The former orthopyroxenite is
rather similar in chemistry to secondary orthopyroxe-
nites generated by slab-derived silicic melt/fluid, and is
different in origin from the Takashima Fe-rich ortho-
pyroxenite (Fig. 4).

The morphology of olivine in dunites in contact with
orthopyroxene (Fig. 3) indicates a strong reactivity of
the melt with respect to olivine to form orthopyrox-
ene via the reaction, olivine + SiO,-oversaturat-
ed melt = orthopyroxene + less SiO,-oversaturated
evolved melt. We attribute the silica-oversaturated
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Fig. 9 Chondrite-normalized REE patterns of Cenozoic alkali
basalts from the northern Kyushu and melts in equilibrium with
clinopyroxenes of the Fe-rich orthopyroxenites from Takashima.
The range for equilibrium melts with Group II clinopyroxenites
and megacrystal and phenocrystal clinopyroxenes from Takashi-
ma are also shown. We used clinopyroxene/melt distribution
coefficients of Hart and Dunn (1993). The alkali basalt
compositions are from Nakamura et al. (1989). Normalization
values from McDonough and Sun (1995)

character of the reactive melt to fractional crystalliza-
tion of alkali basalt at high pressures. The olivine-
plagioclase-diopside plane acts as a thermal divide only
at pressures lower than about 1 GPa (Green and
Ringwood 1967; O’Hara 1968). Alkali basalt magma,
initially silica-undersaturated may evolve to silica-
oversaturated composition by fractional crystallization
at pressures > 1 GPa, due to the absence of the
thermal divide (e.g., Miyashiro 1978). The melt
composition traces a straddle-type trend, i.e., crosses
the silica-saturation line from silica-undersaturation to
silica-oversaturation, of Miyashiro (1978) with a
progress of fractionation at this condition. Recently,
Nekvasil et al. (2004) experimentally showed that a
hawaiite melt could be fractionated to a rhyolite at
0.93 GPa (9.3 kbar) at hydrous conditions (with bulk
water contents > 0.5 wt%). Accumulation of a combi-
nation of olivine, aluminous pyroxenes, spinel and
kaersutite may have driven the melt to silica-oversat-
urated compositions. Green et al. (1974) demonstrated
that some alkaline magmas (hawaiites, mugearites, and
benmoreites) evolved from alkali basalts contain high-
pressure spinel lherzolite xenoliths and were definitely
derived from the upper mantle. The least magnesian
magma of alkali basalt affinity that contains mantle
peridotite xenoliths (Green et al. 1974) can be in
equilibrium with olivine of Fos,_73 which is equivalent
to the lowest Mg# of orthopyroxene in the Fe-rich
orthopyroxenites from Takashima. Most of the xeno-
lith-bearing alkali basalts and their fractionates,
however, have normative nepheline, possibly because

they did not trace the straddle-type trend due to their
initially highly silica-undersaturated character, i.e.,
their bulk compositions being far from the low-pres-
sure thermal divide. Fractional crystallization may
drive such highly silica-undersaturated melts to more
silica-undersaturated compositions (see Miyashiro
1978). The straddle-type trend of Miyashiro (1978) can
be traced only by slightly silica-undersaturated alkali
basalt magmas as by most Cenozoic ones in Southwest
Japan (Takamura 1973), which rarely have modal
nepheline (Hirai and Arai 1983, 1986).

The Fe-rich orthopyroxenites formed by the reac-
tion between olivine in dunite or wehrlite of Group I,
evolved alkali basalt. The latter evolved to silica-satu-
rated compositions after the precipitation of olivine,
aluminous pyroxenes and spinel (= similar to Group
I1?). The evolved alkali basalt may have formed
network-like conduits within dunite or wehrlite
(Fig. 10). As stated above, Group II rocks are cumu-
lates as pockets and dikes within the cumulus mantle

Kurose

Takashima

K
Group II

: harzburgite
Therzolite - (depletion aureole)

) Fe-rich orthopyroxenites

partial melt zone

dun-pyrox

Fig. 10 A petrological model of the upper mantle beneath the
Kurose-Takashima area based on the xenoliths. Arc-related
magmas have produced dunite, wehrlite and pyroxenites (Group
I) with depletion aureole (harzburgite) within lherzolite. They
form the cumulus mantle of Takahashi (1978). Pyroxenites
(Group II) were precipitated from magmas related with opening
of the Sea of Japan around Miocene (Uto 1990; Iwamori 1991).
The Fe-rich orthopyroxenites have been formed as dikes mainly
within dunite-wehrlite of Group I overlying Group II pyroxe-
nites. Modified from Arai et al. (2000)
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composed of dunite-wehrlite—pyroxenites of Group I
(Fig. 10) (Arai et al. 2000, 2001). If the fractionation of
alkali basalt occurs within mantle peridotite (harz-
burgite or lherzolite), silica content of the magma is
also enhanced by dissolution of orthopyroxene at an
early stage of fractionation (e.g., Shaw 1999; also see
Kelemen 1981). The Fe-rich orthopyroxenites de-
scribed in this paper may be common within the up-
permost mantle of continental rift zones where alkali
basaltic activity have been prevalent. It is easy to dis-
tinguish the orthopyroxenite produced by invasion of
silica-oversaturated melts evolved from alkali basalts
from the orthopyroxenite produced by slab-derived
silica-rich agents in terms of pyroxene chemistry.

The formation of orthopyroxenite at the expense of
dunite or wehrlite is a new type of silica enrichment
within the upper mantle. This indicates that the silica
enrichment has occurred not only within the mantle
wedge by slab-derived melts/fluids but also within the
upper mantle in general by silica-oversaturated melts
evolved from basaltic magmas including alkali basalts.
This further suggests that the silica enrichment of the
upper mantle by invasion of evolved magmas can be
accomplished by sub-alkalic magmas of mantle origin if
they are stagnant.

Summary and conclusions

1. A new type of orthopyroxenite xenoliths was
found in alkali basalt from Takashima, Southwest
Japan. The orthopyroxene formed at the expense
of olivine in cumulus dunite or wehrlite derived
from arc magmas and was represented by xenoliths
of Group L

2. The pyroxenes of this type of orthopyroxenites
are relatively low in Mg# (down to 0.73) and
high in ALO3 (> 5 wt%). Its orthopyroxene is
distinct in chemistry from the secondary ortho-
pyroxene formed by the reaction between slab-
derived silica-rich agents and mantle olivine. Its
clinopyroxene is the same in REE and trace
element contents and distribution patterns as
phenocryst and megacryst clinopyroxenes in the
host alkali basalt as well as those in Group II
pyroxenites. The REE pattern is almost the same
between the alkali basalt and calculated melts in
equilibrium with these rocks and phenocryst and
megacryst clinopyroxenes.

3. The Fe-rich orthopyroxenes are a reaction product
between evolved alkali basalt and magnesian
olivine. They were produced as dikes in dunite or
wehrlite overlying pockets of Group II pyroxenites

@ Springer

within the uppermost mantle (=the cumulus
mantle). This kind of pyroxenites may be common
within the uppermost mantle beneath continental
rift zones where alkali basalt magmatism has been
prevalent.
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