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Abstract : Trace-element compositions of clinopyroxene in peridotite from the

Nukabira complex were examined to mainly discuss partial melting processes involved

in their formation. The Nukabira complex in the Kamuikotan zone, Hokkaido, Japan, is

mainly composed of mantle-derived peridotites with wide compositional variations.

The lherzolite (e.g., C# of spinel= 0.18-0.34) and depleted harzburgite (e.g., Cr#= 0.4-

0.7) are predominant, and dunite is often surrounded by them. Samples of 8 lherzolites,

3 harzburgites and 4 dunites from the complex were selected, and their clinopyroxene

geochemical characteristics were determined by using LA-ICP-MS. Chondrite-

normalized trace-element patterns of clinopyroxene in the lherzolites except one sample

are characterized by strong depletion of light-REE (LREE) and middle-REE (MREE)

relative to high heavy-REE (HREE) (e.g., (Nd/Yb)N(=chondrite normalized value)< 0.004, YbN= 2.7-

6.1). One lherzolite sample, on the other hand, has high REE abundances of clinopy-

roxene (e.g. CeN�0.05, YbN�5.3, (Ce/Yb)N=0.02-0.06). The trace-element patterns of

clinopyroxene in harzburgites are “spoon-shaped” being high in MREE and LREE and

low in HREE abundance (e.g., (Nd/Yb)N< 0.09, YbN= 1.0-1.7). The abundances of

MREE and LREE are variable in each harzburgite sample (e.g., CeN= 0.008-0.03, NdN=

0.02-0.08). The dunites tend to be similar in clinopyroxene compositions to surround-

ing peridotites. The variations of lherzolite can be ascribed not only to the difference of

melting degree but also to conditions on melting, such as with or without residual gar-

net prior to spinel peridotite stability field melting. Most of the lherzolites probably ex-

perienced the melting in the garnet peridotite stability field. The further melting of lher-

zolites should generate the harzburgites. The clinopyroxene geochemistry, however, in-

dicates that the harzburgite was produced by different melting processes from the lher-

zolite formation. The melting assisted by LREE-rich hydrous fluid is more preferable to

explain the harzburgite features and origin.

1. Introduction
Peridotites from the Kamuikotan zone, northern Japan, are considered as residual

mantle material, and are characterized by wide variation in compositions as well as by
highly depletion in incompatible elements (e.g., Katoh and Nakagawa, 1986 ; Tamura et
al., 1999). Katoh and Nakagawa (1986) proposed that the Kamuikotan peridotites were
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formed by melting of the peridotite at supra-subduction zone because their compositional
variations are remarkably similar to those of peridotites from forearc region. The formation
process of depleted harzburgite and dunite in the Kamuikotan zone has been examined by
several workers (e.g. Yamazaki and Niida, 1992 ; Koike, 1994 ; Tamura et al. 1999 ;
Kubo, 2000). Makita and Arai (1997) reported highly depleted peridotites having high-Cr#
(Cr/(Cr+Al) atomic ratio) chromian spinel (>0.6) as residual peridotites after hydrous melt-
ing of more fertile peridotite. Contrasting to dominance of highly depleted peridotite in the
northern area of the zone, lherzolitic residue has been reported from the southern area (e.g.,
Katoh and Nakagawa, 1986 ; Tamura et al., 1999). The Nukabira complex is one of the
lherzolite-bearing peridotite complexes in the Kamuikotan zone. The geochemical data as
well as the origin of lherzolite, however, have not been reported yet although the petrog-
raphical feature has been well described (e.g, Katoh, 1978 ; Katoh and Nakagawa, 1993 ;
Tamura et al., 1999). Katoh and Nakagawa (1993), for example, reported lherzolite and
websterite as the least depleted ultramafic rocks from the zone. In this paper, we prelimi-
narily report trace-element compositions of clinopyroxene in the peridotites, mainly lher-
zolite, from the Nukabira complex. The compositions were determined using laser ablation
-inductively coupled plasma mass spectrometry (LA-ICP-MS) installed at Kanazawa Uni-
versity in 2002. This paper is the first report of the clinopyroxene trace-element composi-
tions from the Kamuikotan peridotites. The clinopyroxene geochemical data, especially
rare earth element (REE) concentrations, are useful not only to represent the petrological
feature but also to understand the petrogenesis, such as evaluation of partial melting degree
of mantle peridotite and magma genesis (e.g., Johnson et al., 1990). The numerical model-
ing of melting processes using “REE pattern” was generally established for examination of
origin of lherzolitic rocks rather than depleted harzburgite. A good example is modeling of
the mantle process of abyssal peridotite related to MORB magma genesis at mid-ocean
ridge (e.g. Johnson et al., 1990 ; Hellebrand et al., 2002). The modeling is also applied to
the origin of peridotites from ophiolitic complexes (e.g., Kelemen et al., 1995 ; Batanova
et al.,1998 ; Batanova and Sobolev, 2000 ; Bizimis et al. 2000 ; Suhr and Edward, 2001 ;
Barth et al., 2002, Takazawa et al., 2003). Abundant clinopyroxene geochemical data,
therefore, have been reported, and many studies dealt with the mantle processes using them
as genetic indicator (e.g., Johnson et al., 1990 ; Bizimis et al., 2000). The main purpose of
this study is to evaluate the clinopyroxene trace-element compositions combined with pe-
trographical data of Nukabira peridotite by comparing with the studies of abyssal and
ophiolitic peridotites. This work is an extended study of Tamura (1997MS, 1999MS) and
Tamura et al. (1999), and therefore, we used their data and selected samples for LA-ICP-
MS analysis.

2. Geological background
The Kamuikotan zone is distributed discontinuously over 320 km from north to south

within the Sorach-Yezo belt of a Mesozoic accretionary complex, the central axial zone of
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Hokkaido, northern Japan. The Sorach-Yezo belt is composed of the Sorach Group, Yezo
Supergroup, Kamuikotan zone, Idonnappu zone and Poroshiri ophiolite (Komatsu and
Sakakibara, 1992). The Kamuikotan zone consists of metamorphic rocks, ultramafic rocks,
greenstones and sedimentary rocks. The metamorphic rocks are generally suffered from
typical high-pressure type metamorphism, and belong to the Kamuikotan metamorphic
rocks (Miyashiro, 1961). However, low-pressure metamorphic rocks occur as a member of
ophiolites, such as the Horokanai ophiolite, northern part of the belt (Ishizuka, 1980). Thus
the Kamuikotan zone is characterized by coexistence of the two types of metamorphic
rocks (Ishizuka et al., 1983). Ultramafic complexes are distributed widely throughout the
Kamuikotan zone (Figure 1), and are in fault contact with surrounding Kamuikotan meta-
morphic rocks, sedimentary and mafic volcanic rocks of the Sorach group and Yezo Super-
group. Most of the complexes are mainly composed of spinel peridotite of upper mantle
origin, and they are suffered from serpentinization to various extent. Katoh and Nakagawa

Figure 1. Distribution of ultramafic rocks (black) in the Kamuikotan zone, Hokkaido, Japan. Groups and
names of ultramafic complexes are from Katoh and Nakagawa (1986) (see text).
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(1986) classified the complexes into four regional groups, such as the northern, central,
southern and southernmost groups, by differences in modal compositions of peridotites and
in relative quantity of ultramafic cumulates and podiform chromitites (Figure 1). The
northern group complexes are mainly composed clinopyroxene-free harzburgite and dunite.
Ultramafic cumulates and chromitite deposits are very rare. Inushibetsu complex corre-
sponding to the basal sequence of the Horokanai ophiolite and the Takadomari complex
consists of highly refractory peridotites (e.g., Makita and Arai, 1997 ; Tamura et al., 1999).
The central group comprises small complexes around the Kamuikotan Gorge-Biei area.
The complexes are mainly composed of harzburgite and dunite with lherzolite and a small
amount of clinopyroxenite and chromitite deposits. Some of the complexes are interpreted
as submarine sliding deposits (Maekawa, 1983). The southern group consists of
clinopyroxene-poor harzburgite and dunite. Clinopyroxenite dykes and podiform-type
chromitite deposits are not uncommon. The Iwanai-dake complex located in the central
portion of the Saru-gawa complex are composed of peridotite exceptionally free from ser-
pentinization (e.g., Arai, 1978 ; Katoh, 1978). The southernmost group is made up mainly
by clinopyroxene-bearing harzburgite and dunite with lherzolite. Ultramafic cumulates
(mainly olivine-clinopyroxenite) and podiform chromitite deposits are present. The
Nukabira complex is a representative peridotite complex in this group.

3. Petrography and mineralogy of peridotites from the Nukabira complex
The Nukabira complex is approximately 20 km× 6 km in area located in the southern

part of the Kamuikotan zone (Figure 2). It is in fault contact with the Sarugawa Formation
of the Sorach Group which consists of slates, sandstones, cherts and basaltic pyroclastic
rocks (Katoh, 1978 ; Niida and Katoh, 1978), and with the Yezo Supergroup. The Undi-
vided Hidaka (Mi-bunri-Hidaka) Supergroup (Takahashi and Suzuki, 1978), recently
called “Ganpi-yama complex” (e.g., Kawamura et al., 2001), is distributed in the central
part of the Nukabira complex (Figure 2). Although the Nukabira complex is emplaced at
neighbor of the Saru-gawa complex belonging to the southern group of Katoh and Naka-
gawa (1986) (Figures 1 and 2), they are not continuous because the structures as well as
rock types are different between the two complexes (Katoh, 1978).

The Nukabira complex is composed of spinel-lherzolite, harzburgite and dunite.
Podiform-type chromitite is relatively frequent throughout the complex. Modal ratios of
clinopyroxene and orthopyroxene are usually up to 10 vol% and 30 vol%, respectively ,al-
though they are quite variable at the heterogeneous zone associated with dunite (Figure 3).
Dunite is various in size and shape within lherzolite and harzburgite. Pyroxene concentra-
tions are sometimes observed at the boundary between the dunite and harzburgite/lherzolite.
Peridotites show typical protogranular and porphyroclastic textures under the microscope.
Most of olivines exhibit both wavy extinction and kink bands. Orthopyroxene and clinopy-
roxene range from <1 to 5 mm in diameter and sometimes bent or deformed. Anhedral to
vermicular-shaped spinel is generally interstitial to olivine and pyroxne in lherzolite and
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Figure 2. Geological map of the Saru-gawa area. Localities of LA-ICP-MS samples are shown on the
Nukabira complex and Saru-gawa complex (modified after Hashimoto et al., 1961 ; Sako and
Osanai, 1962 ; Takahashi and Suzuki, 1978, 1986). Note that the Nukabira and Saru-gawa
complexes belong to the southernmost and southern groups, respectively, of Katoh and Naka-
gawa (1986).
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Figure 3. Modal compositions of peridotites from the Nukabira complex, in terms of olivine, orthopyrox-
ene (Opx) and clinopyroxene (Cpx). “Dun-Host” samples are peridotites collected from inho-
mogeneous sections adjacent to dunite (see Tamura et al., 1999). Broken line indicates dis-
crimination between lherzolite and harzburgite (Arai, 1984).

Figure 4. Chemical compositions of spinel and olivine in peridotites from the Nukabira complex. Com-
positions of the LA-ICP-MS samples are highlighted. (a) Fo content of olivine vs Cr#(=Cr/(Cr
+Al) atomic ratio) of spinel. OSMA : olivine-spinel mantle array, a spinel peridotite restite
trend (Arai, 1987, 1994). (b) Mg# (=Mg/(Mg+Fe2+) atomic ratio) vs Cr# of spinel. Abyssal
peridotite field from Dick and Bullen (1984) and Arai (1994). Forearc peridotite field from
Bloomer and Hawkins (1983), Bloomer and Fisher (1987), Ishii et al. (1992) and Parkinson
and Pearce (1998). Mineral compositions shown in light color are from Tamura et al. (1999).
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harzburgite. On the other hand, spinel is euhedral to subhedral shape in dunite.
The forsterite (Fo) content of olivine in lherzolite and harzburgite is relatively con-

stant around 91 but vary from 89.9 to 92.3. Olivine in dunite has a wider range of the Fo
content from 89.5 to 93.0 (Figure 4a). The relationship between Mg# (= Mg/(Mg+Fe2+)
atomic ratio) and Cr# (= Cr/(Cr+Al) atomic ratio) of spinel is shown in Figure 4b. The Cr#
shows a weak negative correlation with the Mg#. The Cr# and Mg# of spinel range from
0.18 to 0.53 and 0.54 to 0.73 in lherzolite, and range from 0.23 to 0.67 and 0.47 to 0.67 in
harzburgite, respectively (Figure 4b). The Cr# is generally higher in harzburgite than in
lherzolite with some overlapping. The compositions of spinel in dunite are divided into two
groups. One shows a lower and limited range of Cr#, around 0.4, with a range of Mg# from
0.52 to 0.67. The other group has a higher Cr# range of spinel, varying from 0.64 to 0.86,
with a range of Mg# from 0.41 to 0.55. TiO2 content of spinel is very low, less than 0.5 wt
% in all peridotites. The relationship between the Fo content of olivine and Cr# of coexist-
ing spinel in peridotite is demonstrated in Figure 4a. They have a weak positive correlation,
and entirely plot along the OSMA (Olivine-Spinel Mantle Array) defined as the mantle
peridotite residue trend by Arai (1987, 1994). Mg# (=Mg/(Mg+Fe) atomic ratio) of or-
thopyroxene varies from 0.90 to 0.92. Al2O3 and Cr2O3 contents range from 1.1 to 4.8 wt%
and from 0.5 to 1.0 wt%, respectively. The Al2O3 content is generally higher in lherzolite
(2.3-4.8 wt%) than in harzburgite (1.1-3.4 wt%). The CaO contents of orthopyroxene vary
from 0.4 to 3.7 wt%, and are mostly lower than 2.0 wt%. The Mg# of clinopyroxene varies
from 0.92 to 0.94. The Al2O3 and Cr2O3 contents vary from 1.6 to 4.8 wt% and 0.9 to 1.5
wt%, respectively. Clinopyroxene is low in TiO2 (<0.4 wt%) and Na2O (<0.3 wt%) con-
tents. Clinopyroxene in dunite has similar ranges of the Al2O3 (1.7-4.3 wt%) and Cr2O3 (0.6
-1.5 wt%) contents to those in lherzolite and harzburgite.

4. Samples for LA-ICP-MS study
We performed LA-ICP-MS analysis of clinopyroxene for 8 lherzolites (KNS25, KNS

40T, NUK#5, NB28-1, NDP2II, NDP2V, NDP6H and NDP11A), 3 harzburgites (NDP7A,
NDP7X and NDP10H) and 4 dunites (NDP6X, NDP7C, NDP7D and KNS45T). Locality
of samples is shown in Figure 2. Modal compositions and major element compositions of
samples are highlighted in Figure 3 and Figure 4, respectively. The lherzolite samples con-
tain 3-10 vol% of clinopyroxene and 18-30 vol% of orthopyroxene. Modal ratio of clino-
pyroxene in the harzburgite and dunite is less than 2 vol%. Although the sample NDP10H
contains high amount of pyroxenes (38 vol% of opx and 7 vol% of cpx), we discriminated
NDP10H as harzburgite, based on the difference in mineral compositions, such as Cr# of
spinel, from other lherzolites (Figure 4). Samples of NDP2II and NDP2V were collected
from lherzolites adjacent to thin dunite and pyroxenite layers (Plate I-a). NB28-1 lherzolite
may correspond to surrounding peridotite of harzburgite-dunite suite (see Figure 10b of
Tamura et al. 1999). Sample NDP6X was collected from small irregular-shaped dunite
within NDP6H lherzolite (Plate I-b). Samples of NDP7 were collected from dunite layer
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(NDP7C and NDP7D) and host harzburgite (NDP7X and NDP7A) (Plate I-c). KNS45T
was a small block totally composed of dunite, and thus lithological relation with host rock
is unclear. Measured clinopyroxenes in lherzolite and harzburgite are subhedral to intersti-
tial grains or porphyroclasts within serpentinized olivine (Plate II). Some of them are
closely related to spinel and orthopyroxene. Clinopyroxenes in a symplectic cluster with
spinel and orthopyroxene were also measured (Plate II-d). Most of clinopyroxenes are as-
sociated with spinel in dunite (Plate II-g, h).

5. Analytical method
Major element analysis of minerals was carried out with JEOL JXA-8800 electron

probe microanalyzer (EPMA) at Center for Cooperative Research of Kanazawa University.
The analysis was performed under acceleration voltage of 20 kV, a specimen current of 20
nA and a beam diameter of 3 μm. The data were corrected using a ZAF program.

Trace-element (Ti, Sr, Y, Zr, Nb and REE : La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb and
Lu) concentrations of clinopyroxene in peridotite were determined by a laser ablation (193
nm ArF excimer : MicroLas GeoLas Q-plus)-inductively coupled plasma mass spectrome-

Figure 5. Chondrite-normalized values of detection limit for selected elements in LA-ICP-MS analysis
with different laser diameters (50, 60 and 80 μm). Also shown are detection limits reported by
Ishida et al. (2004) for comparison. See Table 1 for values in ppm. Chondrite values from Sun
and McDonough (1989).
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try (Agilent 7500S) (LA-ICP-MS) at the Incubation Business Laboratory Center of Ka-
nazawa University (Ishida et al., 2004). Analytical details and quality of data are shown in
a separate paper (Morishita et al., 2005). Each analysis was performed by ablating spots of
50, 60 or 80 μm in diameter for clinopyroxenes at 10 Hz with energy density of 6 J/cm2 per
pulse. Signal integration times were 40 seconds for a gas background interval and 30 sec-
onds for an ablation interval. The NIST SRM 612 glass was used as the primary calibration
standard and was analyzed at the beginning of each batch of < 3-5 unknowns, with a linear
drift correction applied between each calibration. The element concentration of NIST SRM
612 for the calibration is selected from the preferred values of Pearce et al. (1997). Data re-
duction was facilitated using 29Si as internal standards for clinopyroxene, based on SiO2

contents determined by EPMA, following a protocol essentially identical to that outlined
by Longerich et al. (1996). The accuracy of measurements estimated from reproducibility
of reference material (NIST SRM 614) is better than 4% in relative standard deviation for
all elements. Typical detection limit of each element for different laser diameters is listed
in Table 1 and shown in Figure 5.

6. Results
Major-and trace-element compositions of clinopyroxene and coexisting spinel and oli-

vine are listed in Table 2. Studied lherzolite samples have low Cr# of spinel ranging from
0.17 to 0.36 within the OSMA (Figure 4). NDP6X dunite is as low in Cr# as surrounding

Table 1. Detection limits (ppm) for measured elements (except Si and Ca) by LA-ICP-MS analysis with
different laser diameters. Analytical condition is 10 Hz of repetition rate, 6 J/cm2 of pulse en-
ergy and 18 elements of simultaneous measurement.
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NDP6H lherzolite (Cr#=0.35). NDP7 harzburgite and dunite have high Cr# spinel increas-
ing from 0.57 in harzburgite (NDP7X) to 0.72 in dunite (NDP7D). NDP10H harzburgite
with high modal pyroxenes also contains higher Cr#-spinels (Cr#=0.51) comparing with
lherzolite. Relationship between Mg# and Al2O3 content of clinopyroxene indicates a nega-
tive correlation trend in lherzolite and harzburgite (Figure 6a). Na2O content is decreasing
from 0.4 wt% to 0.05 wt% with decreasing of TiO2 content from 0.2 wt% to <0.05 wt% in
lherzolite and NDP10H harzburgite (Figure 6b). However, NDP7 harzburgite and dunite
contain clinopyroxene with high Na2O content (0.3-0.5 wt%) and low TiO2 content (<0.05
wt%) (Figure 6b). The dunites in lherzolite or harzburgite hosts are generally similar in
compositions to their host rocks except KNS45T dunite having very high Na2O content (�
0.55 wt%) of clinopyroxene and low Fo content of olivine (Fo89.5) (Figures 4 and 6b).

Trace-element compositions of clinopyroxene in lherzolites except NDP11A are char-
acterized by strongly depletion in middle-REE (MREE) to light-REE (LREE) relative to
high abundances of heavy-REE (HREE) ; for example, (Nd/Yb)N(=chondrite normalized value) is less
than 0.004 and YbN ranges from 2.7 to 6.1 (Figure 7a). MREE and LREE abundances must
be quite low because they were below detection limits of the analysis. Clinopyroxene of
NDP11A lherzolite is relatively rich in REE (e.g. CeN�0.05, YbN�5.3 and (Nd/Yb)N�0.08-
0.09). The trace-element patterns of clinopyroxene in harzburgites are “spoon-shaped”
with gentle slopes from HREE to LREE. Low abundance of HREE (e.g., Yb=1.0-1.7) and
Sr positive anomaly are also recognized (Figure 7b). However, NDP10H harzburgite (e.g.,
CeN�0.008, NdN�0.02) is lower in LREE and MREE abundance of clinopyroxene than
NDP7 harzburgites (e.g., CeN�0.03, NdN�0.08). NDP7 harzburgite has high LREE/HREE
ratios of clinopyroxene, for example, (Ce/Yb)N ranging from 0.02 to 0.06, with negative Ti
anomaly in trace-element pattern (Figure 7b). NDP7 dunite is similar in the pattern of

Figure 6. Variations of clinopyroxene compositions measured in this work. Grains for LA-ICP-MS
analysis are highlighted. Partial melting and refertilization trends are from Hellebrand et al.
(2002). (a) Al2O3 content vs Mg# (=Mg/(Mg+Fe) atomic ratio). Light-colored dots from Ta-
mura (1999MS). (b) Na2O content vs TiO2 content. TiO2 contents were determined using
EPMA.
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clinopyroxene to NDP7 harzburgite although there are slight differences in trace-element
abundances between them. NDP6X dunite is also similar in HREE and MREE abundances
of clinopyroxene to NDP6H of host lherzolite, and the dunite clinopyroxene has low Ce
abundance detected (CeN<0.008) and weak Sr anomaly (Figure 7). There is a good correla-
tion between the Cr# of spinel and Yb concentrations of clinopyroxene in lherzolite and
harzburgite, as suggested by Hellebrand et al. (2001) (Figure 8). Dunites are also plotted on
the trend of associated peridotites. However, KNS45T dunite is slightly off the trend as
well as different in trace-element pattern from others, having weak Ti positive anomaly of
clinopyroxene (Figures 7b and 8). This is possibly due to genetic differences of dunite.
Please note, however, that compositions were obtained from clinopyroxenes intergrown
with spinel (e.g., Plate II-h) in KNS45T dunite. Clinopyroxenes forming symplectic clus-
ters with orthopyroxene and spinel (e.g., Plate I-d) have no remarkable differences in com-
position from other clinopyroxenes in each lherzolite.

7. Discussion
Evaluation of the clinopyroxene geochemistry

The mineral compositions of lherzolite and harzburgite from the Nukabira complex,
for example, olivine-spinel compositions plotted along OSMA (Figure 4a), indicate that
the peridotites are restites after various degrees of partial melting under the upper mantle
conditions. The Cr# of spinel is one of the best indicators for the partial melting degrees of
the mantle peridotite and the discrimination of the derived tectonic setting (e.g., Dick and
Bullen, 1984 ; Arai, 1994 ; Hellebrand et al., 2001). Hellebrand et al. (2001) proposed
that the degree of partial melting (F) can be quantitatively estimated from the Cr# of spinel
by using equation as F=10ln(Cr#spinel)+24 Cr# for Cr# between 0.1 and 0.6 (Figure 8).

Figure 7. Representative chondrite-normalized trace-element patterns of clinopyroxenes in peridotites
from the Nukabira complex. (a) Clinopyroxenes from lherzolite. (b) Clinopyroxenes from har-
zburgite (NDP7X and NDP10H) and dunite (NDP7D and KNS45T). Plots in light color indi-
cate the data below the detection limits. Chondrite values from Sun and McDonough (1989).
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The degree of melting for lherzolites from the Nukabira complex ranges from 7% (KNS25)
to 14% (NDP2). Hellebrand et al. (2001) also suggested that the Cr# of spinel shows good
correlations with Yb abundance of clinopyroxene (Figure 8). However, two lherzolites
have similar Yb abundances (=0.9-1.0 ppm) although Cr# of spinel in one lherzolite (NDP
11A) (Cr#=0.26) is higher than that of the other one (KNS25) (Cr#=0.17). The partial
melting degree can be also numerically obtained using melting equation and distribution
coefficient of trace elements between melt and residual phases (e.g., Gast. 1968 ; Shaw,
1970 ; Johnson et al., 1990). For relationship between Dy and Ti concentrations of clino-
pyroxenes, the degree of melting is no differences between NDP11A and KNS25 lher-
zolites (Figure 9). Zr and Ti concentrations of clinopyroxene are also well established for
evaluation of the melting process (e.g., Johnson et al., 1990 ; Bizimis et al, 2000) (Figure
10). The melting degree estimated from the trace-element compositions of clinopyroxene is
systematically higher than that obtained from Cr# of spinel in the lherzolites except NDP11
A (Figures 8, 9 and 10). The melting trends shown in Figures 9 and 10 were calculated us-
ing parameters for spinel peridotite stability field (Bizimis et al., 2000). The trace-element
fractionation between melt and residual phases is mainly controlled by distribution coeffi-
cient of coexisting phases, and melting mode, for example, batch or fractional melting.
Johnson et al. (1990) revealed that the variations of the REE patterns of clinopyroxene in
abyssal peridotite were partly dependent on the garnet peridotite stability fields melting as
well as the spinel peridotite stability field melting. The discrepancy between the melting
degrees estimated by Cr# of spinel and by trace-element abundances of clinopyroxene in
the lherzolites is probably due to difference of pressure conditions on melting. The Cr# of
spinel should not effectively increase during melting in the garnet peridotite stability field

Figure 8. Cr# of spinel vs Yb (in ppm) of clinopyroxene in Nukabira peridotite. “Melting Trend” with
melting degree defined by F=10ln(Cr#spinel)+24 (Hellebrand et al., 2001). Abyssal peridotite
field from Johnson et al. (1990), Johnson and Dick (1992), Dick and Natland (1996), Ross and
Elthon (1997) and Hellebrand et al. (2001, 2002).
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Figure 9. Dy vs Ti (in ppm) of clinopyroxene in Nukabira peridotite. Ti content determined using LA-
ICP-MS. Partial melting trend is from Bizimis et al. (2000) and Barth et al. (2003), calculated
using parameter of MORB source mantle as the starting material and melting mode of dry in-
cremental batch melting at 0.1% increments. Abyssal peridotite data source as in Figure 8.
Forearc peridotite field from Parkinson et al. (1992) and Bizimis et al. (2000).

Figure 10. Ti vs Zr (in ppm) of clinopyroxene in Nukabira peridotite. Ti content determined by LA-ICP-
MS. Partial melting and melt percolation trends are from Bizimis et al. (2000) and Barth et al.
(2003) : Dry melting trend as in Figure 9. Refertilization-hydrous melting trend is given by
hydrous melting with contribution of two end-member fluid compositions (“max” and “min”).
Melt percolation trend is given by mantle/melt interaction process suggested by Kelemen et al.
(1995). Abyssal peridotite and forearc peridotite data source as in Figure 9.
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(e.g., Hellebrand et al., 2002 ; Barth et al., 2003). The trace-element patterns of clinopy-
roxenes clearly reflect the differences of the melting process (Figure 7a). Several studies
constructed and discussed the modeling of the partial melting processes and genetic envi-
ronments of abyssal and ophiolitic peridotites using the trace-element patterns of clinopy-
roxne (e.g., Johnson et al., 1990 ; Batanova and Sobolev, 2000 ; Suhr and Edward, 2001 ;
Hellebrand et al, 2002). The moderately LREE-depleted patterns of abyssal peridotite, for
example, from the Vulcan Fracture Zone, can be reproduced by fractional melting of
MORB source mantle in the spinel peridotite stability field alone (Johnson et al., 1990)

Figure 11. Comparison in chondrite-normalized clinopyroxene trace-element patterns between Nukabira
peridotite and other peridotites. Chondrite values from Sun and McDonough (1989). (a) Abys-
sal peridotite from slow and ultra-slow spreading ridges (Mid Atlantic, Southwest and Central
Indian, and America-Antarctic ridges) from Johnson et al. (1990), Johnson and Dick (1992),
Ross and Elthon (1997) and Hellebrand et al. (2001, 2002). Representative patterns (light
color) are shown for Vulcan Fracture Zone (FZ) (broken lines), Atlantis II FZ and Bouvet FZ
(bold lines) and Marie Celeste FZ (thin lines). (b) Peridotite from the mantle sequence in the
Oman ophiolite. Type I and II basal lherzolites (lines) from Takazawa et al. (2003). Harzbur-
gite field from Kelemen et al. (1995). (c) Abyssal peridotite from a fast spreading ridge (Hess
Deep, East Pacific Rise) from Dick and Natland (1996). (d) Forearc peridotite field from Ishii
et al. (1992) and Parkinson et al. (1992).
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(Figure 11a). On the other hand, reproduction of the clinopyroxene trace-element patterns
with the strong depletion of MREE and LREE, and with high-HREE abundances of peri-
dotite such as those from the Bouvet and Marie Celeste fracture zones, needs melting proc-
ess in the garnet-stability field prior to spinel-stability field (Johnson et al., 1990 ; Helle-
brand et al., 2002) (Figure 11a). These studied patterns indicate that the different melting
histories were experienced between NDP11A and KNS25 lherzolites. NDP11A lherzolite
was probably experienced no partial melting in the garnet peridotite stability field. This is
supported by the fact that both Cr# of spinel and trace-element abundances of clinopyrox-
ene indicate the similar melting degree (Figure 8, 9 and 10). Variations of MREE and
LREE-depleted lherzolites are probably caused by melting in the spinel-stability field after
melting in the garnet-stability field because there is a good negative correlation between
the Cr# of spinel and Yb concentration of clinopyroxene in the lherzolites (Figure 8). How-
ever, the difference of melting degree in the garnet peridotite stability field can not be ruled
out in some of the lherzolites. Lherzolite with ultra-LREE-depleted clinopyroxene has been
reported from the mantle sequence of the Oman ophiolite (Takazawa et al., 2003) (Figure
11b). The Type I lherzolite reported by Takazawa et al. (2003) is quite similar in the trace-
element pattern to the lherzolites from the Nukabira complex. Takazawa et al. (2003) pro-
posed that the Type I lherzolite was formed by melting processes in the garnet peridotite
stability field, based on whole rock geochemistries

The degree of partial melting of the harzburgite, based on the Cr# of spinel and trace-
element abundances, is simply estimated for more than 17% and up to 25% (Figures 8, 9
and 10). The clinopyroxene in NDP7 harzburgites is high in Na2O content (�0.3 wt%)
with limited low TiO2 content (< 0.05 wt%) comparing with NDP10H harzburgite clinopy-
roxene (Na2O< 0.1 wt %, TiO2<0.05) (Figure 6). Evidence for the high melting degree,
such as high-Cr# of spinel and low-Yb abundances of clinopyroxene, suggests that the har-
zburgite was probably produced by further melting of residual lherzolites. However, it is
difficult to discuss genetic relations between lherzolites and harzburgite from the Nukabira
complex because of the discontinuity of the Cr# of spinel between studied lherzolites and
harzburgites. The lherzolite variation produced by various melting environment also com-
plicates the relations. Contrasting to the trace-element patterns of lherzolite clinopyroxenes,
enrichment in LREE and strong Sr positive anomaly are remarkably observed in the har-
zburgite clinopyroxenes (Figure 7b), and these features suggest that melting processes
forming harzburgite were not a series of the process forming the lherzolite variation. The
melting process should accompany refertilization observed in the clinopyroxene composi-
tions (Figures 6b and 7b). The refertilization-hydrous melting model suggested by Bizimis
et al. (2000) is one of the ways to explain the harzburgite origin, based on the composi-
tional relationships in clinopyroxene (Figure 10). This model is clearly distinguished from
mantle/melt interaction model by the compositional trend (Figure 10) (Bizimis et al., 2000).
Tamura et al. (1999) proposed that the harzburgite is a reaction product related to dunite
formation. This interpretation was suitable to explain the formation of dunite which is not a
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simple residue because the reaction with melt of deeper origin can effectively remove py-
roxenes. The harzburgite, therefore, can be formed by re-melting of lherzolite in disequilib-
rium with the melt (Tamura et al., 1999). Although no modal evidence strongly indicating
hydrous condition during the melting, such as presence of hydrous minerals, was observed
in the harzburgite, cryptic variations shown in this study suggest that the hydrous fluid de-
rived from subducted slab (e.g., Bizimis et al., 2000) was associated with enhanced melting
of lherzolite. Bizimis’s model was constructed in order to interpret the origin of supra-
subduction zone peridotites (Bizimis et al., 2000). Peridotite from forearc region represents
the supra-subduction zone material (e.g., Pearce et al., 1992 ; Parkinson et al., 1992), and
the Nukabira harzburgite is in good agreement in clinopyroxene geochemistry as well as
spinel compositions with the forearc peridotite (Figures 4, 9, 10 and 11c). Therefore, the
harzburgite was probably generated in a supra-subduction zone setting. However, abyssal
peridotite from a fast spreading ridge, Hess deep, East Pacific Rise, is exceptionally de-
pleted, such as high-Cr# spinel (�0.6) (Dick and Natland, 1996) (Figures 4 and 8). The
trace element patterns of clinopyroxene exhibit enrichment in MREE and LREE with low
HREE as those of the harzburgite and forearc peridotites (Figure 11c,d).

8. Conclusions and geological implications
The origin of Nukabira peridotite was examined using clinopyroxene geochemistry

determined by LA-ICP-MS. The clinopyroxene in lherzolites is distinctively depleted in
MREE and LREE. Its compositional characteristics were obtained by various melting de-
grees and processes, including or excluding the garnet peridotite stability field melting.
The clinopyroxene tends to be enriched in MREE and LREE in the harzburgites. The har-
zburgite was produced by the hydrous fluid-assisted melting of lherzolite.

For the lherzolite formation, the multi-stage melting is favorably brought by decom-
pression of the upper mantle material. This is considered as a common process to generate
MORB magma beneath the mid-ocean ridge (e.g., Kelemen et al., 1995). The abyssal peri-
dotite that experienced melting in the garnet peridotite stability field has been reported
from hotspot-related mid-ocean ridge setting, for example the Bouvet Fracture Zone, al-
though the signature can not restrict to that setting (Johnson et al., 1990). The Nukabira
lherzolite, thus, was probably derived from the mantle beneath the mid-ocean ridge, possi-
bly related to the hotspot. The formation of the Nukabira harzburgite, on the other hand,
should have been accomplished after the transition of tectonic setting to a supra-subduction
zone. The lherzolite probably represents the portion that survived the melting in the supra-
subduction zone. Katoh and Nakagawa (1992, 1993) proposed that the southernmost group
peridotites, including the Nukabira peridotite, of the Kamuikotan zone have been derived
from the deeper part of the supra-subduction zone mantle, whereas the northern group peri-
dotites was from shallower part. Their interpretation is consistent with our result that the
Nukabira lherzolite geochemically corresponds to the basal lherzolite in the Oman
ophiolite.
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Plate I.
Modes of occurrence of peridotite in the Nukabira complex.
a. Thin dunite layer with pyroxenite seam within lherzolite (NDP2).
b. Irregular-shaped dunite within lherzolite (NDP6).
c. Layered dunite-harzburgite suite (NDP7). Highlighted the sampling spots (from top ; X,

A, B, C and D).

Plate II.
Photomicrographs of clinopyroxene in peridotite from the Nukabira complex. Abbrevia-
tions ; ol : olivine, opx : orthopyroxene, cpx : clinopyroxene and sp : spinel. Scale bar :
1 mm.
a. Clinopyroxene porphyroclast and subhedral spinel in lherzolite (KNS25). Cross-

polarized light.
b. Anhedral to interstitial clinopyroxene surrounded by serpentinized olivine in lherzolite

(NDP11A). Cross-polarized light.
c. Aggregate of clinopyroxene and orthopyroxene in lherzolite (NUK#5). Cross-polarized

light.
d. Symplectic cluster of clinopyroxene-orthopyroxene-spinel in lherzolite (NUK#5). Note

that respective segments of orthopyroxene and clinopyroxene have the same optical ori-
entation. Cross-polarized light.

e. Clinopyroxene between orthopyroxenes in harzburgite (NDP7X). Cross-polarized light.
f. Discrete clinopyroxene surrounded by serpentinized olivines in harzburgite (NDP7A).

Cross-polarized light.
g. Clinopyroxene closely associated with euhedral spinel in dunite (NDP7D). Plane-

polarized light.
h. Cluster of clinopyroxene-spinel included in olivine in dunite (KNS45T). Cross-polarized

light.
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