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We measured noble gas isotopic compositions of mantle xenoliths and xenocrystic olivines sampled from
seamounts—so-called petit-spot volcanoes—on the 135-million-year-old northwestern Pacific Plate. The
xenoliths are spinel lherzolites originating from suboceanic lithospheric mantle. The samples' 3He/4He ratios
are 7.0–8.5 Ra, where Ra signifies atmospheric 3He/4He. The 40Ar/36Ar ratios are as high as 7000. These
observations suggest that the noble gas isotopic compositions of suboceanic lithospheric mantle resemble
those of mid-ocean ridge basalt (MORB). A mantle source with a He/U ratio as high as an assumed value for
MORB source is necessary to maintain the MORB-like 3He/4He over 135 million years, implying that melt
extraction at mid-ocean ridges only slightly alters the He/U ratio of the oceanic upper mantle.
The 4He/40Ar⁎ ratios of the samples described herein are much lower than the theoretical radiogenic
production ratio, where an asterisk denotes correction for atmospheric contribution. The low 4He/40Ar⁎ is
inferred to result from kinetic fractionation in the mantle. When magma migrates through a mantle source,
lighter noble gases in the mantle source diffuse selectively into magma channels. The MORB generation does
not cause low 4He/40Ar⁎, however. If a mantle source is depleted in lighter noble gases during ancient MORB
generation, then noble gas isotopic compositions of the mantle source are affected over time by
accumulation of radiogenic nuclides. Thereby, the mantle source adopts a radiogenic or nucleogenic noble
gas isotopic composition. Recent kinetic fractionation contributes to the low 4He/40Ar⁎ in the samples.
Based on the diffusive fractionation model, more than 100 years are necessary to produce a residual mantle
source with 4He/40Ar⁎, as observed in the samples. However, petit-spot volcanoes, found as small knolls,
seem to erupt within a short period. The low 4He/40Ar⁎ of the samples implies prior volcanism in this region.
No recent volcanism has occurred near this region aside from petit-spot volcanism, indicating that petit-spot
volcanoes are polygenetic with a long active period.
Petit-spot volcanoes are regarded as common magmatism on the subducting oceanic plate. Consequently,
the thermal structure and temperature-dependent physical properties of the oceanic plate are, at least partly,
affected by remnant heat of the magmatism.
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1. Introduction

The 3He/4He of MORB shows a uniform value of 8.75±2.14 Ra
(Graham, 2002). Often,MORB-like 3He/4He has been observed inmantle-
derived rocks from the subcontinental lithospheric mantle (SCLM)
(Matsumoto et al., 1998, 2000, 2001; Dodson and Brandon, 1999; Hopp
et al., 2004, 2007a; Yamamoto et al., 2004; Buikin et al., 2005; Kim et al.,
2005; Gautheron et al., 2005; Czuppon et al., 2009). A widespread
consensus holds that the source of MORB is a ubiquitous component of
the upper mantle (e.g., Matsumoto et al., 1998; Yamamoto et al., 2004).
However, noble gas isotopic compositions ofmost parts of the suboceanic
lithospheric mantle (SOLM) remain to be elucidated. What noble gas
isotopic composition should the SOLM have after MORB extraction?
Recent experimentalmeasurements to determine partition coefficients of
He suggest that mantle melting enhances the He/U ratio of the residual
mantle (Parman et al., 2005; Heber et al., 2007), which allows
preservation of MORB-like 3He/4He of the SOLM over time.

Peridotite xenoliths sampled at ocean islands offer a key to
clarification of noble gas isotopic compositions of the SOLM. Many
reports of noble gas isotopic compositions of oceanic peridotite xenoliths,
however, specifically describe dunites or harzburgites, which could be of
cumulateorigin. Three reports describenoblegas isotopic compositionsof
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Fig. 1. (a) Map of the northwestern Pacific Ocean. Surveyed areas (sites A and B) are depicted as boxes. (b) Map of site A with open circles indicating sampling points of 6K#880,
KR03-07 and 10K#56, and the other petit-spot volcanoes. (c) Map of site B with open circles showing sampling points of 6K#878 and the other petit-spot volcanoes whose eruption
ages are less than 1 Ma (Hirano et al., 2006). Eruption ages (Ma) are in parentheses. Topographic data are from Amante and Eakins (2008).
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Fig. 1 (continued).

Table 1
Sampling points of mantle xenoliths and xenocrysts from northwestern pacific plate.

Dredge no.
(dive no.)

Samples Eruption age
Ma

Depth
m

Latitude Longitude Site

Xenoliths
6K#878 2As b1.0? 5902 37°37.4956′N 149°30.3865′E B
6K#878 2Aa b1.0? 5902 37°37.4956′N 149°30.3865′E B
6K#878 2Al b1.0? 5902 37°37.4956′N 149°30.3865′E B
6K#880 2A 1.8 6474 39°23.7779′N 144°26.2896′E A
6K#880 2D 1.8 6474 39°23.7779′N 144°26.2896′E A

Xenocrysts
KR03-07 D2-502a 4.2 6955 39°22.5571′N 144°20.6616′E A
KR03-07 D2-502b 4.2 6955 39°22.5571′N 144°20.6616′E A

Xenocrysts (after Yamamoto et al. (2003))
10K#56 R1 (crushing) 6.0 7360 39°23.1173′N 144°15.6582′E A
10K#56 R1 (heating) 6.0 7360 39°23.1173′N 144°15.6582′E A
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spinel-lherzolite xenoliths from oceanic islands (Kaneoka and Takaoka,
1980; Kyser and Rison, 1982; Vance et al., 1989). They applied a heating
method to extract noble gases, which include secondary generated
nuclides such as cosmogenic and radiogenic nuclides. Vance et al. (1989)
analyzed 3He/4He of six oceanic lherzolite xenoliths also by crushing
extraction. That studyobtainedMORB-like 3He/4He (8.4–9.5Ra) fromfive
Hawaiian lherzolite xenoliths and slightly lower 3He/4He (6.6 Ra) from a
lherzolite xenolith from the Canary Islands, where the islands are
underlain by the 155–175Ma old oceanic plate (Neumann et al., 2000).
Kumagai et al. (2003) reported MORB-like 3He/4He (8.3 Ra) of olivine
grains in an abyssal lherzolite recovered from the youngest oceanic plate
(Southwest Indian Ridge). These results imply possible accumulation of
radiogenic 4He within the old oceanic plate. However, at the present
stage, noble gas isotopic compositions of the old oceanic plate, far from
spreading centers, are represented by only one sample from the Canary
Islands (Vance et al., 1989). In addition, because lherzolite xenoliths in the
Canary Islands are well known for evident traces of carbonatite
metasomatism (Neumann and Wulff-Pedersen, 1997; Klügel, 1998;
Neumann et al., 2002), little is known about pristine features of noble
gas isotopic compositions of the SOLM.

Some alkali basalts containing lherzolite xenoliths were discov-
ered at volcanoes on the 135-million-year-old northwestern Pacific
Plate (Hirano et al., 2006; Abe et al., 2006). Some lherzolite xenoliths
were sufficiently large for noble gas isotopic analysis. Herein, we
report isotopic compositions of their noble gases, which were
extracted using the crushing method.

2. Samples

Young alkali basalts have beendiscovered on the northwestern Pacific
Plate (Fig. 1). Called petit-spot volcanoes, they are reportedly a new form
of intra-plate volcanism related to plate flexure off the forebulge of the
subducting Pacific Plate (Hirano et al., 2001, 2004, 2006). The basalts
show light rare-earth element (REE)-enriched curves in primitive
mantle-normalized REE patterns (Hirano et al., 2001, 2006), which
support the assumption that the petit-spot magmatism is derived from
minor extents of asthenospheric melting (Hirano et al., 2006).

During a survey of the area by the Japan Agency for Marine–Earth
Science and Technology (JAMSTEC) research vessel KAIREI and
support vessel YOKOSUKA during KR97-11, KR03-07, KR04-08 and
YK05-06 cruises, basaltic rocks containing peridotite xenoliths were
recovered from the petit-spot volcanoes by dredging and by use of the
manned research submersibles SHINKAI 6500 and ROV KAIKO 10000.
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The basalts were recovered from two sites: A and B (Fig. 1(a)).
Information about sampling sites is presented in Table 1. At site A,
petit-spot volcanoes are distributed exclusively within a 10 km radius
(Fig. 1(b)). The oldest volcano at this site erupted 8.5±0.2 Ma
(Hirano et al., 2008) at the north end of site A. The eruption age of the
oldest petit-spot volcano at the center of distribution in site A is 6.0±
0.3 Ma (Hirano et al., 2001). Xenocrystic olivines (sample R1) were
recovered from the volcano (Hirano et al., 2004). Noble gas isotopic
compositions of the xenocrysts were reported by Yamamoto et al.
(2003). The second oldest petit-spot volcano around the center of the
distribution erupted 4.2±0.2 Ma (Hirano et al., 2006); it is located 7 km
east of the former volcano. Xenocrystic olivines (samples D2-502a and
D2-502b) were recovered from the volcano. Another volcano, this one
with five sheets of lava flow, was discovered 9 km east–northeast of the
volcano. We found peridotite xenoliths (samples 2A and 2D) in the
second lava sheet from the top of the volcano. The eruption age of the
third lava sheet is 1.8±0.6 Ma (Hirano et al., 2008). The eruption stage of
the second lava sheet cannotbe ascertainedbecause the third lava sheet is
potentially dyke. Nevertheless, the lava sheets are expected to have
derived fromthe latest volcanismat the site because a youngeruption age
is expected from volcanoes located distant from the Japan Trench,
according to a hypothesis related to petit-spot generation proposed by
Hirano et al. (2006).

At site B, three peridotite xenoliths (samples 2As, 2Al, and 2Aa)
were found from a petit-spot volcano. Eruptions of a cluster of petit-
spot volcanoes at site B are inferred to have occurred more recently
than 1 Ma (Hirano et al., 2006) (Fig. 1(c)). Side-scan sonar data show
the occurrence of another petit-spot volcano ca. 1 km southwest of
6K#878 (Hirano et al., 2006).

About a dozen ultramafic xenolith samples are included in the petit-
spot alkaline basalt, but are mostly smaller than 1 cm in diameter. The
xenoliths reported in this paper are relatively large xenoliths and are
spinel lherzolites except samples 2Aa and 2A. Samples 2Aa and 2A are,
respectively, lherzolite and olivine orthopyroxenite. All the xenoliths
show a porphyroclastic to equigranular texture. They are sufficiently
large (N2 cm diameter) to support noble gas isotopic analyses. The
constituent minerals of the xenoliths largely have around 1 mm
diameter average size, though sample 2A has large orthopyroxenes
Table 2
Average compositions (wt.%) of minerals in suboceanic mantle xenoliths.

Dredge no. 6K#878 6K#878 6K#87

Samples 2As 2Al 2Aa

Rocktype Spinel-lherzolite xenolith Spinel-lherzolite xenolith Lherzo

Mineral olivine opx cpx spinel olivine opx cpx spinel olivine

Mode (%) 56.9 25.5 16.5 0.2 68.1 18.7 12.1 0.5 66.1

Mg# 92.75 91.86 92.41 90.94 90.19 91.99 89.7
Cr#
SiO2 42.07 56.96 54.16 41.44 55.48 53.17 41.3
TiO2 0.02 0.09 0.21 0.00 0.10 0.50 0.0
Al2O3 0.02 2.20 3.07 0.00 4.60 6.07 0.0
Cr2O3 0.01 0.47 1.14 0.00 0.31 0.64 0.0
FeO 7.03 5.38 2.45 8.77 6.32 2.22 9.8
MnO 0.10 0.13 0.08 0.13 0.14 0.08 0.1
MgO 50.45 34.02 16.77 49.36 32.63 14.28 48.2
CaO 0.03 0.59 20.87 0.01 0.30 21.30 0.0
Na2O 0.02 0.06 1.18 0.00 0.03 1.71 0.0
K2O 0.02 0.02 0.02 0.01 0.02 0.01 0.0
NiO 0.24 0.08 0.04 0.29 0.07 0.03 0.3
Total 100.00 100.00 100.00 100.00 100.00 10.00 100.0
T [°C] 989 ±44 846 ±88 1032

Multiple points in the core of a single grain of each mineral species were analyzed. Composit
did not correspond to that of spinel, which result from oxidation of Fe and Cr during weathe
Wells (1977). opx, orthopyroxene; cpx, clinopyroxene. Major element compositions were
Technology). The analyses were carried out using an accelerating voltage of 20 kV and a beam
20 s for Na and K. We analyzed the model mineralogy by a model analysis method using im
with N5 mm diameter. The rims of some olivine grains in samples 2As,
2Al, and 2Aa are replaced by serpentine. Fresh and clear olivine grains
were separated from each sample.

Major element contents of constituent minerals of the mantle
xenoliths are presented in Table 2. The Fo values ([Mg/(Mg+Fe)×100]
of olivine) are 89.8–92.7, which are slightly higher than that of typical
mantle: about 90 (e.g., Takahashi, 1986; Arai, 1994). The Cr# [Cr/(Cr+
Al)×100] of spinel of thepetit-spotultramafic xenoliths varies from8 to
38 (Abe et al., 2006). The only analyzable spinel in this paper in the
sample 2D is also high compared to the primary mantle value of about
10 (Arai, 1994). Those values suggest that the xenoliths were derived
from mantle sources that had been partially melted. Generation of
MORB could be considered as a possible depletion event of suboceanic
mantle. Equilibrium temperatures were estimated based on Wells
(1977) two-pyroxene geothermometer. The equilibrium temperatures
of samples 2Aa and 2A are intermediate of those of the present
xenoliths, which implies that samples 2Aa and 2A are also derived from
a mantle source in a spinel-stability field. The pressure of the spinel-to-
garnet transition is a function of the fertility of the peridotite. Peridotites
with Mg# of 89.8–92.7 for olivine, as observed in the present xenoliths
(Table 2), have transition pressure of 13–16 kb at 800–1100 °C (e.g.
O'Neill, 1981), corresponding to a depth of 40–50 km below the sea
bottom. The depth of the Gutenberg discontinuity, which is regarded as
theboundary between the lithosphere and the asthenosphere, is around
80 km fromthe sea bottom in the northwestern Pacific (Shimamura and
Asada, 1984; Kawakatsu et al., 2009). Therefore, the present xenoliths
are believed to be samples derived from the old SOLM.

Presnall et al. (2002) proposed amodel for the generation of MORB
based on phase relations that MORB is a mixture of a small fraction of
carbonatite melt generated at pressures of ca. 2.6–7 GPa and basaltic
melt generated at ca. 0.9–1.5 GPa. Hirth and Kohlstedt (1996)
reported that the extraction of water from olivine during the MORB
melting process engenders a discontinuity of mantle viscosity
resulting in formation of boundary between the lithosphere and the
asthenosphere. Karato and Jung (1998) reinforced themodel based on
seismic properties of olivine suggesting that the depth of the
Gutenberg discontinuity corresponds to the depth at which seismic
wave attenuation changes because of different water contents. The
8 6K#880 6K#880

2D 2A

lite xenolith Spinel-lherzolite xenolith Olivine orthopyroxenite

opx cpx olivine opx cpx spinel olivine opx cpx

20.0 14.0 65.7 25.7 5.0 3.6 22.3 73.4 4.3

5 90.09 94.11 90.73 91.61 91.02 73.56 90.64 90.40 93.78
21.15

5 55.79 54.19 41.23 56.10 53.67 0.22 41.08 55.02 53.03
2 0.09 0.46 0.02 0.13 0.26 0.94 0.01 0.14 0.43
0 4.89 6.28 0.05 3.27 4.02 46.86 0.01 4.96 3.63
1 0.35 0.55 0.06 0.85 1.65 18.66 0.01 0.36 0.96
3 6.28 1.73 8.93 5.35 3.04 12.82 9.07 6.16 2.06
2 0.14 0.08 0.12 0.12 0.10 0.20 0.12 0.14 0.08
9 32.06 15.53 49.10 32.81 17.25 20.00 49.31 32.58 17.39
1 0.28 19.34 0.11 1.12 18.72 0.00 0.03 0.45 22.01
1 0.03 1.78 0.01 0.12 1.16 0.00 0.01 0.08 0.36
2 0.02 0.02 0.01 0.01 0.01 0.00 0.02 0.02 0.02
3 0.06 0.03 0.36 0.11 0.06 0.31 0.34 0.08 0.04
0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

±57 1129 ±31 1035 ±81

ions of spinels in samples 2As and 2Al were not listed because the cation stoichiometry
ring. Equilibrium temperature (T) was estimated by two-pyroxene geothermometer of
analyzed using an electron probe microanalyzer (JEOL JXA-8800 at Tokyo Institute of
current of 20 nA. Integrated times for measurements were 100 s for most elements and
age processing proposed by Nishimoto (1996).



Fig. 2. Contents of NiO and CaO, and Fo values of large olivine megacrysts (D2-502) and
olivines from xenolith samples. Shaded areas colored in pale gray and dark gray,
respectively, represent compositions of xenocrystic olivines (sample R1) and olivine
phenocrysts selected from a rock that included the sample R1 (Hirano et al., 2004).
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depth of the Gutenberg discontinuity in the oceanic upper mantle is
around 60–80 km and is independent of age (Karato and Jung, 1998).
These facts indicate that the boundary between the lithosphere and
the asthenosphere in the oceanic mantle was established by
extraction of water from fertile asthenospheric mantle during
generation of the MORB magma. Subsequently, the resulting
compositional layering has been retained by the viscosity disconti-
nuity (Gaherty et al., 1999). Consequently, the mantle sources of the
present xenoliths are possibly a part of the depleted residue left after
MORB extraction.

Two compositionally distinct olivines exist in the petit-spot lava
blocks; large olivine megacrysts with a reaction rim and small olivine
phenocrysts (Hirano et al., 2004). The average sizes of the large olivine
megacrysts and the small olivine phenocrysts are, respectively, about
Table 3
Noble gas isotopic compositions of olivines from suboceanic mantle xenoliths and xenocrys

Samples Weight
g

4He
(10−8)

20Ne
(10−12)

40Ar
(10−8)

84Kr
(10−12)

130Xe
(10−12)

3He/4

Xenoliths
2As 0.456 0.23 39 4.7 2.5 0.021 8.46±
2Al 0.678 0.15 23 2.2 1.2 0.012 8.23±
2D 0.699 19 138 240 8.9 0.082 7.03±

Xenocrysts
D2-502a 0.648 1.4 17 23 1.2 0.014 7.42±
D2-502b 1.327 9.6 50 100 5.3 0.041 7.11±

Xenocrysts (after Yamamoto et al. (2003))
R1 (crushing) 0.245 76 120 24 5.4 0.060 7.20±
R1 (heating) 1.384 141 338 71 24 0.31 7.30±

N.B., unit for abundance is cm3 STP/g. ⁎: not measured. 40Ar⁎ is 40Ar corrected for atmosph
2 mm and less than 0.2 mm in diameter. Hirano et al. (2004) reported
that the small olivine phenocrysts have major element compositions
in equilibriumwith the host basalt while major element compositions
of the large olivine megacrysts resemble those of typical mantle
peridotites. Similarly, we measured major element compositions of
the large olivine megacrysts. Fig. 2 shows NiO, MnO and Fo values of
the large olivine megacrysts (D2-502a and D2-502b) and olivines
from the xenoliths along with the data of both xenocrystic olivines
(R1) and olivine phenocrysts reported by Hirano et al. (2004). Results
show that the large olivine megacrysts have Fo values of about 90,
which are within the range of those of the xenoliths. In addition,
contents of CaO and NiO of the large olivine megacrysts respectively
show no appreciable difference from those of the xenoliths. These
facts suggest that the large olivine megacrysts are xenocrysts derived
from the upper mantle. Xenocrysts (D2-502a and D2-502b) in lava
blocks were separated from small olivine phenocrysts using a sieve.

The xenoliths and the xenocrysts include fluid and melt inclusions.
The fluid inclusions have a negative crystal shape, a type of inclusion
reflecting the crystal form of a host mineral. The fluid inclusions are
usually less than10 µmindiameter. Basedonmicro-Ramanspectroscopic
analyses, CO2 was identified in the fluid inclusions. The melt inclusions
have a dendritic and vermicular shape. They often coexist with CO2 fluid.

2.1. Analytical method of noble gases

Grains were soaked in 2 N HNO3 for half an hour at 70 °C.
Subsequently, theywerewashedultrasonically in distilledwater, ethanol,
and acetone. Noble gases were extracted from olivine grains through in-
vacuo crushing. Before crushing, the crushing vessels were preheated to
150 °C overnight to reduce blank levels. Noble gas analyses were
performed using a sector-type mass spectrometer (VG-5400) installed
at JAMSTEC. Sensitivities and isotopic ratios of noble gaseswere calibrated
using a diluted air standard and Kaminoyama well gas with 3He/4He of
5.68 Ra (Hanyu et al., 2007). Uncertainty for all noble gas abundances is
less than 5% at 1 σ. More detailed analytical conditions for noble gases at
JAMSTEC have been reported elsewhere (Hanyu et al., 2007).

3. Results

Results of noble gas isotopemeasurements are presented in Table 3
alongwith noble gas data of xenocrystic olivines (sample R1) reported
by Yamamoto et al. (2003). In this study we do not discuss noble gas
abundances extracted using the crushing method, which cannot be
taken as a reliable index to characterize the present samples because
the abundances depend on numerous factors such as a crushing
efficiency, number and size of fluid inclusions, existence of shrinkage
bubble in melt inclusions, and size of mineral grains. Fig. 3 shows the
tic olivines.

He (Ra) 20Ne/22Ne 21Ne/22Ne 40Ar/36Ar 4He/21Ne⁎ 4He/40Ar⁎

0.86 ⁎ ⁎ 347±3 0.33
0.53 ⁎ ⁎ 462±6 0.181
0.39 9.87±0.04 0.0310±0.0005 6642±774 6.8E+06 0.085

0.43 9.90±0.07 0.0329±0.0014 5922±384 2.0E+06 0.06
0.40 10.05±0.06 0.0324±0.0006 3776±132 5.7E+06 0.10

0.31 9.70±0.30 0.0306±0.0040 1647±30 3.8E+07 3.9
0.12 9.73±0.23 0.0294±0.0020 732±10 5.7

eric contamination.



Fig. 3. 3He/4He and 40Ar/36Ar diagram of the samples and MORB. Error bars for the
samples represent 1 σ uncertainties. The broken line represents a mixing line between
air and MORB source (M). Data sources of MORB are Pacific MORB (Kyser and Rison,
1982; Ozima and Podosek, 1983; Ozima and Zashu, 1983; Allègre et al., 1983;Marty and
Ozima, 1986; Sarda et al., 1988; Marty, 1989; Hiyagon et al., 1992; Niedermann et al.,
1997; Niedermann and Bach, 1998; Stroncik et al., 2008) and other MORB (Kyser and
Rison, 1982; Allègre et al., 1983; Jambon et al., 1985; Marty and Ozima, 1986;
Staudacher et al., 1989; Hiyagon et al., 1992; Moreira et al., 1995, 1996, 1998; Battani,
1996; Kumagai and Kaneoka, 1998, 2003, 2005; Sarda et al., 2000; Moreira and Allègre,
2002; Macpherson et al., 2005).
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3He/4He versus 40Ar/36Ar of the samples and MORB. Helium isotopic
ratios of the present samples are 7.0–8.5 Ra, which are within the
range of MORB values (8.75±2.14 Ra; Graham, 2002), but some
samples show 3He/4He that are slightly lower than the average value of
Pacific MORB (8.13±0.98 Ra; Graham, 2002). Argon isotopic ratios of
samples 2As and 2Al, whose olivines have been partly replaced by
serpentine, are less than 500, but are high compared to that of air
(295.5). Ratios of 40Ar/36Ar of up to 10,000 observed in other samples
are common for MORB (Fig. 3). Fig. 4 depicts the neon isotopic data on
the three-isotope diagram along with MORB data. Although the neon
isotopic compositions of the samples have a large atmospheric
contribution, some samples show values that are distinguishable
from atmospheric neon beyond experimental uncertainty. In fact,
MORB has a linear correlation, as depicted in Fig. 4, which is regarded
as a mixing line between a MORB source and atmospheric component
(Sarda et al. 1988). The samples are shown as near the mixing line.
Fig. 4. A Ne three-isotope diagram of the samples and MORB. Error bars for the samples
represent 1 σ uncertainties. MORB data with 3He/4He of more than 10 Ra are not
shown. The broken line represents a mixing line between the air and MORB source.
Most MORB data are from Fig. 2. The Ne data of Craig and Lupton (1976), Sarda et al.
(1988) and Marty (1989) are added to the other MORB. There is little difference
between Pacific MORB and the other MORB.
Slightly low 20Ne/22Ne of the samples at a given 21Ne/22Ne compared
to MORBmight result from the accumulation of nucleogenic 21Ne that
was generated in-situ in the Pacific Plate. Overall, no significant
difference was found in noble gas isotopic compositions between the
samples and MORB. Isotopic compositions of Kr and Xe were not
measured because of their low concentrations.

The samples except sample R1 have low 4He/40Ar⁎ (0.06–0.33)
compared to theMORB value (4.7±1.6: Burnard, 2001). An accumulated
4He/40Ar⁎ production ratio in the upper-mantle sourcewith a K/U ratio of
19,000±2600 by mass (Arevalo et al., 2009) is 1.0–1.3 for time scales of
4.6 billion years. The instantaneous production ratio of 4He/40Ar⁎ in the
mantle source is 2.7–3.6, but 4He/40Ar⁎ ratios of the present samples are
much lower than the production ratio (1.0–3.6).

The 4He/21Ne⁎ is a useful index to examine the cause of the low
4He/40Ar⁎, where 21Ne⁎ denotes 21Ne⁎ corrected for atmospheric
contributions (defined as 21Ne⁎=22Nesample×[(21Ne/22Ne)sample−
(21Ne/22Ne)air]), although it is difficult to calculate 21Ne⁎ accurately
for data with a Ne isotopic composition that resembles that of air,
as observed in this study. Fig. 5 presents a diagram of 4He/21Ne⁎ and
4He/40Ar⁎ for the samples along with data of SCLM. The shaded
area represents a mass fractionation trend starting from the mantle
production ratios. Clearly, 4He/21Ne⁎ of SCLM is correlated with
4He/40Ar⁎. The positive correlation of SCLM can be regarded as a
significant and systematic elemental fractionation of 4He from 21Ne⁎
and 40Ar⁎ (Patterson et al., 1994; Honda and Patterson, 1999;
Yamamoto et al., 2009a). The samples plot off the correlation of
SCLM. This might be attributed to a possible difference in 4He/40Ar⁎ of
a starting mantle source in addition to the uncertainty of 21Ne⁎.
Slightly low K/U has been reported for SCLM (2000–12,000: Wakita
et al., 1967), which implies a high production ratio of 4He/40Ar⁎ of N3.
On the other hand, MORB sources have 4He/40Ar⁎ of 1.0–3.6, as
described above. Therefore, low 4He/40Ar⁎ of the samples at a given
4He/21Ne⁎ results from the elemental fractionation of a mantle source,
which originally has a MORB source like 4He/40Ar⁎.
Fig. 5. 4He/21Ne⁎ and 4He/40Ar⁎ diagram of the samples and SCLM with crushing
experiments, where asterisks denote correction for atmospheric contribution. Error bars
for the samples represent 1 σ uncertainties. Sample R1 is not shown because of the
extremely high uncertainty of 4He/21Ne⁎ (N200%). Data sources of SCLM are as follows:
peridotite xenoliths from Germany (DEU) (Gautheron et al., 2005; Buikin et al., 2005),
Australia (AUS) (Matsumoto et al., 2000), Kenya (KNA) (Hopp et al., 2007a), Pannonian
(PNN) (Buikin et al., 2005), and Red Sea (RSA) (Hopp et al., 2004, 2007b); orogenic
peridotites from Italy (ITA) (Matsumoto et al., 2005). Datawith 21Ne/22Ne and 40Ar/36Ar of
less than 0.03 and 320, respectively, are not shown. The 4He/21Ne⁎ production ratio in the
mantle is estimated as 2.78×107 (Yatsevich and Honda, 1997; Leya and Wieler, 1999)
because 21Ne can be generated nucleogenically from (α, n) reaction on 18O and (n, α)
reaction on 24Mg (Wetherill, 1954). The 4He/21Ne⁎ production ratio in the lithosphere is
determined primarily by its chemical composition, which is unlikely to vary dramatically
among reservoirs. Therefore, the 4He/21Ne⁎of themantle is likely tobeconstant. Regarding
He/40Ar⁎, the possible difference in K/U between the SCLM and the SOLM engenders
diversity of 4He/40Ar⁎ in the mantle.
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4. Discussion

Overall noble gas isotopic compositions of the samples resemble
those of MORB, implying that the MORB-source mantle has a wide
distribution in the SOLM. It raises an interesting question of how the
old SOLM avoids radiogenic change in 3He/4He. The samples show low
4He/21Ne⁎ and 4He/40Ar⁎. The other question is how and when
depletion in lighter noble gases occurred in the old SOLM.

4.1. MORB-like 3He/4He in the old SOLM

TheMORB-like 3He/4He of the samples is an interestingfinding. The
samples are derived from the Early Cretaceous Pacific Plate. Such an
old plate is expected to accumulate radiogenic nuclides. Herein we
shall outline the change in 3He/4He over time. Fig. 6(a) shows the He
isotopic ratio as functions of timescale and 3He/U ratio. Typically,
mantle peridotites have U contents of 10–50 ppb (Yamamoto et al.,
2009b). Adopting total 3He content of sample R1 obtained using
heating method (1.4×10−11 ccSTP/g), the 3He/U molar ratio of a
mantle source is 5×10−6 (1.4×10−11 ccSTP/g 3He and 30 ppb U);
then 3He/4He decreases from 8.75 to 5.1 Ra over 135 million years. The
samples described herein do not show such low 3He/4He. The reason
for the use of 3He content of sample R1 for the above estimation is
described brieflyhere; details are discussed later (see 4.2.). Low 4He/40Ar⁎
ratios of some samples were regarded as consequences of the diffusive
loss of helium by recent magmatism in this region. Consequently, we
cannot use the samples with 4He/40Ar⁎ lower than the theoretical
production ratio of 4He/40Ar⁎. They are inappropriate as a reference of the
SOLM. The 3He content extracted by heating of sample R1 is the only
suitable data for use in estimation.

Two possibilities exist to reconcile this contradiction. One
possibility is the influx of a component with MORB-like 3He/4He
from the asthenosphere via diffusion or infiltration of a noble gas-
Fig. 6. Radiogenic change of (a) 3He/4He and (b) 4He/40Ar as a function of 3He/U molar
ratio. Calculations are based on the original mantle source with K/U of 19,000 by mass
(Arevalo et al., 2009) and Th/U of 3.1 by mass (Staudacher et al., 1989).
bearing fluid or melt. Theoretical thermal models of the oceanic
lithosphere show that spinel-lherzolite phase in the 135-million-
year-old oceanic lithosphere has a temperature of less than 900 °C
(Stein and Stein, 1992; Doin and Fleitout, 1996). Even at 1200 °C, the
diffusion coefficient of 3He is 1.9×10−10cm2/s (Trull and Kurz, 1993),
corresponding to average diffusion distance of 9 m for 135 million
years. The distance is too small to change He isotopic compositions of
the lithosphere. The assumption that the SOLM traps fluid or melt
derived from the asthenosphere with MORB-like noble gas isotopic
compositions remains convincing. Moreira and Sarda (2000) pro-
posed the possibility that, in the early stage of degassing of ocean
island magma, the distillation process generates small vesicles with
low 4He/40Ar⁎; the SOLM might trap such early evolved vesicles
during magma percolation. Although a similar concept—that the
SOLM traps early evolved vesicles generated in the asthenosphere-
derived magma—seems to explain the MORB-like 3He/4He and low
4He/40Ar⁎ of the samples plausibly, it is not yet satisfactorily
applicable to the samples, whose equilibrium temperatures suggest
that the samples were derived from various depths in the SOLM.

Another possibility is that the SOLM was isolated after its
formation by MORB extraction with high He/U ratio resulting from
MORB generation. A recent experimental study of He partitioning in
mantle minerals has demonstrated that partial melting of the mantle
engenders a residual mantle source with high He/U ratio (Parman
et al., 2005). Herein we estimate the 3He/U ratio of MORB source as
follows. The 3He content of predegassed MORB can be estimated as
3.1±1.4×10−10 ccSTP/g using CO2/3He molar ratio of 2.1±0.6×109

(Resing et al., 2004) and CO2 content of 0.14±0.05 wt.% (Holloway,
1998). The U content of MORB is estimated as 54±14 ppb (Arevalo
et al., 2009). Then 3He/U molar ratio of MORB is 6.1±3.2×10−5,
which reflects the 3He/U ratio of the MORB source because both 3He
and U are highly incompatible elements in the mantle. A 3He/U molar
ratio of 1.6×10−5 is necessary to explain the slightly low 3He/4He (7.0
Ra) of sample 2D by radiogenic accumulation of 4He over 135 million
years in a mantle source, which initially hadMORB-like 3He/4He (8.75
Ra). The 3He/U (1.6×10−5) is comparable to that of the MORB source
(6.1±3.2×10−5). The similarity is expected to corroborate the
experimental data of He–U partitioning into olivine proposed by
Parman et al. (2005), although there is no assurance of applicability of
this assumption to the deeper mantle.
4.2. Non-radiogenic 4He/40Ar⁎ of the old SOLM

These samples show4He/40Ar⁎ lower than the production ratio in the
mantle. Low 4He/40Ar⁎ is frequently reported for SCLM xenoliths and is
correlated well with 4He/21Ne⁎, as portrayed in Fig. 5. Although possible
high K/U of the mantle source results in low 4He/40Ar⁎, the correlation
in SCLM eliminates the possibility. Alternatively, a depletion event in
the mantle is considered as the probable cause of the low 4He/40Ar⁎ and
4He/21Ne⁎. SCLMdatawould give a hint about the cause of the depletion
event. The low 4He/40Ar⁎ of SCLM is reported only from mantle
xenoliths. All orogenic peridotites have 4He/40Ar⁎ of N1. For example,
4He/40Ar⁎ of orogenic peridotites in Finero (Matsumoto et al., 2005) and
Horoman (Matsumoto et al., 2001) are, respectively, 3.1–47.5 and 1.5–
5.1. Song et al. (2009) reported 4He/40Ar⁎ of 0.9 and 2.6 from orogenic
harzburgites in Northwest China. In addition, Kumagai et al. (2003)
reported 4He/40Ar⁎ of 1.7 and 8.5 from dredged abyssal peridotites.
These facts suggest that the low 4He/40Ar⁎ of SCLM xenoliths are related
tomagmatic activity. Furthermore, variation of 4He/40Ar⁎ among sample
localities implies that the phenomenon is not caused by host magma
entraining themantle xenoliths to theEarth's surface, suggesting instead
that the depletion is related to precursor magmatism before eruption of
the hostmagma of the xenoliths. The precursormagmatism is explained
in greater detail later in this paper. Here we particularly examine the
magmatic depletion mechanism.
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Matsuda and Marty (1995) and Burnard (2004) proposed a model
to represent kinetic fractionation of He/Ar in magma during mantle
melting. When magma infiltrates into the mantle or is generated in
themantle, noble gases in the mantle are partitioned into magma. The
high diffusivity of He is responsible for low 4He/40Ar in residual
mantle if movement of the noble gases in the mantle is governed by a
vacancy diffusion mechanism. The SOLM experienced large-scale
melting during MORB generation. The MORB generation is not,
however, a cause of the low 4He/40Ar⁎ in the present samples because
ancient fractionation of 4He/40Ar⁎ engenders subsequent radiogenic
ingrowth of 3He/4He and 4He/40Ar⁎ over time. We calculate the
radiogenic ingrowth in the fractionated mantle source. During produc-
tion of one order of magnitude lower 4He/40Ar⁎ in a mantle source by
diffusive fractionation, the 3He content drops to around 2% (Yamamoto
et al., 2009a). Consequently, the 3He/U ratio of the mantle source also
decreases to around 2%, i.e., MORB-like 3He/U (6.1±3.2×10−5 bymol)
will bedecreased to ca. 1×10−6 bymol. Fig. 6 shows that radiogenic 4He
and 40Ar in the fractionated mantle induces rapid changes in 3He/4He
and 4He/40Ar⁎. The 3He/4He of the fractionated mantle source will
change radiogenically from 8.75 to 1.9 Ra for 135 million years.
Consequently, MORB-like 3He/4He of the samples shows that the low
4He/40Ar⁎ in the old SOLM is not caused by theMORB generation but by
a recent kinetic fractionation.

Yamamoto et al. (2009a) calculated the diffusive change in 4He/40Ar
and 3He/4He based on the diffusive fractionation model proposed by
MatsudaandMarty (1995)andBurnard (2004). Similarly,we calculated
a diffusive fractionation trend starting from a mantle source (shaded
area in Fig. 7). In the calculation,we consider thediffusion of noble gases
in a mantle source bounded by two parallel planar magma channels,
which is not saturated with noble gases. Infiltration of magma
engenders the progressive removal of noble gases from the mantle
source to the magma channels if noble gases are initially distributed
homogeneously throughout themantle source. The shaded area in Fig. 7
depicts averaged noble gas isotopic compositions of the mantle source.
The present data support the trend.

Diffusive fractionation will occur in phenocrysts in ascending
magma (Harrison et al., 2004; Nuccio et al., 2008; Yamamoto et al.,
Fig. 7. 3He/4He versus 4He/40Ar⁎ diagram for the present mantle-derived xenoliths and
xenocrysts with data for SCLM-derived peridotites with crushing experiments, as indicated
by dots. MOST SCLM data are from Fig. 5. The data of Yamamoto et al. (2004), Kim et al.
(2005), Czuppon et al. (2009) and Song et al. (2009) are added to the SCLM. The shaded area
represents a trend of diffusive fractionation from theMORB source (gray rectangle) using the
elemental diffusivity ratio of He and Ar (DHe/DAr) equal to 3.16 and the isotopic diffusivity
ratio of 3He and 4He (D3

He/D4
He) equal to 1.05. The low isotopic diffusivity ratio is plausible.

Values lower than the theoretical value of 1.15were obtained from severalmaterials such as
basalt glass (Trull and Kurz, 1999), quartz (Shuster and Farley, 2005), and olivine and
pyroxene (Trull and Kurz, 1993). The 3He/4He and 4He/40Ar⁎ of the MORB source are,
respectively, 8.75±2.14 (Graham, 2002) and 1.0–3.6 (see the text). Error bars for 4He/40Ar⁎
are smaller than the size of each symbol (less than 10%).
2009a). The present xenocrysts would be almost free from diffusive
fractionation after trapping by host magma because, considering the
migration rate for alkali magma (tens of centimeters per second
(Spera, 1984; Milashev, 1988; Peslier and Luhr, 2006) to several
meters per second (Demouchy et al., 2006)), the host magma erupts
within a week after trapping of xenoliths, even from 60 km depth. In
contrast, it takes six months to reduce 4He/40Ar⁎ of olivine grain with
1 mm diameter from 3 to 0.1 at 1200 °C (Yamamoto et al., 2009a),
which implies that diffusive fractionation in phenocrysts mostly
occurs within the magma chamber or during the post-eruption
cooling stage. Petit-spot volcanoes are small knolls on the ocean floor.
We therefore cannot expect the presence of a massive magma
chamber beneath the volcanoes (Fujiwara et al., 2006, 2007).
Furthermore, when the magma emerged to ocean floor, the diffusive
fractionation in the xenocrysts was suspended by lava quenching.
Therefore, the low 4He/40Ar⁎ of the present samples necessarily
means that diffusive fractionation occurs in mantle sources.

Diffusively fractionated mantle is expected to have a lower He/U
ratio. Assuming a fractionated mantle source with a 3He/U molar ratio
of 1×10−6 as estimated above, Fig. 6 shows that 3He/4He changes
from 8.75 to 6.9 Ra for 10 million years. Furthermore, 3He/4He is
decreased respectively to 5.7 and 4.8 Ra over 20 and 30 million years.
Therefore, the MORB-like 3He/4He of the present samples implies that
the depletion event occurred within 10 million years before the
present xenoliths and that xenocrysts were entrained by host magma
and emplaced on the ocean floor. The origin of the precursor
volcanism is discussed in the following section.

Although radiogenic nuclides have been accumulated in the
xenoliths and the xenocrysts after eruption, the post-eruptive radio-
genic addition has a negligible effect on noble gas isotopic compositions
of fluid or melt inclusions (e.g., Kurz, 1986; Graham et al., 1992a,b).

4.3. Long-term activity of petit-spot volcanism

The diffusive fractionation caused by infiltration of magma depends
on the diffusion coefficient, timescale and channel spacing. The mantle
xenoliths have sizes ofmore than 2 cmdiameter. Even if amantle source
is infiltrated by magma channels with channel spacing of 2 cm, it takes
around 400 years to change 4He/40Ar⁎ from 3 to 0.1 at 1200 °C (Fig. 8).
The host magma entraining the mantle xenoliths is not responsible for
the depletion process as recorded in the samples. Consequently, low
4He/40Ar⁎ ratios of the samples indicate that the other recent
magmatism existed before the host magma of the samples erupted. In
this region, no recent magmatism other than the petit-spot volcanism
was found: theprecursormagma is expected tobeapart of thepetit-spot
Fig. 8. Averaged 4He/40Ar⁎ in a mantle source bounded by two parallel planar magma
channels as functions of time and channel spacing at 1200 °C. The lines are labeled, with
numbers showing the channel spacing. We calculated 4He/40Ar⁎ following the diffusion
equation represented by Yamamoto et al. (2009a).



Fig. 9. Schematic cross-section around the present petit-spot volcanoes. Hirano et al.
(2006) proposed that petit-spot magmatism originated from lithospheric fractures in
response to plate flexure during subduction. The front-end magmatism preferentially
extracts lighter noble gases such asHe andNe from the oceanic lithosphere. Consequently,
xenoliths entrained by magmatism in later stages might have low 4He/40Ar⁎.
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volcanism. Actually, some petit-spot volcanoes have multiple lava flows
with different eruption ages (Hirano et al., 2008). The petit-spot
volcanoes are expected to be polygenetic with a long active period.

Fig. 9 portrays a schematic cross-section around the Japan Trench
to the outer rise. The earliest magma (front-end magmatism) can
entrain xenoliths and xenocrysts from the unfractionated old SOLM.
During front-end magmatism, He/Ar of the lithosphere around the
magma channels will decrease with time. The xenoliths and the
xenocrysts entrained by the magma in a later stage possibly have low
4He/21Ne⁎ and 4He/40Ar⁎. The eruption ages of the host magma in site
A are noteworthy (Fig. 1(b)). The petit-spot volcano involving sample
R1 probably erupted as front-end magmatism because it shows the
oldest eruption age (6.0±0.3 Ma) at the center of distribution of the
petit-spot volcanoes at site A. For that reason, sample R1 shows no
low He/Ar. The other samples in this region show low 4He/40Ar⁎.

Petit-spot volcanism is thought to be a commonmagmatic activity
occurring near subducting plates resulting from subduction-related
plate flexure (Hirano et al., 2001, 2004, 2006). Long-standing
magmatic activity within the subducting plates carries the potential
for a major control of several geological characteristics in subduction
zone. For example, the depletion in volatile elements with high
diffusivity in the subducting plate might be inherited to subduction-
related fluid or melt. In addition, remaining heat in the subducting
plate caused by the petit-spot volcanism substantially affects the
thermal structure of both the mantle wedge and the subducting slab
itself. Further investigation of peridotite xenoliths entrained by the
petit-spot magma in later stages enables us to elucidate the potential
of petit-spot volcanism for a subduction environment.

5. Summary

We analyzed noble gas isotopic compositions of three spinel-
lherzolite xenoliths and two sets of xenocrystic olivines in three
submarine volcanoes that are part of the petit-spot volcanoes, which
erupted within several million years at the 135-million-year-old
northwestern Pacific Plate. The xenoliths are representative of the
subducting SOLM. Overall noble gas isotopic compositions resemble
those of MORB, which indicates that the SOLM with noble gas
compositions like MORB exists in this area, reflecting a more ubiquitous
character of theMORB-sourcemantle overall. Tomaintain theMORB-like
3He/4He (N7.0 Ra) for 135 million years, the lithosphere is regarded to
have a 3He/U molar ratio of N1.6×10−5, which is comparable to that of
MORB source (6.1±3.2×10−5 by mol). This ratio apparently indicates
that MORB generation does not strongly affect the 3He/U ratio of the
upper mantle.

On the other hand, the present samples show 3He/4He, low 4He/21Ne⁎
and 4He/40Ar⁎. Based on a model of diffusive fractionation in the mantle
with the magma channel, the characteristics imply a recent depletion
event in the mantle. No recent magmatic activity has taken place in this
area other than the petit-spot volcanism: the depletion event must
therefore be related to the petit-spot volcanism. Such volcanism over a
long active period can affect both the geochemical and geothermal
structure of the subducting oceanic plates.
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