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Diffusive fractionation of noble gases in mantle with magma channels: Origin of low
He/Ar in mantle-derived rocks
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By crushing olivine and pyroxene phenocrysts in volcanic rocks from Kyushu Island, Japan, we determined
3He/4He of 3–7 Ra and 40Ar/36Ar of up to 1750. These values are lower than those of MORB. 4He/40Ar⁎ (down
to 0.1) is much lower than the production ratio of 4He/40Ar⁎ (1–5), where an asterisk denotes correction for
the atmospheric contribution. Such values are typical of mantle-derived samples from the island arcs and
active continental margins. Although the origin of the low 3He/4He and 40Ar/36Ar of subcontinental mantle
has been widely discussed, low 4He/40Ar⁎ has been given little attention. Actually, 3He/4He and 4He/40Ar⁎ of
phenocrysts overlap with those of subcontinental mantle xenoliths. Although noble gas compositions of
phenocrysts are affected considerably by diffusive fractionation in ascending magma, they have little effect
on the noble gases in the mantle xenoliths because it takes 100 years for He/Ar fractionation of ca. 15% for a
mantle xenolith with 5 cm diameter. Therefore, the low 4He/40Ar⁎ of the mantle xenoliths is inferred to
result from another kinetic fractionation in the mantle.
During generation and migration of magma in the mantle, lighter noble gases diffuse rapidly out into the
magma. This diffusive fractionation can explain low 4He/40Ar⁎ and somewhat low 3He/4He in the residual
mantle. Furthermore, the combination of the diffusive fractionation and subsequent radiogenic ingrowth
explain the fact that data from subcontinental mantle xenoliths have extremely low 3He/4He and various
4He/40Ar⁎. Consequently, 4He/40Ar⁎ and 3He/4He in mantle-derived materials are proposed as indicators of
the degree of noble gas depletion of the source mantle.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The relative composition of secondary nuclides generated by
nuclear reactions converges with the production ratio over time. The
production value thereby serves as an initial value to elucidate
evolutive processes of the mantle. In fact, 4He/40Ar⁎ is particularly
useful as an indicator for examining consequences of degassing of
oceanic basalt, where 40Ar⁎ denotes nonatmospheric 40Ar (36Arobserved
[(40Ar/36Ar)observed−(40Ar/36Ar)air]). For time scales of 108 years or
less, the instantaneous 4He/40Ar⁎ production ratio in mantle is likely
to show a constant value of 4–5, depending on the K/U ratio, which is
assumed to be 12,000–13,000 (Fig. 1(a)). The accumulated 4He/40Ar⁎
for several Gyr evolution is expected to be 1–2 (Fig. 1(b)). Therefore,
thecurrentmantle is inferred tohave 4He/40Ar⁎of ca.1–5. The4He/40Ar⁎
in themagmawould be elevated becauseHepreferentially diffuses away
from crystalline phases in the source mantle into the magma if partial
melting or infiltration of exotic magma occurs in the source mantle.

Furthermore, He is considerably more soluble than Ar in silicate melts
(e.g., Jambon et al., 1986; Carroll and Stolper, 1991; 1993; Shibata et al.,
1996; 1998; Nuccio and Paonita, 2000; Guillot and Sarda, 2006), which
engenders more extensive degassing of Ar relative to He: the degassing
increases the 4He/40Ar⁎ of residualmagma (e.g., Sarda andGraham,1990;
Moreira andSarda, 2000; Sarda andMoreira, 2002; Burnard, 2004). In this
view, it is noted that low 4He/40Ar⁎ (ca. 0.1) has been reported
occasionally for basaltic magma (Honda et al., 1993; Marty et al., 1994;
Harrison et al., 2004; Nuccio et al., 2008) and frequently for mantle-
derived xenoliths (Poreda and Farley, 1992; Valbracht et al., 1996;
Matsumoto et al., 2000; Yamamoto et al., 2004; Buikin et al., 2005;
Gautheron et al., 2005; Kim et al., 2005; Hopp et al., 2007). Possible low
(U+Th)/K in the source mantle results in low 4He/40Ar⁎. The instanta-
neous production ratio of 4He/40Ar is estimated as around 0.5 if (U+Th)/
K in the sourcemantle is oneorderofmagnitude lower than thatofMORB.
However, we have no evidence of such low (U+Th)/K inmantle-derived
rocks. Fig. 2 presents a diagram of 4He/40Ar⁎ and 4He/21Ne⁎ for
peridotites, where 21Ne⁎ indicates nonatmospheric 21Ne (22Neobserved
[(21Ne/22Ne)observed−(21Ne/22Ne)air]). Actually, 4He/21Ne⁎ of the perido-
tites is correlated with 4He/40Ar⁎. It is indicative of a significant and
systematic elemental fractionation of 4He from nonatmospheric 21Ne
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and 40Ar (Patterson et al., 1994; Honda and Patterson, 1999) rather than
low (U+Th)/K in the source mantle. Gautheron et al. (2005) explained
the low 3He/36Ar in mantle xenoliths compared to MORB source by the
preferential loss of He from fluid inclusions in mantle xenoliths to the
matrix of mineral grains and then to inter-grain spaces. Matsuda and
Marty (1995) and Burnard (2004) proposed a similarmodel bywhich He
can be enriched in melt during partial melting following diffusion from
crystalline phases into magma. Complementary residual mantle and
magma derived from it are expected to have low 4He/40Ar⁎. The same
diffusive fractionation will occur in phenocrysts in ascending magma
(Harrison et al., 2004; Nuccio et al., 2008).

As demonstrated by results of this study, the diffusive loss of a lighter
element or isotope from solid phase tomelt is a key phenomenon that is
useful for tracingpristine chemical and isotopic compositions ofmantle-
derived materials. Therefore, we test this assumption quantitatively in
combination with the influence of subsequent accumulation of radio-
genic 4He and 40Ar using published noble gas data for peridotites,
phenocrysts, and ocean island basalts along with newly obtained noble
gas data on phenocrysts in volcanic rocks from Japan.

2. Samples

Samples analyzed in this study are phenocrystic olivine and
pyroxenes in volcanic rocks from Kyushu Island, Japan (Table 1 and
Fig. 3). Kyushu Island has twomain volcanic lines: a volcanic front and a
volcanic line along with the Beppu–Shimabara graben (Fig. 3). Samples
from Kirishima volcanoes (Karakuni-dake, Shinmoe-dake, Ohachi and
Takachiho-dake) represent the volcanic front. As representatives from
the Beppu–Shimabara graben, we collected volcanic rocks from Kinpo-
san and Atago-yama. Volcanoes of Oninomi, Yufu-dake, Komezuka, and
Tateno-lava are situatedon the intersection of twovolcanic lines. Olivine
and pyroxenes in the present volcanic rocks are euhedral and not zoned.
The average grain size differs among samples, but 0.5 mm diameter is
typical.

3. Experimental method

Noble gases were extracted from fresh olivine and pyroxenes by
vacuum crushing. Olivine and pyroxenes are retentive for noble gases;
in-situ addition of radiogenic 4He and 40Ar is quite small because of
the very low contents of U, Th, and K in such minerals. Furthermore,
the in-situ post eruptive addition of 4He and 40Ar has little effect on
the original isotopic compositions of samples with young eruption
ages (bca. 1 Ma: Table 1). The crushing method is thought to be
effective for extracting noble gases trapped in fluid or melt inclusions,
which contain only small amounts of in-situ generated nuclides (e.g.,
Kurz, 1986; Graham et al., 1992a,b). Recently there have been reports,
however, of cosmogenic nuclides released by crushing (Scarsi, 2000;
Yokochi et al., 2005; Moreira and Madureira, 2005). We consider that
such an effect has a negligible influence on these results because most
samples were collected from a cliff with a steep gradient, where the
surrounding trees' growth implied that cliff failure had occurred
within 100 years. Other samples were collected from lava cave, quarry,
and mudslide deposits.

Before vacuum crushing, mineral grains were preheated at 150 °C in
vacuum for 8 h. During crushing, extracted gaseswere exposed to a cold
trap at liquid N2 temperature to remove gases that had adsorbed onto
newly created powder surfaces. Helium analyses were performed using
a sector-type mass spectrometer (Helix SFT; GV Instruments Ltd.)
installed at Ocean Research Institute (ORI), the University of Tokyo,
which is equipped with a conventional quadrupole mass spectrometer
for analysis of argon isotopic composition. Sensitivities and isotopic
ratios for He and Ar were calibrated using an artificial helium standard
gas (HESJ) with 3He/4He of 20.63±0.10 Ra (Matsuda et al., 2002) and
diluted air standard, where Ra stands for atmospheric 3He/4He.
Procedural crushing blanks for 4He and 40Ar were, respectively, less

Fig. 1. (a) Instantaneous production ratio of radiogenic He and Ar in an original mantle
source with various K/U and uniform Th/U of 3.1. (b) Accumulated production ratio of
radiogenic He and Ar in an original mantle sourcewith present K/U of 12,700 and Th/U of
3.1 in weight. In fact, 4He/40Ar⁎ decreases concomitantly with increasing accumulation
time because of different decay constants of U and 40K. Actually, MORBs respectively have
K/U and Th/U of 12,700 (Jochum et al., 1983) and 3.1 (Staudacher et al., 1989).

Fig. 2. 4He/40Ar⁎ versus 4He/21Ne⁎ diagram of data obtained from peridotites with
crushing experiments, where ⁎ indicates correction for atmospheric contamination. Data
sources are as follows: peridotite xenoliths from Germany (DEU) (Buikin et al., 2005;
Gautheron et al., 2005), Australia (AUS) (Matsumoto et al., 2000), Kenya (KNA) (Hopp et
al., 2007), and Pannonian (PNN) (Buikin et al., 2005); orogenic peridotites from Italy (ITA)
(Matsumoto et al., 2005). Data with 21Ne/22Ne and 40Ar/36Ar of less than 0.03 and 320,
respectively, are not shown. Actually, 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 mantle is estimated as 2.2×107 (Yatsevich and Honda, 1997; Leya and Wieler,
1999). The 4He/21Ne⁎ of the lithosphere is determined primarily by its chemical
composition, which is unlikely to change dramatically between reservoirs. Therefore, the
4He/21Ne⁎ of the mantle is likely to be constant, as is true for 4He/40Ar⁎.

Table 1
Sample descriptions.

Sample Volcano No. on
map

Sampling
site

Eruption
age

Reference

onn02 Oninomi-lava 1 Cliff 10 ka Ohta et al. (1992)
onn03 Oninomi-lava 1 Cliff 10 ka Ohta et al. (1992)
yf11 Yufu-dake 2 Steep

gradient
b6.3 ka Hoshizumi et al. (1988)

kmz01 Komezuka 3 Lava cave b2.7 ka Kobayashi et al. (1999)
ttn01 Tateno-lava 4 Cliff 25–73 ka Kobayashi et al. (1999)
kp01 Kinpo-san 5 Cliff 0.54 Ma Toshida et al. (2006)
atg01 Atago-yama 6 Quarry 1.1 Ma Nakada and Kamata (1988)
kkd01 Karakumi-dake 7 Mud slide 18–15 ka Imura andKobayashi (2001)
smd01 Shinmoe-dake 8 Steep

gradient
15–6.3 ka Imura andKobayashi (2001)

ohc01 Ohachi 9 Cliff 1923 A.D. Imura andKobayashi (2001)
tkc01 Takachino-dake 10 Cliff 6.3 ka Imura andKobayashi (2001)
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than 3.0×10−10, 4×10−9 cm3 STP. Analytical conditions for noble gases
at the ORI were described in an earlier report (Sano et al., 2008).

4. Results

Table 2 presents noble gas isotope results. The 3He/4He of the present
samples are mostly between a typical MORB value (8.75±2.14 Ra:
Graham, 2002) and a recommended value for Sub-Continental Litho-

spheric Mantle (SCLM) (6.1±0.9 Ra: Gautheron and Moreira, 2002).
Argon isotopic ratios (40Ar/36Ar) are higher than those for air (295.5) but
much lower than the MORB values, which are often up to 10,000 and
sometimes as high as 40,000 (Burnard et al., 1997). Overall 40Ar/36Ar of
pyroxenes are lower than those of olivine, especially for sample yf11,
which might indicate a larger fraction of atmospheric argon in the
pyroxenes, which crystallize after olivine. The 4He/40Ar⁎ varies between
0.11 and 1.2 which is much lower than the production ratio of 1–5.

Fig. 3. Schematic map showing the location of Kyushu Island, Japan and sampling points. The broken line shows a volcanic front. The solid line shows the Beppu–Shimabara graben.
On the map, ERP, NAP, PAP, and PSP respectively represent the Eurasia Plate, North America Plate, Pacific Plate, and Philippine Sea Plate.

Table 2
Noble gas isotopic compositions of phenocrysts from Kyushu volcanos, Japan.

Sample Mineral Weight (g) 4He (10−9) 40Ar(10−8) 3He/4He(Ra) 40Ar/36Ar 4He/40Ar⁎

onn02 Olivine 1.105 175.879 33.9 6.959±0.040 1.749±100 0.625±0.052
onn03 Pyroxene 1.520 56.314 32.19 6.968±0.046 781.0±9.1 0.281±0.006
yf11 Olivine 1.348 20.879 3.214 7.231±0.097 634±29 1.22±0.12
yf11 Cpx 0.844 ⁎ 2.866 ⁎ 338.7±9.3 ⁎

ttn01 Cpx 0.903 ⁎ 2.003 ⁎ 352±15 ⁎

kmz01 Olivine 0.560 4.185 2.485 6.98±0.24 417±23 0.58±0.12
kmz01 Cpx 1.133 ⁎ 1.517 ⁎ 363±15 ⁎

atg01 Olivine 1.305 1.790 6.726 6.21±0.28 385.9±6.5 0.114±0.008
kp01 Olivine 0.354 ⁎ 4.908 ⁎ 569±40 ⁎

smd01 Opx 0.826 1.126 6.837 5.23±0.31 331.7±6.2 0.151±0.026
kkd01 Opx 0.858 0.549 4.844 ⁎ 308.3±5.5 0.27±0.12
kkd01 Cpx 1.064 0.967 1.667 7.06±0.36 354±18 0.35±0.11
ohc01 Opx 1.001 ⁎ 3.007 ⁎ 309.0±6.9 ⁎

ohc01 Cpx 0.885 ⁎ 1.905 ⁎ 379±30 ⁎

tkc01 Opx 1.022 1.395 25.00 3.01±0.14 292.8±5.6 ⁎

tkc01 Cpx 0.996 0.667 2.241 ⁎ 323±13 0.35±0.16

N.B., Unit for abundance is cm3 STP/g. ⁎: not measured. 40Ar⁎ is 40Ar corrected for atmospheric contamination.
Experimental uncertainties in amounts are generally within 10%.
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As the origin of Unzen volcano, which is represented by Atago-
yama, constituting the Beppu–Shimabara graben, an OIB-like hotspot
has been proposed, based on trace element compositions and distance
from the volcanic front (Nakada and Kamata, 1991; Sugimoto et al.,
2005). No appreciable difference in the noble gas compositions was
found between the samples from two volcanic lines in Kyushu Island.
Helium isotopic compositions of these samples reflect that themagma
was derived from a source resembling MORB or SCLM rather than OIB.

5. Discussion

5.1. Occurrence of low 4He/40Ar⁎ in the mantle reservoir

If the relative composition of the parental radioactive nuclides is
known, the production ratio of radiogenic–nucleogenic nuclides such
as 4He, 21Ne and 40Ar can be predicted. A noble gas isotopic
characteristic of the present phenocrysts is low 4He/40Ar⁎ (0.11–1.2)
compared to the production ratio (1–5). It is difficult to explain the
low 4He/40Ar⁎ of the phenocrysts by elemental fractionation that
occurs during crystallization in ascending magma because the noble
gases are likely to have similar incompatibilities in major upper
mantle mineral phases. Moreover, they are not fractionated relative to
one another during melting and crystallization involving olivine,
clinopyroxene, and orthopyroxene (Baxter et al., 2007; Heber et al.,
2007). Mainly, we extracted noble gases from melt inclusions in
phenocrysts using crushing experiments. Noble gas compositions of
the host phenocryst have little effect on those of the melt inclusion.
Consequently, it is not necessary to consider the solubility-controlled
noble gas fractionation in the phenocryst matrix.

Both elemental fractionation by degassing of ascending magma,
andmagmatic assimilationwith wall rock are important to discuss the
chemical composition of magma, which is captured as melt inclusions
in the phenocrysts. Magmatic degassing will increase 4He/40Ar⁎ and
4He/21Ne⁎ in residual magma because of the higher solubility of He
relative to Ne and Ar. Furthermore, assimilationwith wall rock, whose
isotopic composition converges to a radiogenic one over time, is
expected to render magma more radiogenic, which is not observed.
Therefore, we infer that the low 4He/40Ar⁎ of the phenocrysts does not
result from either mechanism.

Peridotite xenoliths from Samoa and Kerguelen show low 4He/
40Ar⁎ (Poreda and Farley, 1992; Valbracht et al., 1996). Moreira and
Sarda (2000) discussed the origin of the low 4He/40Ar⁎ as follows.
Vesiculation processes at oceanic islands result from Rayleigh
distillation (Moreira and Sarda, 2000). In the early stage of degassing,
the distillation process generates small vesicles with 4He/40Ar⁎ that
are lower than that of primary magma. The early evolved vesicles
might have been stored in mineral interfaces or grain boundaries in
the lithospheric mantle around Samoa and Kerguelen (Moreira and
Sarda, 2000) when the ocean island magma percolates through the
lithospheric mantle. Regarding phenocrysts, they might trap the early
evolved vesicles during crystallization. This is not, however, sufficient
to explain all data of phenocrysts with low 4He/40Ar⁎. The
phenocrysts from Japan show melt inclusions with the constant
vesicle/melt volume ratio, indicating that the vesicles are shrinkage
bubbles formed by exsolution of volatiles from the melt in the
inclusion on cooling, not the trapped vesicles. In addition, 4He/40Ar⁎
of the phenocrysts show a positive relation with 3He/4He (Fig. 4),
which is not explained by entrapment of the early evolved vesicles.

Harrison et al. (2004) and Nuccio et al. (2008) proposed that the
low 3He/4He of phenocrysts is explainable by diffusive fractionation of
He from the phenocrysts in ascending magma. When ascending
magma degases after crystallization of phenocrysts, lighter noble
gases in the phenocrysts preferentially diffuse into the magma,
leading to lowering of 4He/21Ne⁎, 4He/40Ar⁎, and 3He/4He of the
phenocrysts. Herein, we shall only briefly outline the timescale to
change the 4He/40Ar⁎ and 3He/4He in phenocrysts because diffusive

fractionation is described further in the following section. When
diffusive fractionation occurs at 1200 °C, assuming a grain size of
1mm for a phenocrystic olivine, it takes sixmonths to reduce 3He/4He
and 4He/40Ar⁎ from 8 Ra and 3 to 5.4 Ra and 0.1, respectively. It seems
reasonable to presume that the low 3He/4He and 4He/40Ar⁎ of
phenocrysts are attributable to the diffusive loss of lighter noble gases
from the phenocrysts in ascending magma. Both 3He/4He and 4He/
40Ar⁎ of the mantle peridotites overlap considerably with those of the
phenocrysts (Fig. 4), indicating that the diffusive fractionation also
affects the mantle peridotites. However, it takes more than 100 years
to reduce 4He/40Ar⁎ from 3 to 2.5 for mantle xenoliths with 5 cm
diameter. During that interval, 3He/4He of 8 Ra drops only to 7.7 Ra.
This phenomenon requires some further explanation. Another
possibility for the low 4He/40Ar⁎ of the mantle peridotites is to
assume that kinetic fractionation occurs in the source mantle. All
noble gases are incompatible in olivine and pyroxenes. Large amounts
of all noble gases can be partitioned into magma during partial
melting or magma infiltration. The higher diffusivity of helium than
those of other noble gases might engender fractionation of 4He/40Ar⁎.
Burnard (2004) modeled noble gas diffusion out of the bulk mantle
into fast diffusion pathways (such as fractures or melt channels)
during mantle melting. Results of that study suggest that He/Ar
fractionation of one order of magnitude occurs in the primary melt if
fast diffusion channels are spaced several meters apart and if the noble
gas residence time is of approximately days to weeks. Complementary
He in the residual mantle will be depleted preferentially: when
magma migrates through the source mantle, 4He/40Ar⁎ in the source
mantle is expected to decrease. Mantle peridotites and magma that
had originated from the source mantle are expected to have low 4He/
40Ar⁎. To test this perspective, we computed the diffusive fractionation
in mantle with magma channels, particularly on the assumption of a
subduction-related environment.

5.2. Diffusive fractionation

Noble gases are partitioned preferentially into magma because of
their high incompatibilities whenmagma infiltrates into themantle or
is generated in mantle. Considerable elemental fractionation is likely
to result from a nonequilibrium condition because of their rapid
diffusion at mantle temperature and pressure. However, the relative
diffusivities of noble gases in mantle minerals are not known. For

Fig. 4. 3He/4He versus 4He/40Ar⁎ diagram of phenocrysts from quaternary volcanoes in
Kyushu island, Japan (JPN)with data obtained by crushingmantle-derivedmaterials. Data
sources are as follows: phenocrysts from Italy (ITA) (Marty et al.,1994; Nuccio et al., 2008);
phenocrysts fromSiberia, Russia (SBR) (Harrisonetal., 2004); peridotitexenoliths fromFar
Eastern Russia (FER) (Yamamoto et al., 2004), Germany (DEU) (Buikin et al., 2005;
Gautheron et al., 2005), France (FRA) (Gautheron et al., 2005), Australia (AUS)
(Matsumoto et al., 2000), Korea (KOR), China (CHN) (Kim et al., 2005), Kenya (KNA)
(Hopp et al., 2007) and Pannonian (PNN) (Buikin et al., 2005); orogenic peridotites from
Japan (JPN) (Matsumoto et al., 2001), and Italy (ITA) (Matsumoto et al., 2005).
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example, if diffusivity is governed by vacancy diffusion mechanisms,
the relative diffusivities of elements a and b can be expressed as

Da

Db
≈

ffiffiffiffiffiffiffi
Mb

Ma

s
; ð1Þ

where D is the diffusion coefficient and M is the atomic mass.
Examples of the relative diffusivity of noble gases are D3He/D4He of 1.15
and D4He/D40Ar of 3.16. Therefore, 4He/40Ar decreases concomitantly
with decreasing contents of 4He and 40Ar in the residual mantle,
which is also true for 4He/21Ne⁎ and 3He/4He.

Herein, for simplicity, we consider the diffusion of an element or
isotope in mantle bounded by two parallel planar magma channels.
The following diffusion equations govern the compositional profile:

AC
At

= D
A
2C

Ax2
; ð2Þ

wherein C = Ci; when t = 0 and 0 V x V 2l; ð3Þ

and C = Cf ; when t N 0; x = 0 and x = 2l: ð4Þ

In those equations, C is the concentration of the element, l is the
half width between themagma channels, Ci is the initial concentration
of the element in mantle, and Cf is the constant concentration of the
element in the magma. The solution of Eqs. (2)–(4) is obtainable as

C − Cf

Ci − Cf
=

4
π

X∞
n=1

1
n
exp − nπ

2l

� �2
Dt

� �
sin

nπx
2l

n = 1;3;5 : : :ð Þ: ð5Þ

For this study, we simply assumed that Cf is zero. Using Eq. (5), we
calculated the diffusion profile of a target element in a source mantle
bounded by two parallel planarmagma channels (Fig. 5). The diffusive
fractionation in the source mantle depends on the diffusion
coefficient, timescale and channel spacing. Fig. 6 portrays the
predicted fractionation of 4He/40Ar⁎ and contents of 4He and 40Ar as
functions of the timescale and channel spacing when diffusive
fractionation occurs at 1200 °C. Although we do not know the channel

spacing in the mantle beneath the active continental margins and
island arcs, channel spacing observed in an orogenic peridotite body
ranges from several millimeters to several meters; furthermore, their
abundance increases concomitantly with decreased channel spacing
(Takazawa et al., 1999). Assuming channel spacings of 20 cm and 1 cm,
it takes 17 and 0.05 Ka, respectively, to produce one order of
magnitude lower 4He content. In the interval, 4He/40Ar⁎ of 3 drop
respectively to 0.7 and 0.5. Similarly, 3He/4He decrease from 8.0 Ra to
6.0 and 5.6 Ra, respectively. Volcanoes at the active continental
margins and island arcs typically have a life span of 20–40 Ka (Tomiya,
1991). Therefore, when subduction-related magma passes continu-
ously through the mantle, dramatic decreases in 4He/40Ar⁎ and 3He/
4He in the source mantle are quite conceivable. In the next section, we
verify whether this calculation can explain noble gas isotopic
compositions of mantle materials derived from the active continental
margins and island arcs.

5.3. Quantitative test for low 4He/40Ar⁎ and 3He/4He

The shaded area in Fig. 7 depicts the change in noble gas isotopic
compositions of a source mantle fractionated by the diffusive loss.
Data with 3He/4He more than 4 Ra are explainable by diffusive 4He–
40Ar and 3He–4He fractionation. However, the data are apparently
distributed on a curve with an inclination that is steeper than the
theoretical diffusive trajectories (shaded area). The dark gray broken
line is the best fitting exponential curve to the datasets. The fitting
curve closely approximates a diffusive fractionation trajectory with
D3He/D4He=1.05. It is noteworthy that Trull and Kurz (1993) reported
lowD3He/D4He of 1.09±0.04 for olivine and 1.04±0.04 for pyroxene in
comparisonwith the relative diffusivity of 1.15 calculated from Eq. (1).
We mentioned in passing that they used natural mantle minerals as
diffusion media, which have CO2 inclusions involving He. The He in
theminerals is expected to first leave the inclusions before diffusing in
the mineral matrix, which might cause slow He diffusivity. Never-
theless, this is not a determining cause of the low D3He/D4He because
lowD3He/D4He of 1.03 was reported from gem-quality fluorapatite that
was free of fluid inclusions (Shuster et al., 2003). Trull and Kurz (1993)
described several possible causes of the low D3He/D4He, for example,

Fig. 5. Predicted diffusion profiles of noble gases in a mantle region based on a model of
diffusive noble gas fractionation during partial melting or infiltration of magma.
Initially, noble gases are distributed homogeneously throughout the mantle. Fast
diffusion paths for the noble gases (such as fractures or melt channels) are emplaced
some distance (2l) apart. Noble gases diffuse from the solid into fast diffusion channels
(melt) during time t, after which the noble gases are removed progressively from the
system. Diffusion profiles are calculated using Eq. (5). The numbers with the profiles
represent the Fo value (=D× t/2l), where D, t, and l respectively signify the diffusion
coefficient, time and half fracture spacing. For example, the Fo value of 0.1 corresponds
to D=1×10−10 cm2/s; l=0.5 cm; t=30 years. In addition, Ci and C respectively
represent the initial concentrations of noble gases and the concentration at time t.

Fig. 6. Averaged relative contents of (a) 4He and 40Ar, and (b) 4He/40Ar as functions of time
and fracture spacing. Solid and broken lines represent the diffusive fractionation with
fracture spacingof1 cmand20cm, respectively. The fractionation trajectories are governed
by Da (Da=(diffusivity of a)). The calculation is based on D4He=1.61×10−10 cm2/s in
olivine at 1200 °C (Trull and Kurz, 1993) and D4He/D40Ar=3.16 estimated from Eq. (1).
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diffusion mechanisms involving correlation of successive atomic
jumps, temporal coupling of the diffusing atom and host crystal
movements, and vibrational energy quantization for light atoms such
as helium. Although the low D3He/D4He for mantle minerals is not
supported by independent evidence, low D3He/D4He was reported for
basaltic glass (1.10±0.03 at 1000 °C: Trull and Kurz, 1999) and quartz
(1.00±0.05: Shuster and Farley, 2005). Assuming D3He/D4He of 1.05,
we can estimate an unfractionated 3He/4He of SCLM to be 7.7±1.8 Ra
for given 4He/40Ar⁎ of 3 (Fig. 7), which includes the value of 6.1±0.9
Ra proposed as a representative of SCLM by Gautheron and Moreira
(2002), butwhich resembles that ofMORB. The data scatter around the
fitting line, which might reflect mantle-source heterogeneity. As
described previously, much study remains to be done to elucidate
diffusion coefficients of noble gases in mantle minerals. Accumulation
of experimental data will support a more rigorous discussion of the
diffusive fractionation and heterogeneity of 3He/4He in mantle.

The fractionatedmantle is expected to bedepleted considerably inHe
during production of about one order of magnitude lower 4He/40Ar⁎
(Fig. 6). In this case, radiogenic 4He induces changes in 3He/4He and
4He/40Ar⁎. We simulated time-integrated effects of the radiogenic
4He and 40Ar on 3He/4He and 4He/40Ar⁎ in the depleted mantle. The
light-gray broken lines in Fig. 7 toward the upper left from halfway on
the diffusive fractionation lines represent the time-integrated effect
on radiogenic nuclides. Datawith extremely low 3He/4He and various
4He/40Ar⁎ are explainable by the radiogenic effect. In the case of residual
mantle with 4He/40Ar⁎ of 0.3 and 0.1, it takes 50 and 9 Ka to fall to less
than 1 Ra, respectively, indicating that 3He/4He in mantle with magma
channels decreases rapidly. This probably explains why few data having
1–3 Ra are reported. Consequently, the wide distribution of 4He/40Ar⁎
and 3He/4He of the subcontinental mantle-derived materials is
explainable by a combination of diffusive fractionation related to
magmatic migration and subsequent radiogenic ingrowth.

5.4. 4He/40Ar⁎: an index to mantle depletion

The 3He/4He of the subduction-related SCLM and arc mantle are
more variable than that ofMORB(Fig. 4). A recent studyofHe isotopes in
Proterozoic SCLM xenoliths from western Europe (Gautheron et al.,
2005) showed low and uniform 3He/4He (6.32±0.39 Ra). Gautheron
et al. (2005) discuss twomodels to explain the lowanduniform 3He/4He.
The first model is that the SCLMbeneathwestern Europewas invaded by
recent and local metasomatic fluid having 3He/4He of ca. 6 Ra. Another
model is that metasomatism occurs globally throughout the entire

SCLM, where 3He/4He is kept constant by balance of 3He derived from
asthenosphere with radiogenic 4He. Both models necessitate mantle
metasomatism related to a U-rich component. It would be acceptable as
a mantle process especially for mantle beneath active continental
margins and island arcs, where subduction-related fluid infiltrates
continuously through intergranular area in the source mantle. Indeed
melt inclusions with high U contents have been observed in a far eastern
Russian mantle xenolith with extremely low 3He/4He where the far
eastern Asia area was located at a subduction zone in the Mesozoic Era
(Yamamoto et al., in press).

However, correlation between 4He/40Ar⁎ and 3He/4He cannot be
explainedmerely by the invasion of aU-rich component and subsequent
radiogenic ingrowth. The introduction of the diffusive fractionation
might reveal various aspects of the cause of wide variation of 3He/4He
and 4He/40Ar⁎ in SCLM. The low 4He/40Ar⁎ of mantle-derivedmaterials
indicates depletion of noble gases in the source mantle. Moreover,
subduction-related fluid having a considerable amount of U generates a
source mantle with very low 3He/U, leading to extremely low 3He/4He,
as observed in the far eastern Asianmantle. Perhaps for that reason, the
SCLM partly shows low 3He/4He compared to MORB. Therefore,
diffusive fractionation accompanied by invasion of melt with various
U contents might be useful as a geochemical signature to differentiate
the SCLM at active continental margins. The fundamental assumption
that the SCLM traps fluid with low 3He/4He (Yamamoto et al., 2004;
Gautheron et al., 2005) remains convincing. The diffusive fractionation
serves as anothermechanismto interpret noble gas features of the SCLM
properly, especially for low 4He/40Ar⁎.

The diffusive fractionation model requires a prior melting event that
depletes the mantle source region. High 4He/40Ar⁎ might be shown
complementarily inmagma at an early stage of volcanism if the diffusive
fractionationplays amajor role in low4He/40Ar⁎ in themantle. However,
it is difficult to distinguish the effect of the diffusive fractionation from
that of solubility-controlled fractionation during magmatic degassing.

It is possible to apply diffusive fractionation to trace the origin of low
4He/40Ar⁎ in oceanic islandbasalt (OIB) andoceanic peridotitexenoliths.
Low 4He/40Ar⁎ of the oceanic peridotite xenoliths might result from the
trapping of early evolved vesicles during percolation of oceanic island
magma (Moreira and Sarda, 2000). The diffusive fractionation process is
also a valid explanation of the low 4He/40Ar⁎ as follows. The source
mantle is partly depleted in lighter noble gases if OIB magma is ori-
ginated from successive partialmeltingof a sourcemantle. The noble gas
compositions of the OIB magmamust be depleted in lighter noble gases
with development of volcanism if a sequence of an OIB volcanism is
derived from the same part of a source mantle. Similarly, the low 4He/
40Ar⁎ of the oceanic peridotite xenoliths might represent depletion of
lighter noble gases in oceanic lithospheric mantle because of extraction
ofMORBmagma. This is a reasonwhy the OIB and the oceanic peridotite
xenoliths show a correlation between 4He/40Ar⁎ and 4He/21Ne⁎ (e.g.
Graham, 2002), as observed in the SCLM. Accordingly, kinetic fractiona-
tion might alter our perspective of mantle processes.

6. Conclusions

From volcanic rocks from Kyushu Island, Japan, we obtained
phenocrystic olivine and pyroxenes with low 4He/40Ar⁎ and 3He/4He
compared to those of MORB-source. The present results show no
systematic difference from published data of subarc and subcontinental
mantlematerials. Overall, the 3He/4He of the subarc and subcontinental
mantle are roughly separable into two regimes: datawith 3He/4Hemore
than 3 Ra and less than 1 Ra. The 3He/4He of the former samples have a
positive correlation with 4He/40Ar⁎. Although the correlation for
phenocrysts is explainable by the diffusive loss of lighter noble gases
from the phenocrysts in ascending magma, such a process has little
effect on the noble gases inmantle xenoliths because of their larger size.
Possibly, the correlation for the mantle xenoliths results from diffusive
fractionation accompanied by magma migration in the mantle. The

Fig. 7. 3He/4He versus 4He/40Ar⁎ diagram of subcontinental mantle peridotites. Data are
from Fig. 4. The shaded area shows a trend of the diffusive noble gas fractionation from
the source mantle (gray rectangle) using D3He/D4He of 1.15 and D4He/D40Ar of 3.16. A
dark gray broken line is the best-fitting exponential curve to sets of data with 3He/4He
of more than 4 Ra, which corresponds to the diffusion curve with D3He/D4He of 1.05.
Light gray broken lines show the radiogenic change of the depleted mantle, which
originally has 3He/4He of 3.1, 4.1, and 5.2 Ra and 4He/40Ar⁎ of 0.03, 0.1, and 0.3,
respectively. The radiogenic change is based on an original source mantle with K/U of
12 700 and Th/U of 3.1, inwhich K, Th, and U contents are presumed to be unaffected by
the depletion. Numbers labeling the broken lines denote the elapsed time (kiloyear).
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diffusive fractionation engenders depletion in noble gases in the source
mantle. Therefore, the effect of radiogenic addition on the residual
mantle is large. Such a rapid radiogenic ingrowth engenders extremely
low3He/4He(b1Ra) and various 4He/40Ar⁎, as occasionally reported for
subcontinental mantle-derived xenoliths. Assuming this concept to be
true, 3He/4He and 4He/40Ar⁎ provide useful indices for tracking mantle
evolution.
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