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Major and trace element abundances, Sr and Nd isotopic ratios, and 238U–230Th radioactive disequilibria have been
analyzed for samples from five volcanoes, Oshima, Miyakejima, Niijima, Teishi Knoll and Fuji, located in the northern
Izu arc to investigate across-arc and regional variations of chemical compositions of mantle and fluids expelled from a
subducting slab. The abundances and abundance ratios of both fluid mobile and immobile trace elements show across-arc
variations.

All samples but one have radioactive disequilibria, with (238U/230Th) greater than unity (herein, a ratio in parentheses
denotes the activity ratio). The observed disequilibrium is similar to those reported for other arc systems, such as Mariana,
Tonga, Kermadec, Chile. It originates from higher mobility of uranium relative to thorium during dewatering of the
subducting slab. The degree of radioactive disequilibrium of (238U/230Th) decreases with depth to the Wadati-Benioff zone
at each volcano. The radioactivity ratios of (230Th/232Th) of the samples from Miyakejima, however, deviate from an
across-arc trend formed by Oshima, Niijima, Teishi Knoll and Fuji.

The combined data of (230Th/232Th)–(238U/232Th) of the samples from the Izu and the Mariana arc revealed a well
defined array in an isochron diagram with the exceptions of the samples from Miyakejima and Alamagan. This finding
requires (230Th/232Th) of the sub-arc mantle beneath the arcs of Izu and Mariana except the magma sources of the two
islands of Miyakejima and Alamagan was around 1.1 and relatively homogeneous before the final addition of fluid from
slab. The homogeneous (230Th/232Th) necessitates input of Th with homogeneous (230Th/232Th) contributed from sediment
melt, which dominates the budget of Th in the sub-arc mantle. It also suggests that influence of fluid addition before the
final one had not caused a variation in Th isotopic compositions of the sub-arc mantle.
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nium addition event at 30 ka prior to eruption if mantle
homogeneity regarding (230Th/232Th) and negligible tho-
rium addition by fluid can be assumed. This approach
reveals that samples from about 15 arcs record fluid ad-
dition events that occurred 10–200 kyr prior to eruption
(Turner et al., 2003). Most prior studies of the radioac-
tive disequilibria on island-arc derived volcanic rocks
have mostly investigated samples from different volca-
noes from an arc as the dataset of the arc, although sev-
eral volcanoes have been intensively investigated
(Yokoyama et al., 2003, 2006; George et al., 2004; Jicha
et al., 2005; Tepley et al., 2006). For this approach to be
possible to give accurate time scale of magma ascent, the
mantle wedge should have had a homogeneous Th radio-
activity ratio before the final fluid addition.

For the present study, we analyzed major and trace
element abundances and U–Th radioactive disequilibria
with Sr and Nd isotopes of volcanic rocks from the Izu

INTRODUCTION

To date, 238U–230Th radioactive disequilibrium has
been used to infer time constraints on arc volcanisms
(Hawkesworth et al., 2004; Turner et al., 2003). Such
studies describe a radioactive disequilibrium observed in
arc-derived volcanic rocks—e.g., (238U/230Th) greater than
unity—and ascribe the disequilibrium to the chemical
fractionation of fluid mobile uranium from immobile tho-
rium during dehydration. The U addition time scales have
been estimated from sets of along-arc samples, which
form an inclined array in the (230Th/232Th)–(238U/232Th)
isochron diagram. Elliot et al. (1997), for example, de-
scribed a clear array formed by volcanic rocks from the
Mariana arc, which can be interpreted to record a ura-
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arc. This arc has been investigated using various chemi-
cal and isotopic tracers. Across-arc variations of fluid-
derived components have been reported by many authors
(Tatsumi et al., 1992; Ishikawa and Nakamura, 1994;
Moriguti and Nakamura, 1998; Taylor and Nesbitt, 1998;
Straub and Layne, 2002; Ishizuka et al., 2003, 2006).

Taylor and Nesbit (1998) reported considerable along-
arc variation in Sr, Nd and Pb isotopes in the Izu arc.
They attributed variations of Sr and Pb isotopes to fluid
addition processes. In addition, they concluded that vari-
ations in Nd isotopes indicate that heterogeneity existed
within the sub-arc mantle prior to enrichment by the sub-
duction fluids. Hochstaedter et al. (2000, 2001) and
Machida and Ishii (2003), using trace element abundance
data for the southern Izu arc, have suggested mantle het-
erogeneity. Ishizuka et al. (2003) identified a systematic
along-arc isotopic variation of lavas in back-arc region
of the Izu arc as well as in the volcanic front of the arc.
Ishizuka et al. (2006), furthermore, presented isotopic
variation with time in the Izu arc. These findings clearly
demand a study on U–Th radioactive disequilibria in the
Izu arc.

Yokoyama et al. (2003) analyzed the 238U–230Th–226Ra
disequilibria of the samples from Miyakejima in the north-
ern Izu arc. Yokoyama et al. (2003) estimated (230Th/
232Th) of the mantle beneath Miyakejima at 1.30. This
work will report radioactive disequilibrium data on the
volcanoes from the northern Izu arc,  including
Miyakejima, and will present discussion of the variation
of Th isotopic ratio within the arc system with compari-
son to data of Yokoyama et al. (2003). We will further
compare our data with those from the Mariana arc (Elliott
et al., 1997).

SAMPLES AND ANALYTICAL METHODS

Samples
We analyzed volcanic rock samples from Oshima,

Miyakejima, Niijima, and Teishi Knoll off the coast of
Izu peninsula, and Fuji (Fig. 1). We selected these volca-
noes because they are distributed in the northern Izu is-
land arc with various depths to the subducting slab.
Nakajima and Hasegawa (2006) presented the iso-depth
contours of the subducted Pacific plate based on the pre-
cisely determined hypocenter distribution obtained in
Kanto-Tokai district. Using their iso-depth contours, we
estimated the depth to Wadati-Benioff Zone as 120 km at
Oshima, 130 km at Miyakejima, 140 km at Teishi Knoll,
150 km at Niijima, and 160 km at Fuji (Fig. 1). Most
samples are basalt or basaltic andesite. The eruption ages
of the samples from Fuji, Miyakejima and Oshima were
estimated by historic records, tephrochronological meth-
ods and the 14C method as younger than 3000 years
(Miyaji, 1988; Yoshimoto et al., 2004; Tsukui et al., 2001;

Niihori et al., 2003; Nakamura, 1964). Descriptions of
the samples of 2000 eruption of Miyakejima are in Amma-
Miyasaka et al. (2005) and Kaneko et al. (2005). The age
of Nij from Niijima was estimated from archaeological
objects and a 14C age (Isshiki, 1987). We analyzed only
one sample for Niijima because only one sequence of lava
with basaltic composition is present on the island. Mo-
nogenic volcanoes are distributed around the eastern part
of the Izu peninsula (Hamuro, 1985). The sample of vol-
canic ejecta from the Teishi Knoll was recovered when a
submarine eruption occurred off the coast of the Izu Pe-
ninsula in 1989 (Yamamoto et al., 1991).

The gabbro and tonalite samples were collected from
the Tanzawa plutonic complex, located north of the stud-
ied area. They were analyzed to evaluate the influence of
crustal contamination.

Analytical techniques
All samples were crushed with an agate mortal to pow-

der. Wakagou basalt in Niijima contained rhyolite inclu-
sions (<1 mm). These inclusions were removed under a
microscope before crushing. For this study, we did not
leach sample powders using an acid solution, thereby
avoiding selective leaching, which causes U/Th
fractionation of a sample. Instead, in order to remove sur-
face contamination and possible seawater contamination,
sample tips were washed in a Milli-Q water ultrasonic
bath.
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Fig. 1.  Map of northern part of the Izu arc. The dashed lines
indicate the depth contours of the upper surface of the Pacific
Plate, as described in Nakajima and Hasegawa (2006). The
locations of the five volcanoes and the Tanzawa massif are
shown as the hatched area.
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Fuji Miyakejima

JB3 SJ77 SJ70 Ho-IV KSL TYL 1469 1643 1763 1874
Eruption age 864 937 1033 1707 2200−3000 2050 1469 1643 1763 1874

SiO2(%) 51.03 51.61 51.49 51.49 58.16 52.11 53.55 52.84 54.45 54.03
TiO2 1.43 1.34 1.29 1.35 1.16 1.28 1.29 1.39 1.38 1.28
Al2O3 17.08 18.43 17.75 17.13 14.99 15.16 15.01 14.63 14.60 15.72
FeO 11.84 10.16 10.32 10.85 10.94 13.26 12.86 13.76 13.15 12.07
MnO 0.18 0.17 0.17 0.19 0.23 0.24 0.24 0.25 0.24 0.23
MgO 5.18 4.61 5.57 5.29 3.02 4.98 4.55 4.54 3.99 4.09
CaO 9.79 9.99 9.76 9.71 7.32 9.97 9.24 9.35 8.59 9.15
Na2O 2.68 2.84 2.78 2.68 3.36 2.46 2.55 2.59 2.83 2.72
K2O 0.77 0.71 0.69 0.73 0.65 0.41 0.56 0.50 0.59 0.56
P2O5 0.29 0.26 0.26 0.26 0.15 0.12 0.15 0.15 0.16 0.15

Rb (ppm) 12.8 14.59 12.8 13.3 8.48 5.07 7.90 7.49 8.86 7.72
Sr 377 395.24 405 404 248 231 239 247 256 244
Zr 100 83.8 80.6 73.6 71.1 45.2 66.4 63.0 72.2 66.3
Nb 2.12 1.91 1.71 1.66 0.66 0.41 0.60 0.60 0.68 0.64
Cs 0.83 0.99 0.91 0.66 0.38 0.60 0.68 0.58
Ba 216 226 216 230 238 148 207 200 237 206
La 7.52 7.96 7.45 7.51 4.12 2.53 3.71 3.45 4.08 3.66
Ce 19.5 20.2 19.8 20.1 12.0 7.7 10.8 10.04 12.2 10.9
Pr 2.89 3.06 3.07 2.93 1.96 1.28 1.79 1.65 2.02 1.80
Nd 13.7 14.4 13.8 13.8 10.3 6.94 9.44 9.28 10.71 9.60
Sm 3.70 3.97 3.96 3.80 3.49 2.40 3.16 3.14 3.61 3.28
Eu 1.15 1.25 1.30 1.26 1.24 0.96 1.15 1.14 1.29 1.15
Gd 4.04 4.05 4.13 3.96 4.57 3.25 4.27 4.07 4.66 4.30
Tb 0.64 0.67 0.67 0.65 0.82 0.57 0.76 0.75 0.84 0.75
Dy 3.88 4.06 4.17 4.12 5.44 3.83 5.07 4.84 5.61 5.24
Ho 0.80 0.84 0.89 0.86 1.20 0.83 1.08 1.05 1.22 1.13
Er 2.29 2.37 2.43 2.44 3.59 2.50 3.32 3.09 3.66 3.40
Tm 0.32 0.34 0.34 0.35 0.52 0.37 0.48 0.48 0.54 0.49
Yb 2.15 2.27 2.14 2.34 3.51 2.46 3.24 2.95 3.63 3.33
Lu 0.32 0.32 0.31 0.34 0.52 0.36 0.48 0.46 0.54 0.50
Hf 2.38 2.43 2.33 2.42 2.38 1.49 2.21 1.95 2.54 2.30
Pb 5.00 5.28 4.71 5.00 3.90 2.41 3.43 3.70 3.87 3.43
Th* 1.270 1.38 1.13 1.15 0.220 0.418 0.335 0.304 0.351 0.324
U* 0.470 0.55 0.418 0.432 0.136 0.237 0.192 0.179 0.206 0.193

87Sr/86Sr 0.703433 0.703450 0.703435 0.703411 0.703469 0.703454 0.703479 0.703441 0.703475 0.703496
Error ± (2σ) 0.000034 0.000012 0.000013 0.000015 0.000015 0.000016 0.000013 0.000015 0.000014 0.000015

143Nd/144Nd 0.513046 0.513050 0.513041 0.513043 0.513093 0.513068 0.513077 0.513091 0.513111
Error ± (2σ) 0.000018 0.000008 0.000009 0.000006 0.000007 0.000013 0.000015 0.000008 0.000009

εNd 8.0 8.0 7.9 7.9 8.9 8.4 8.6 8.8 9.2

(238U/232Th) 1.123 1.207 1.120 1.137 1.874 1.715 1.744 1.788 1.786 1.810

(230Th/232Th) 1.067 1.148 1.097 1.048 1.413 1.350 1.377 1.364 1.389 1.390
Error ± (2σ) 0.018 0.009 0.005 0.002 0.006 0.006 0.006 0.017 0.017 0.020

(238U/230Th) 1.052 1.051 1.022 1.086 1.326 1.271 1.267 1.311 1.285 1.302
Error ± (2σ) 0.024 0.009 0.006 0.004 0.008 0.008 0.008 0.018 0.018 0.029

(234U/238U) 1.003 1.003 1.003 1.004 1.003 1.005 1.004
Error ± (2σ) 0.005 0.005 0.005 0.005 0.005 0.005 0.005

Table 1.  Chemical and isotopic compositions of Izu arc samples
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Table 1.  (continued)

Miyakejima

1962 1983-2903 1983-2808 1983-2908 2000-1 2000-2 2000-3 2000-4 2000-5 2000-A2
Eruption age 1962 1983 1983 1983 2000 2000 2000 2000 2000 2000

SiO2(%) 56.78 53.30 53.31 54.75 53.13 52.7 53.08 52.22 52.29 54
TiO2 1.27 1.38 1.38 1.35 1.36 1.17 1.35 1.26 1.26 1.37
Al2O3 14.81 15.09 15.19 15.04 14.74 17.91 14.75 16 15.95 14.84
FeO 11.60 13.36 13.16 12.43 13.58 11.37 13.63 12.83 12.86 13.1
MnO 0.23 0.24 0.24 0.23 0.26 0.21 0.26 0.24 0.24 0.24
MgO 3.46 4.02 4.09 3.84 4.5 3.6 4.46 4.35 4.37 4.02
CaO 7.83 9.17 9.22 8.72 9.39 10.33 9.41 10.2 10.11 8.88
Na2O 3.13 2.75 2.71 2.87 2.43 2.25 2.44 2.35 2.36 2.83
K2O 0.70 0.54 0.54 0.61 0.51 0.37 0.51 0.45 0.45 0.56
P2O5 0.17 0.15 0.15 0.16 0.12 0.09 0.12 0.11 0.11 0.16

Rb (ppm) 9.43 6.14 7.41 8.63 6.52 5.35 6.65 5.70 5.32 7.00
Sr 238 191 240 244 216 254 211 211 222 232
Zr 75.6 56.8 63.3 68.9 59.5 43.8 59.2 50.2 47.8 61.5
Nb 0.71 0.55 0.61 0.65 0.69 0.41 0.65 0.48 0.47 0.64
Cs 0.67 0.57 0.65 0.43
Ba 251 166 203 224 175 160 172 149 155 195
La 4.22 3.19 3.51 3.98 3.25 2.66 3.42 3.11 2.94 3.70
Ce 12.5 9.07 10.5 11.7 9.13 7.92 9.65 8.73 8.42 10.5
Pr 2.07 1.60 1.75 1.91 1.59 1.36 1.68 1.56 1.46 1.77
Nd 10.78 8.54 8.93 10.15 8.75 7.63 8.83 8.35 7.93 9.62
Sm 3.62 3.02 3.11 3.35 2.95 2.72 3.28 2.95 2.79 3.29
Eu 1.24 1.15 1.13 1.18 1.10 1.10 1.13 1.11 1.08 1.28
Gd 4.65 4.34 4.08 4.36 4.29 3.64 3.95 3.92 3.87 4.47
Tb 0.83 0.82 0.73 0.77 0.78 0.64 0.77 0.74 0.70 0.82
Dy 5.69 4.99 4.89 5.36 4.96 4.45 4.97 4.88 4.52 5.40
Ho 1.22 1.11 1.07 1.16 1.07 0.96 1.10 1.06 0.97 1.12
Er 3.59 3.54 3.20 3.49 3.03 2.80 3.16 3.04 2.82 3.21
Tm 0.53 0.50 0.47 0.50 0.47 0.41 0.45 0.46 0.44 0.47
Yb 3.56 3.26 3.21 3.36 3.06 2.76 3.07 2.83 2.77 3.31
Lu 0.54 0.47 0.48 0.51 0.49 0.41 0.46 0.44 0.44 0.47
Hf 2.48 1.77 2.06 2.26 1.77 1.58 1.85 1.62 1.60 2.02
Pb 3.99 3.18 3.38 3.92 3.01 2.74 3.14 2.82 2.65 3.65
Th* 0.426 0.302 0.308 0.352 0.297 0.222 0.296 0.255 0.260 0.333
U* 0.250 0.180 0.186 0.211 0.170 0.136 0.170 0.154 0.155 0.197

87Sr/86Sr 0.703482 0.703518 0.703469 0.703512 0.703543 0.703517 0.703479 0.703531 0.703467
Error ± (2σ) 0.000014 0.000041 0.000024 0.000015 0.000018 0.000020 0.000023 0.000032 0.000024

143Nd/144Nd 0.513078 0.513070 0.513086 0.513080 0.513103 0.513067 0.513079 0.513074 0.513108
Error ± (2σ) 0.000010 0.000009 0.000007 0.000009 0.000007 0.000012 0.000027 0.000013 0.000009

εNd 8.6 8.4 8.7 8.6 9.1 8.4 8.6 8.5 9.2

(238U/232Th) 1.781 1.807 1.827 1.814 1.734 1.853 1.740 1.837 1.813 1.801

(230Th/232Th) 1.387 1.380 1.374 1.399 1.349 1.384 1.353 1.351 1.343 1.390
Error ± (2σ) 0.037 0.018 0.037 0.019 0.017 0.018 0.017 0.017 0.017 0.018

(238U/230Th) 1.284 1.310 1.330 1.297 1.285 1.339 1.286 1.359 1.350 1.296
Error ± (2σ) 0.050 0.026 0.052 0.027 0.054 0.013 0.015 0.016 0.015 0.007

(234U/238U) 1.000 0.992 1.006
Error ± (2σ) 0.005 0.008 0.006



238U–230Th radioactive disequilibrium in the northern Izu arc 465

*U and Th abundances were determined by isotope dilution analyses.

Table 1.  (continued)

Miyakejima Oshima Niijima Teishi Knoll

2000-B1 2000-C1 JB2 Y3 Y5 Y1-Upper Y1-Lower Nij TKN-102
Eruption age 2000 2000 1950−1951 1550 ± 5 1335 ± 10 1778 1778 2000−3000 1989

SiO2(%) 53.9 54.00 53.07 52.58 52.186 52.49 51.46 49.70
TiO2 1.37 1.355 1.17 1.29 1.30 1.29 1.19 0.82
Al2O3 14.93 14.93 14.49 13.78 13.62 13.91 16.119 16.48
FeO 13.05 12.99 14.30 15.02 14.95 14.69 13.61 10.14
MnO 0.24 0.24 0.22 0.22 0.22 0.22 0.23 0.17
MgO 4.01 4.06 4.60 4.76 4.77 4.65 4.61 7.70
CaO 8.97 8.89 9.77 9.50 9.48 9.60 9.80 11.03
Na2O 2.82 2.85 1.98 1.82 1.90 1.937 2.52 2.06
K2O 0.56 0.56 0.41 0.39 0.43 0.43 0.39 0.25
P2O5 0.15 0.16 0.10 0.10 0.10 0.10 0.13 0.12

Rb (ppm) 6.86 6.76 6.61 6.61 6.77 6.86 5.77 6.24 3.87
Sr 230 225 178 155 179 184 132 260 300
Zr 64.9 61.9 45.6 43.7 44.3 43.1 37.9 41.6 29.5
Nb 0.65 0.59 0.48 0.46 0.50 0.47 0.43 1.01 0.88
Cs 0.81 0.92 0.90 0.38 0.28
Ba 188 182 222 208 237 231 176 104 83.6
La 3.67 3.55 2.43 2.16 2.48 2.40 2.33 3.42 2.66
Ce 10.6 10.0 6.68 6.13 7.32 7.18 6.36 9.15 7.28
Pr 1.87 1.73 1.21 1.05 1.21 1.21 1.16 1.41 1.13
Nd 9.67 9.78 6.19 5.90 6.45 6.33 6.18 7.21 5.55
Sm 3.33 3.36 2.24 2.07 2.33 2.22 2.23 2.18 1.70
Eu 1.21 1.22 0.81 0.87 0.86 0.82 0.85 0.91 0.69
Gd 4.26 4.06 3.03 2.84 3.17 3.07 3.22 2.71 2.04
Tb 0.84 0.80 0.54 0.54 0.58 0.57 0.60 0.48 0.35
Dy 5.21 5.22 3.69 3.78 3.93 3.85 3.70 3.21 2.21
Ho 1.13 1.14 0.81 0.83 0.88 0.85 0.87 0.72 0.46
Er 3.32 3.30 2.44 2.49 2.61 2.59 2.45 2.04 1.36
Tm 0.53 0.50 0.36 0.40 0.38 0.38 0.38 0.30 0.19
Yb 3.36 3.20 2.42 2.41 2.69 2.57 2.55 2.05 1.32
Lu 0.50 0.48 0.36 0.38 0.39 0.37 0.41 0.30 0.19
Hf 2.03 1.97 1.42 1.53 1.56 1.47 1.44 1.32 0.93
Pb 3.52 3.38 5.37 5.45 4.25 4.17 3.71 2.22 1.56
Th* 0.332 0.317 0.28 0.272 0.269 0.266 0.270 0.415 0.244
U* 0.201 0.195 0.17 0.178 0.163 0.161 0.157 0.170 0.099

87Sr/86Sr 0.703591 0.703506 0.703657 0.703670 0.703735 0.703622 0.703649 0.703367 0.703303
Error ± (2σ) 0.000027 0.000028 0.000013 0.000013 0.000018 0.000012 0.000013 0.000015 0.000015

143Nd/144Nd 0.513072 0.513083 0.513103 0.513101 0.513089 0.513107 0.513064 0.513068
Error ± (2σ) 0.000013 0.000015 0.000006 0.000007 0.000008 0.000011 0.000011 0.000011

εNd 8.5 8.7 9.1 9.0 8.8 9.1 8.3 8.4

(238U/232Th) 1.838 1.860 1.891 1.988 1.838 1.838 1.765 1.240 1.231

(230Th/232Th) 1.406 1.444 1.219 1.276 1.295 1.224 1.258 1.125 1.157
Error ± (2σ) 0.018 0.018 0.016 0.011 0.002 0.029 0.030 0.011 0.007

(238U/230Th) 1.307 1.288 1.552 1.558 1.420 1.502 1.402 1.134 1.095
Error ± (2σ) 0.021 0.021 0.056 0.025 0.006 0.057 0.053 0.027 0.014

(234U/238U) 1.012 1.012 1.004 1.024 1.003 1.003 1.002
Error ± (2σ) 0.005 0.005 0.005 0.005 0.005 0.008 0.005
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Major element data for the samples from Miyakejima
with eruption ages older than 2000 were published by
Niihori et al. (2003). Major elements for other samples
were analyzed using X-ray fluorescence spectrometry
(XRF) at ERI (PW2400; Philips Japan Ltd.).

About 300 mg of samples were used for analyses of
trace element abundances and isotopic compositions, in-
cluding radioactive disequilibria. They were digested
sequentially using HF/HClO4 and HCl/H3BO3. Thorium
fluoride, which might remain after HF/HClO4 acid treat-
ment, was dissolved using HCl/H3BO3 (Turner et al.,
1997).

The concentrations of the trace elements except for U
and Th were determined using an ICP-MS with a
quadrupole mass analyzer (PQ3; Thermo Elemental,

Winsford, UK). Accuracy and precision of the analyses
are shown in Appendix 1. RSD of most of the elements
was better than 10%. Acid digestion bombs (Parr) were
used for decomposition of the samples of tonalite and
gabbro from the Tanzawa plutonic complex. Aliquots of
about 30-mg powder were used. Four days’ digestion at
200°C in an oven decomposed almost all the samples. A
few mineral grains, some of which appear to be zircon,
remained in samples, except OTN5-1. However, because
zirconium abundances showed no great difference from
those obtained from XRF data (Tani, personal communi-
cation), it is unlikely that non-decomposed components
greatly influence our trace element abundance data, at
least aside from zirconium and hafnium.

The analytical scheme for 238U–230Th disequilibrium
analysis was described in Fukuda and Nakai (2002). Ura-
nium and thorium were purified using anion exchange
resin (AGX1-8; Bio-Rad Laboratories Inc.). Abundance
measurements were carried out using isotope dilution
analysis. A reagent of depleted U (U(NO3)4, 94270; Fluka
Chemika GmbH) was used as a U spike. The 230Th spike
was prepared by separation of 230Th from natural U. The
abundance and isotope measurements were performed
using a MC-ICPMS (IsoProbe; GV Instruments Ltd.,
Manchester, UK). An Aridus micro-concentric nebulizer
(Cetac Technologies) was used to introduce the sample
solutions. The errors for the (230Th/232Th) and (238U/232Th)
ratio were estimated respectively as about 0.5% and 2%
(Fukuda and Nakai, 2002). About 200–300 mg of differ-
ent batches of powdered samples were used for (234U/
238U) analyses. After digestion, uranium was purified us-
ing a separation method with TRU-resin (TR-C50-A;
Eichrom Technologies Inc.), as described by Pin and
Zalduegui (1997). The precision of isotopic analyses de-
pends on the amount of recovered uranium. It was around
5‰ when the uranium amount was around 10 ng, although
it was about 2‰ when the uranium used for analyses was
more than 20 ng.

Strontium and neodymium were purified using Sr-SPS
resin (SR-B25-S, 50–100 mesh; Eichrom Technologies
Inc.) and Ln resin (LN-B25-S, 50–100 mesh; Eichrom
Technologies Inc.) following the method described by
Nishio et al. (2004). The 87Sr/86Sr and 143Nd/144Nd data
were normalized to 87Sr/86Sr = 0.710258 for SRM987 and
to 143Nd/144Nd = 0.5121067 for JNdi-1. Before Sr iso-
topic measurements, we verified that peaks around m/e
83 (Kr) were less than the detection limit (<10–4 A). Our
87Sr/86Sr and 143Nd/144Nd data for the standard rocks agree
well with previously published data (Nishio et al., 2004).

RESULTS

Table 1 shows results of major and trace element analy-
ses: Sr and Nd isotopic analyses and U–Th radioactive

OTN5-1 MZ4-1 Y-1 OT5A-1
Rock type Gabbro Tonalite Tonalite Tonalite

SiO2(%) 43.15 63.08 69.68 56.86
TiO2 1.34 0.57 0.39 0.48
Al2O3 19.74 17.21 15.15 20.07
FeO 12.82 5.50 3.87 6.73
MnO 0.18 0.13 0.11 0.17
MgO 7.17 2.39 1.66 3.57
CaO 14.04 6.43 4.78 8.22
Na2O 1.45 3.81 3.73 3.61
K2O 0.04 0.77 0.55 0.19
P2O5 0.06 0.11 0.08 0.12

Rb (ppm) 0.74 8.61 8.44 3.55
Sr 219 168 206 347
Zr 26.6 101 145 37.1
Nb 0.28 0.75 0.74 0.47
Ba 20.9 201 225 164
La 1.11 4.88 3.97 3.86
Ce 3.48 13.6 9.80 9.48
Pr 0.77 2.14 1.37 1.44
Nd 4.57 10.2 6.04 6.92
Sm 2.00 2.86 1.59 1.92
Eu 0.82 0.89 0.66 0.88
Gd 3.10 3.50 1.91 2.34
Tb 0.56 0.61 0.31 0.38
Dy 3.73 3.98 1.98 2.62
Ho 0.81 0.85 0.43 0.54
Er 2.27 2.58 1.34 1.69
Tm 0.32 0.42 0.22 0.25
Yb 1.95 2.68 1.51 1.67
Lu 0.28 0.43 0.26 0.26
Hf 0.78 2.58 3.08 0.91
Pb 0.69 2.53 2.65 3.18
Th* 0.074 1.21 0.72 0.20
U* 0.031 0.47 0.34 0.12
(238U/232Th) 1.27 1.17 1.41 1.89

Table 2.  Chemical compositions of plutonic rocks from
the Tanzawa massif

*U and Th abundances were determined by an ICP-MS with a
quadrupole mass analyzer.
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disequilibrium analyses. The trace element abundance
data of Tanzawa plutonic rocks are shown in Table 2.

Geochemistry of the samples
The samples’ SiO2 abundances were 49.7–58.2 wt%.

The samples are classifiable into basalt to andesite using
a Na2O + K2O versus SiO2 diagram (Fig. 2). Our results
are consistent with those of previous studies (Takahashi
et al., 1991; Watanabe et al., 2006; Kawanabe, 1991;
Amma-Miyasaka and Nakagawa, 2003; Amma-Miyasaka
et al., 2005; Koyaguchi, 1986; Yamamoto et al., 1991).
Figure 2 shows correlation diagrams of SiO2 with other
major elements.

The N-MORB normalized trace element abundance
patterns of the samples are shown in Fig. 3. The patterns
show that the samples are rich in fluid mobile elements,

such as Sr and Pb, and have apparently depleted HFSEs
(Nb, Zr and Hf). The observed geochemical characteris-
tics are common in volcanic rocks in subduction areas
(e.g., Elliott et al., 1997; Yokoyama et al., 2003). Figure
4 shows chondrite-normalized REE patterns of the se-
lected samples. The REE patterns of the samples from
Oshima show slight light REE depletion, with flat pat-
terns in the heavy REE. The variations of REE abundances
are rather limited. The samples from Miyakejima show
similar REE patterns to those from Oshima. However, the
absolute REE abundances vary by a factor of 1.5. Some
samples show a small positive or negative Eu anomaly.
These observations on the samples of Miyakejima sug-
gest that fractional crystallization played some role in
trace element geochemistry. Phenocrysts of olivine and
plagioclase have been reported for volcanic rocks from
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the Miyakejima. The influence of fractional crystalliza-
tion on the fractionation of trace elements will be dis-
cussed in Subsection “Influence of crystal fractionation”.
Among the samples from Miyakejima, REE patterns of
samples with the lowest REE abundances overlap with
those of Oshima. A sample from Niijima shows a flat REE
pattern. The samples from Teishi Knoll and Fuji show
slightly light REE enriched patterns and show a slightly
positive Eu anomaly. No conspicuous negative Eu
anomaly is observed in the analyzed samples except for
the some samples from Miyakejima. Figure 4 shows that
all samples except that from Teishi Knoll and differenti-
ated ones from Miyakejima have similar HREE abun-
dances. Larger variations observed in LREE and more
incompatible elements might result from different degrees
of melting and different degrees of mantle enrichment
with slab-derived fluids or influences of previous deple-
tion events. The samples from volcanoes with the shal-
lowest depth to the Wadati-Benioff zone have lower con-
centrations of incompatible elements than those with
deeper depth. The trend by which the abundances of in-
compatible elements increase with distance from the vol-
canic front has been commonly observed in other arcs as
well. Kuno (1966) explained the cause of this trend as
lesser degrees of melting behind the volcanic front. The
across-arc variation will be discussed in Subsection
“Across arc geochemical variation and regional mantle
heterogeneity”.

Isotopic compositions of the samples
Sr and Nd isotopic compositions  Figure 5 shows 87Sr/
86Sr and 143Nd/144Nd diagrams of the samples. The 87Sr/
86Sr ratios of the samples from Miyakejima, Oshima,
Teishi Knoll, Niijima, and Fuji are, respectively, 0.70344–
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Fig. 3.  Spider diagram normalized by N-MORB (Sun and
McDonough, 1989) of the samples from the Izu arc.

Fig. 4.  Chondrite-normalized REE patterns of the samples from
the Izu arc. In the top graph, JB3, SJ77 and Ho-IV are the sam-
ples from Fuji. Nij and TKN-102 are respectively from Niijima
and Teishi Knoll.
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0.70359, 0.70362–0.70375, 0.70330, 0.70337 and
0.70341–0.70345. The 143Nd/144Nd ratios of the samples
from Miyakejima, Oshima, Teishi Knoll, Niijima and Fuji
are, 0.51307–0.51311, 0.51309–0.51311, 0.51307,
0.51306, and 0.51304–0.51305, respectively.
U–Th radioactive disequilibrium  Figure 6 shows the U–
Th equiline diagram. Yokoyama et al. (2003) analyzed
the 238U–230Th–226Ra disequilibria of the samples from
Miyakejima in the northern Izu arc. They presented two
regression lines in a (230Th/232Th)–(238U/232Th) diagram:
one for the samples of two older stages, whose eruption
periods were between ca. 25–10 ka and 7000 years BP
(Stage 1); and one for the samples between 7000 and 4000
BP (Stage 2). Using the intersection of the two lines and
the equiline, Yokoyama et al. (2003) estimated (230Th/
232Th) of the mantle beneath Miyakejima to be 1.30. The
two regression lines and the (230Th/232Th) value are also
shown in Fig. 6.

In the samples from the Izu arc, as in many other arc
samples such as Mariana, Tonga–Kermadec and Chile arcs
(Elliott et al., 1997; Turner et al., 1997; Sigmarsson et
al., 1990), excess (238U) relative to (230Th) is apparent.
In the 238U–230Th diagram (Fig. 6), the data for respec-
tive volcanoes are shown in different regions: (238U/232Th)
and (230Th/232Th) are 1.82–2.05 and 1.22–1.30 at Oshima,
and 1.77–1.93 and 1.35–1.44 at Miyakejima, respectively.
Ratios of (238U/230Th) were 1.44–1.60 at Oshima and
1.30–1.40 at Miyakejima. In Fuji, Niijima and Teishi
Knoll, their (238U/232Th) and (230Th/232Th) are 1.15–1.28
and 1.05–1.16, respectively. The values of (238U/230Th)
were 1.02–1.13, which are smaller than those of Oshima
and Miyakejima. The analyzed samples do not define a
clear correlation line, as shown in the case of the Mariana
(Elliott et al., 1997). Sigmarsson et al. (2006) analyzed

U–Th–Ra and U–Pa radioactive disequilibria in arc lavas
from the Izu arc and also reported that there was no cor-
relation between (238U/232Th) and (230Th/232Th).

DISCUSSION

Across arc geochemical variation and regional mantle
heterogeneity

In Fig. 7, Ba/Th, (238U/230Th), (230Th/232Th) and La/
Yb are plotted against the depth to the Wadati-Benioff
zone at each volcano.

(238U/230Th) decreases in the order of Oshima,
Miyakejima and the group of Niijima, Teishi Knoll and
Fuji. The order is consistent with that of the depth to the
Wadati-Benioff zone at each volcano, as shown in Fig. 7.
Actually, (238U/230Th) correlates well with the Ba/Th ra-
tio, as shown in Figs. 7(a) and (b). The observed across-
arc variations in Ba/Th and (238U/230Th) reflect the dif-
ference in the degree of fluid addition, which decreases
according to the depth to the Wadati-Benioff zone.
Geochemical investigations of the Izu arc have revealed
across-arc variation in the influence of a subducting slab
component including components from both sediment and
altered oceanic crust (AOC). Stable isotopic tracers of Li
and B and radiogenic tracers of Sr, Nd and Pb indicate
that slab-derived fluid, which contained two components
from sediment and AOC, influenced isotopic composi-
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Fig. 6.  A (230Th/232Th) versus (238U/232Th) diagram. The bold
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232Th) value of the mantle beneath Miyakejima, as estimated
by Yokoyama et al. (2003). The two dashed lines are regression
lines for the samples of Stages 1 and 2 of Yokoyama et al. (2003).
(238U/232Th) of the four samples of Tanzawa plutonic complex
and the average of that of Komahashi-Daini Seamount are also
shown assuming they attained radioactive equilibrium.
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tions of magmas (Ishikawa and Nakamura, 1994; Moriguti
and Nakamura, 1998; Taylor and Nesbitt, 1998; Ishizuka
et al., 2003, 2006). Although the relative importance of
the sediment component to the AOC component is esti-
mated differently by researchers for different isotopic
systems, all agree that the influence of fluid addition is
diminished in the back-arc side. The tendencies that are
displayed in Figs. 7(a) and (b) are consistent with other
isotopic systems described above. However, (230Th/232Th)
of the samples from Miyakejima are higher than those
from Oshima and the order of the two islands inverts, as
shown in Fig. 7(c). Regional heterogeneity in (230Th/
232Th) might pertain. Figure 7(d) shows La/Yb increases
at the back-arc side. This trend reflects larger degrees of
melting and more extensive depletion caused by previ-
ous melting events at the volcanic front.

Influences of crystal fractionation
We examine the possible influence of trace element

fractionation in shallow crustal levels in this section. It
has been recognized that processes, such as crystal
fractionation and magma mixing, in shallow crustal lev-
els modified chemical compositions of volcanic rocks
(Watanabe et al ., 2006; Kawanabe, 1991; Amma-
Miyasaka and Nakagawa, 2003; Amma-Miyasaka et al.,
2005; Koyaguchi, 1986). Major element correlation dia-
grams (Fig. 2) present the influence of fractional crystal-
lization, as shown in the variation of SiO2 (53–58%) con-
tent for the samples from Miyakejima. The presence of
phenocrysts of olivine, plagioclase, clinopyroxene,
orthopyroxene, and magnetite are reported in the sam-
ples. Figure 8 shows variations in trace elements concen-
trations in the samples analyzed in this study. While Sr/
Th ratio (Fig. 8(a)) shows large variation, indicating the
influence of crystal fractionation, other ratios including
U/Th ratio show limited variation (less than 10%) among
the lavas from individual islands (Figs. 8(b) and (c)). Al-
though the crystal fractionation influences 238U–230Th
disequilibrium to some extent, it will not influence the
discussions in Subsections of “(238U/232Th)–(230Th/232Th)
correlation of the samples from the Izu and the Mariana
arcs” and “Isotopic variations in the Izu and Mariana
arcs”.

Influence of sea water alteration and weathering
We next examine the possible influence of trace ele-

ment fractionation by seawater alteration and weather-
ing. Samples of 2000-A2, 2000-B1, 2000-C1 from
Miyakejima and TKN-102 from Teishi Knoll were col-
lected from the seafloor. Seawater and groundwater are
rich in U relative to Th: seawater and groundwater al-
teration can also influence 238U–230Th disequilibria
(Yokoyama et al., 2003). Yokoyama et al. (2003) found
that the abundance ratios of fluid mobile to fluid immo-
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bile elements, such as Th/U and Nb/B, in basalt samples
from Miyakejima correlated with the (234U/238U) activity
ratio. The correlation lines connecting seawater points
with (234U/238U) of 1.14 and non-altered basalts with
(234U/238U) of unity in (234U/238U) versus Th/U and Nb/B
diagrams were interpreted by the authors as mixing lines
(Yokoyama et al., 2003). Therefore, the (234U/238U) ac-
tivity ratio can be used as an indicator of seawater altera-
tion. We analyzed (234U/238U) of 17 samples. The values
of (234U/238U) of fourteen samples used for 238U–230Th
analyses in this study are unity, within analytical error; it
is unlikely that seawater alteration markedly influenced
238U–230Th disequilibria for these samples. Two samples
from Miyakejima, 2000-B1, 2000-C1, collected from the
sea floor show (234U) enrichment relative to (238U), indi-
cating the influence of seawater alteration. One sample
from Ohima, Y3, although collected at the caldera rim at
500m elevation, shows disequilibrium between (234U) and
(238U). This sample might have been altered by surface
weathering. The (238U/232Th) values of the altered sam-
ples are higher relative to those of unaltered samples from
the same volcano and they might have been increased by
about 10–20% by alteration. A correlation diagram be-
tween (Nb/U)–(234U/238U) (not shown) shows no clear
correlation. We recognize the influence of alteration in
some samples, however, the discussion in Subsections of
“(238U/232Th)–(230Th/232Th) correlation of the samples
from the Izu and the Mariana arcs” and “Isotopic varia-
tions in the Izu and Mariana arcs” will hold with the data
of the samples without (234U/238U) disequilibria.

Influence of crustal contamination
In the 238U–230Th diagram (Fig. 6), the points of re-

spective volcanoes are shown in different regions.
Yokoyama et al. (2003) estimated (230Th/232Th) of the
mantle beneath Miyakejima at 1.30 from the intersection
of two regression lines drawn for the two stages of the
samples from the volcano; also, the regression lines and
the thorium isotopic composition of the mantle are shown
in Fig. 6. The estimated initial mantle value is much higher
than those of Fuji, Niijima, and Teishi Knoll.

In Fig. 6, the points for Fuji, Niijima, and Teishi Knoll
are shown in the region where both (238U/232Th) and
(230Th/232Th) are less than 1.3. This disequilibrium dia-
gram might indicate difference in U/Th abundance ratio
and Th isotopic composition, within the Izu arc. Alterna-
tively, the magmas of the samples have undergone crustal
contamination to various degrees, as indicated by the fact
that crustal materials often have low U/Th ratios. We dis-
cuss the possible influence of crustal contamination in
this section.

Results of a marine seismic reflection and ocean bot-
tom seismographic refraction survey suggested the pres-
ence of a middle crust with granitic composition in the
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Izu oceanic island arc (Suyehiro et al., 1996; Takahashi
et al., 1998; Kodaira et al., 2007). The variability of the
granitic layer thickness might cause various degrees of
crustal contamination, which can engender variation in
the (230Th/232Th) ratios of the samples if the granitic layer
has significantly different (230Th/232Th) and (238U/232Th)
ratios from the volcanic rocks.

A plutonic complex exposed in the Tanzawa area, north
of the Izu arc (Fig. 1), consisting mainly of tonalite, has
been considered to represent the lower-middle crust of
the Izu arc (Ishizaka and Yanagi, 1977; Kawate and Arima,
1998; Taira et al., 1998). Few data have been reported
for uranium and thorium. The results of trace element
abundances of samples of the Tanzawa plutonic complex
are shown in Table 2 and Figs. 9 and 10. A spider dia-
gram of the samples from the Tanzawa area shows a large
Nb negative anomaly and large positive anomaly in Pb
and Sr. Those features suggest that the Tanzawa plutonic
complex shares geochemical signatures of island-arc vol-
canic rocks. The (238U/232Th) ratios of the samples of plu-
tonic complex, as shown in Fig. 6, vary within 1.2–2.0,
which are higher than those of the samples from Fuji,
Niijima, and Teishi Knoll but similar to or higher than
those of Miyakejima. The Th abundances of the plutonic
rocks ranges from 0.074 to 1.2 ppm. Two samples with
high Th abundance have (230Th/232Th) similar to those of
volcanic rocks analyzed in this study.

Geochemical data related to tonalitic rocks dredged
from the Komahashi-Daini Seamount in the northern
Kyushu–Palau Ridge, which can be also a candidate for
the assimilated crustal material, have been reported by
Haraguchi et al. (2003). The tonalities are part of an in-
trusive body of tonalitic middle crust generated in the
older Izu-Ogasawara (Bonin)–Mariana (IBM) arc. Their

Th abundances and (238U/232Th) were 0.36–1.01 ppm and
1.17–2.94, respectively, with averages of 0.67 ± 0.19 and
1.71 ± 0.50 (1σ, n = 9). As stated above, the data from
the Tanzawa plutonic complex and Komahashi-Daini
Seamount indicate that the abundances of U and Th in
crustal material in this area are not significantly higher
than those of volcanic rocks analyzed in this study. There-
fore, it is unlikely that the 238U–230Th disequilibrium sys-
tem of the volcanic rocks analyzed in this study has been
modified substantially unless significant assimilation of
crustal material (more than 10%) happened. Major ele-
ment data of the volcanic rocks are inconsistent with sig-
nificant crustal assimilation.

(238U/232Th)–(230Th/232Th) correlation of the samples from
the Izu and the Mariana arcs

Figure 6 apparently suggests that the analyzed sam-
ples from Izu arc do not define a clear correlation line, as
shown in the case of the Mariana (Elliott et al., 1997).
However, plotting the current data with those from the
Mariana arc reveals that most of the samples from the
two arcs form a well-defined correlation line in the
isochron diagram except the samples from Miyake-jima
and Alamagan (Fig. 11). Data from the Kasuga seamount
(Gill and Williams, 1990) obtained by α spectrometry also
plot on the line. If we interpret this correlation line as an
isochron, the slope of the line gives an age of around 24
ka. The correlation line suggests the presence of a com-
mon end-member in low (238U/232Th) side. It is likely that
the wedge mantle beneath the two arcs share a common
Th radioactivity ratio with the exceptions of Miyake-jima
and Alamagan. The (230Th/232Th) at the intersection be-
tween the correlation line and the equiline is around 1.05
± 0.05.
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Fig. 10.  Chondrite-normalized REE patterns of the plutonic
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In the same figure, there are two mixing lines between
two mantle components: modified source for Philippine
Sea Plate MORB (mPSP hereafter) and modified source
for Pacific MORB (mPAC hereafter), and a fluid equili-
brated with the mixture of altered oceanic crust (AOC)
and sediment, fluid I. The compositions of the fluid I are
calculated by assuming 2% fluid equilibrated with a mix-
ture of AOC and sediment with a proportion of 0.98:0.02
and fluid/rock distribution coefficients reported by Brenan
et al. (1995). The compositions of the two mantle com-
ponents were estimated following the discussion in the
next section. The compositions of the mantle and fluid
end-members are described in Appendix 2 in detail. The
two mixing lines show the relationship between (238U/
232Th) and (230Th/232Th) at the time of fluid addition.
Then, if the above mantle-fluid mixing model is correct,
the magma sources should distribute around the mixing
lines, whose slopes correspond to ages of around 6 and 8
ka for the mPAC-fluid I and mPSP-fluid I, respectively.
The time lag between fluid addition and eruption can be
calculated from the difference in the slope of the observed
correlation line and that of the mixing line and it would
be less than 20 kyr. The slope of the mixing line, how-
ever, depends on distribution coefficients of Th and U
between fluid and minerals and quantitative interpreta-
tion is difficult.

Isotopic variations in the Izu and Mariana arcs
While initial (230Th/232Th) before the last fluid addi-

tion is relatively homogeneous, the samples from the two
arcs hold relatively larger variation in Sr and Nd isotopic
ratios. Taylor and Nesbitt (1998) reported considerable
along-arc variation in Sr, Nd and Pb isotopes in the Izu
arc. Ishizuka et al. (2003, 2006) identified an along-arc
isotopic variation of lavas both in the volcanic front of
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Fig. 11.  Equiline plot of Izu and Mariana samples. Data of
Miyakejima (Yokoyama et al., 2003), Mariana (Elliott et al.,
1997) and Kasuga seamount (Gill and Williams, 1990) are plot-
ted together with those obtained in this study. The samples with
(234U/238U) different from unity are not plotted. Correlation line
is regressed (Ludwig, 2001) through data points of Kasuga
seamount and Mariana except Alamagan and those of Izu ex-
cept Miyakejima. Two mixing lines between modified PSP and
fluid I and between modified PAC and fluid I (see Appendix 2)
are also shown.

Fig. 12.  (238U/232Th) versus (a) 87Sr/86Sr and (b) 143Nd/144Nd
diagram for samples from the Izu arc analyzed in this study
and those for the samples from Mariana arc (Elliott, 1997).
Mixing curves between two mantle components (mPSP and
mPAC) and two types of fluids (fluid I and fluid II) are also
shown. Chemical compositions of the mantle components and
the fluids used for the mixing calculation are described in Ap-
pendix 2. Chemical compositions of the fluid I and fluid II are
calculated assuming that they are equilibrated with mixture of
AOC and sediment components with a proportion of 0.98:0.02
by distribution coefficients reported by Brenan et al. (1995)
and Kessel et al. (2005), respectively. The tick marks on the
curves represent the percentage of fluid addition.
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the arc and in the back-arc region of the Izu arc.
Here we consider how the mantle beneath the Izu and

Mariana arcs can be homogeneous regarding Th radioac-
tivity ratio in spite of considerable variation in Sr and Nd
isotopic ratios. Figure 12 show the correlation of (238U/
232Th) versus 87Sr/86Sr and 143Nd/144Nd of the samples
analyzed in this study, with results of model calculation
to infer the influence of fluid components. (238U/232Th)
is used in place of (230Th/232Th) in the plots because 1)
influence of in-growth should be considered when (230Th/
232Th) is used, 2) large elemental fractionation between
U and Th is unlikely in magma evolution processes.

In Fig. 12(a), two mixing curves starting from the
modified PSP mantle show the results of addition of fluid
I and fluid II. The compositions of the fluid II are calcu-
lated by assuming 2% fluid equilibrated with mixture of
AOC and sediment with a proportion of 0.98:0.02 using
distribution coefficients reported by Kessel et al. (2005).
Variation of the proportion of the sediment component
(0–5%) does not modify the shape of the curves so much
(not shown). The distribution coefficients give more in-
fluences on the slope of the curve. The model curve cal-
culated with Kessel’s partition coefficients has a gentler
slope. A mixing curve between the modified PAC mantle
and fluid I is also shown. Parameters used in the calcula-
tion of fluid compositions and the compositions of two-
types of subarc mantle sources chosen for the mixing cal-
culations are described in Appendix 2. Many samples from
the two arcs plot near the mixing curves calculated with
Brenan’s distribution coefficients, suggesting that isotopic
variation in Sr can be mostly explained by fluid addition.
In Fig. 12(a), the data points of Miyakejima and Oshima
are located in the high (238U/232Th) and high 87Sr/86Sr
areas, which is consistent with the view that these islands
with shallower depth to the Wadati-Benioff zone have
been metasomatized by a fluid component more than the
volcanoes with deeper depth. The tendencies that are dis-
played in Fig. 12(a) are consistent with other isotopic
systems described in Subsection “Across arc geochemical
variation and regional mantle heterogeneity”.

In Fig. 12(b), two curves show addition of the fluid II
to the modified PSP and the modified PAC mantle. Be-
cause Brenan et al. (1995) did not report the distribution
coefficient for Nd, we used the set of the coefficients re-
ported in Kessel et al. (2005). Figure 12(b) shows that
addition of fluid cannot greatly modify 143Nd/144Nd. A
process other than fluid addition is required to produce
the observed variation in Nd isotopic ratios.

Figure 13(a) shows a relationship between chondrite-
normalized (La/Nd) and 143Nd/144Nd. The samples from
the two arcs show a linear correlation. The original man-
tle should lie on the right hand side of the array, while
the sediment-derived component is probably the left hand
end-member. Figure 13(b) shows a relationship between

(a)

(b) 1.6

1.4

1.2

1

0.8

0.6
0.5122 0.5124 0.5126 0.5128 0.5130 0.5132

143Nd/144Nd

143Nd/144Nd

Mariana
Alamagan
Fuji
Miyakejima
Oshima
Niijima
Teishi Knoll
PSP-bulk sediment
PSP-sediment melt I
PSP-sediment melt II
PAC-sediment melt I

sediment melt I

sediment melt II

bulk sediment

Izu and Mariana
source

PSP PAC

Miyake
source

0.5128 0.5129 0.5130 0.5131 0.5132
0

0.5

1

2

1.5

3

2.5

(L
a/

N
d)

N
(23

0 T
h/

23
2 T

h)

Fig. 13.  (a) 143Nd/144Nd versus (La/Nd)N (chondrite-normal-
ized abundance ratio) and (b) 143Nd/144Nd versus (230Th/232Th)
of the Izu samples. In (b), three mixing curves between PSP
mantle and bulk sediment, sediment melt I, sediment melt II
and one mixing curve between PAC mantle and sediment melt I
are shown. Source composition before the last fluid addition
for Mariana and Izu volcanoes except Miyakejima and
Alamagan, and that for Miyakejima are shown in a transparent
and a shaded horizontal rectangle, respectively.

143Nd/144Nd and (230Th/232Th) of the source materials of
the volcanic rocks from Izu and Mariana together with
those of the volcanic rocks. Mixing curves between man-
tle components and sediment-derived components, bulk
sediment and two types of aged sediment melt, are also
shown. The sources of Philippine Sea Plate MORB (PSP
hereafter) and Pacific MORB (PAC hereafter) are used
as mantle end-members following Ishizuka et al. (2003).
Regarding another end-member, Elliott et al. (1997) con-
cluded that addition of sediment component via sediment
melt not bulk sediment dominates incompatible element
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budgets of the lavas from the Mariana arc and it can ex-
plain high abundance ratios of incompatible elements/high
strength field elements in the lavas. Tollstrup and Gill
(2005) also concluded that a partial melt of subducted
metasediment saturated with accessory phases is required
to reproduce the Nd–Hf isotopic systematics of the
Mariana arc. In Fig. 13(b), a bold curve shows a mixing
curve between PSP mantle and a 25% non-modal batch
melt of bulk sediment of ODP1149 (sediment melt I). A
mixing curve between PAC mantle and sediment melt I is
also shown. Parameters used in the calculation are de-
scribed in Appendix 2. The sediment melt I is equilibrated
with cpx, garnet and accessory phases of rutile, zirocon
and monazite. Mixing of the sediment melt I with the PSP
mantle or the PAC mantle can reproduce homogeneous
(230Th/232Th) at around 1.1 with variation in 143Nd/144Nd.
The model calculation shows a possible mechanism, al-
though it is not certain if the mode composition of trace
accessory phases, which determine a melt composition,
is homogeneous through the Izu and the Mariana arcs.
Neither addition of bulk sediment nor sediment melt
equilibrated with only cpx and garnet (sediment melt II)
can reproduce the observed (230Th/232Th). In Fig. 12(a),
some samples plot off the mixing curves to the higher
87Sr/86Sr side. The deviations from the mixing curves may
be partly attributable to the influence of sediment melt
addition, although it cannot explain the whole spectrum
of 87Sr/86Sr.

The Miyakejima and Alamagan samples show signifi-
cantly higher (230Th/232Th) than the array defined by the
other samples in Fig. 11. Because trace element abun-
dance ratios between a fluid mobile/an immobile element
such as Ba/Th and (238U/230Th) of the samples from
Miyakejima define a depth-dependent variation trend with
the samples from other islands, it is unlikely that the in-
fluence of fluid addition to the magma source of the is-
land significantly surpasses those to other islands. There-
fore,  we ascribe the higher (230Th/232Th) of the
Miyakejima to sediment melt with higher (230Th/232Th).

CONCLUSIONS

The results of 238U–230Th disequilibrium analyses of
lava samples from the Izu arc indicate 238U excesses rela-
tive to 230Th, which were commonly observed in many
other arc systems such as those of the Mariana and the
Tonga–Kermadec arcs. While across-arc variation is evi-
dent in degrees of (238U) excess relative to (232Th), the
samples from Miyakejima deviate an across-arc variation
trend in (230Th/232Th). The combined data of (230Th/
232Th)–(238U/232Th) of the samples from the Izu and the
Mariana arc revealed a well defined array in an equiline
diagram with the exceptions of the samples from
Miyakejima and Alamagan. The contribution from sedi-
ment melt dominated the Th budget in the sub-arc mantle

and homogenized (230Th/232Th). The fact that many vol-
canoes with different depths to the Wadati-Benioff zone
share the common (230Th/232Th) requires that influence
of fluid addition had not accumulated to modify Th ac-
tivity ratio before the final fluid addition.
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Average RSD(%) n GSJ recommended values(1) Yoshida et al. (1992) Makishima and Nakamura (1997)

Rb 6.61 6.3 3 7.37 6.59 7.13
Sr 178 8.8 3 178 176.8 177
Zr 45.6 9.7 3 51.2 44.8 46 2
Nb 0.475 5.9 2 1.58 0.80 0.45(2)

Cs 0.814 4.3 3 0.85 0.78 0.794
Ba 222 5.5 3 222 211.9 229
La 2.43 7.0 3 2.35 2.41 2.19
Ce 6.68 6.3 3 6.76 6.60 6.43
Pr 1.21 7.0 3 1.01 1.11 1.13
Nd 6.19 4.0 3 6.63 6.74 6.39
Sm 2.24 3.9 3 2.31 2.38 2.27
Eu 0.808 1.6 3 0.86 0.85 0.86
Gd 3.03 2.5 3 3.28 3.01 3.12
Tb 0.544 3.0 3 0.60 0.60 0.592
Dy 3.69 5.2 3 3.73 3.85 4.13
Ho 0.811 5.5 3 0.75 0.86 0.898
Er 2.44 4.9 3 2.60 2.50 2.47
Tm 0.356 5.5 3 0.41 0.42 0.397
Yb 2.42 4.8 3 2.62 2.63 2.60
Lu 0.360 6.7 3 0.40 0.39 0.397
Hf 1.42 5.1 3 1.49 1.40 1.46(2)

Pb 5.37 2.4 3 5.36 4.95 5.28
Th(3) 0.270 3.6 3 0.35 0.25 0.277
U(3) 0.173 4.0 3 0.18 0.10 0.166

Appendix 1.  Results of trace element analyses of geological standard sample of JB2 and comparisons with GSJ
recommended values and results from other groups

Concentrations are reported in ppm.
(1)Imai et al. (1995).
(2)Makishima et al. (1999).
(3)U and Th abundances were determined by an ICP-MS with a quarupole mass analyzer.
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(1)Initial compositions of the mantle were estimated following Ishizuka et al. (2003). Trace element concentrations were calculated assuming
15% batch melting of spinel lherzolite produced the lavas with the composition of N-MORB in Sun and McDonough (1989). Isotopic composition
is based on the data from White et al. (1987) and Mahoney et al. (1994) at 143Nd/144Nd = 0.513150. Mineral/melt partition coefficients are from
compilation of Pearce and Parkinson (1993) and Bedard (1999).
(2)Initial compositions of the mantle were estimated following Ishizuka et al. (2003). Trace element concentrations were calculated assuming
15% batch melting of spinel lherzolite produced the average compositions of the lavas from Shikoku Basin (Hickey-Vargas, 1998). Isotopic
compositions are estimated from the compositions of the Shikoku Basin lavas (Hickey-Vargas, 1991).
(3)Bulk compositions of Izu trench sediment based on ODP1149 (Plank et al., 2007).
(4)Melt compositions are for batch, non-modal melting with modal proportions of 0.6/0.39/0.01/0.00003/0.00000034 and melting proportions of
0.6/0.4/0/0/0 for clinopyroxene, garnet, rutile, zircon and monazite, respectively. Mineral/melt partition coefficients for Sr, Nd, Th and U are
0.074, 273, 0.021, 0.018 for clinopyroxene (McDade et al., 2003); 0.002, 0.008, 0.0046, 0.011 for garnet (van Westrenen et al., 1999); 0, 0,
0.0000004, 0 for rutile (Blundy and Wood, 2003; Tatsumi and Hanyu, 2003), 0, 0.2, 17, 100 for zircon (Blundy and Wood, 2003); and 0, 76400,
293000, 2900 for monazite (Bea et al., 1994).
(5)Melt compositions are for batch, non-modal melting with modal proportions of 0.6/0.4 and melting proportions of 0.6/0.4 for clinopyroxene,
garnet, respectively.
(6)PAC mantle modified by the addition of 0.5% sediment melt I.
(7)PSP mantle modified by the addition of 0.5% sediment melt I.
(8)Bulk compositions of altered oceanic crust (AOC) on ODP1149 (Hauff et al., 2003; Kelley et al., 2003; Plank et al., 2007).
(9)Chemical compositions of mixed fluid were calculated by assuming 2% fluid equilibrated with mixture of altered oceanic crust and sediment
with a proportion of 0.98:0.02 and with rock/fluid partition coefficients of eclogite at 3 GPa from table 2 in Turner et al. (2003) and Brenan et al.
(1995). Sr and Nd isotopic compositions were those of the mixture.
(10)Chemical compositions of mixed fluid were calculated by assuming 2% fluid equilibrated with mixture of altered oceanic crust and sediment
with a proportion of 0.98:0.02 and with rock/fluid partition coefficients of eclogite at 4 Gpa, 800°C in Kessel et al. (2005). Sr and Nd isotopic
compositions were those of the mixture.
(11)(230Th/232Th) of each component except the two fluid components were calculated assuming that each component is in radioactive equilibrium.
(230Th/232Th) of the two fluid components are those of their source materials.

PAC(1) PSP(2) Sediment(3) Sediment
melt I(4)

Sediment
melt II(5)

Modified
PAC(6)

Modified
PSP(7)

AOC(8) Fluid I(9) Fluid II(10)

Sr 14.8 23.8 136 260 260 16 25 122 213 229
Nd 1.24 1.74 25.2 59.0 62.8 1.53 2.02 10.4 1.59
Th 0.018 0.052 4.39 14.2 21 0.089 0.119 0.21 0.156 0.131
U 0.07 0.02 0.92 4.90 5.17 0.031 0.044 0.19 0.814 0.209
(238U/232Th) 1.18 1.17 0.638 1.05 0.75 1.08 1.13 2.75 15.9 4.86
(230Th/232Th)(11) 1.18 1.17 0.638 1.05 0.75 1.08 1.13 2.75 2.12 2.12
87Sr/86Sr 0.7025 0.7029 0.70956 0.70956 0.70956 0.70307 0.70325 0.704769 0.704873 0.704873
143Nd/144Nd 0.51315 0.51307 0.51231 0.51231 0.51231 0.51299 0.51296 0.513153 0.513109 0.513109

Appendix 2.  Compositions of the components used for model calculations


