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Abstract

In order to unravel magma processes and the geochemical evolution of shallow plumbing systems beneath active volcanoes, we
investigated U-series disequilibria of rocks erupted over the past 500 years (1469–2000 AD) from Miyakejima volcano, Izu arc, Japan.
Miyakejima volcanic rocks show 238U–230Th–226Ra disequilibria with excess 238U and 226Ra, due to the addition of slab-derived fluids to
the mantle wedge. Basaltic bombs of the 2000 AD eruption have the lowest (230Th/232Th) ratio compared to older Miyakejima eruptives,
yielding the youngest 238U–230Th model age of 2 kyr. This reinforces our previous model that fluid release from the slab and subsequent
magma generation in the mantle wedge beneath Miyakejima occur episodically on a several-kyr timescale. In the last 500 years,
Miyakejima eruptives show: (1) a vertical trend in a (230Th/232Th)–(238U/232Th) diagram and (2) a positive linear correlation in a
(226Ra/230Th)0 � 1/230Th diagram, which is also observed in lavas from some of the single eruptions (e.g., 1940, 1962, and 1983 AD).
The variations cannot be produced by simple fractional crystallization in a magma chamber with radioactive decay of 230Th and
226Ra, but it is possibly produced by synchronous generation of melts in the mantle wedge with different upwelling rate or addition
of multiple slab-derived fluids. A much more favorable scenario is that some basaltic magmas were intermittently supplied from deep
in the mantle and injected into the crust, subsequently modifying the original magma composition and producing variations in
(230Th/232Th) and (226Ra/230Th)0 ratios via assimilation and fractional crystallization (AFC). The assimilant of the AFC process would
be a volcanic edifice of previous Miyakejima magmatism. Due to the relatively short timescales involved, the interaction between the
assimilant and recent Miyakejima magmatism has not been recorded by the Sr–Nd–Pb isotopic systems. In such cases, Th isotopes
and (226Ra/230Th) ratio are excellent geochemical tracers of magmatic evolution.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

For investigation of various magma processes occurring
in magma chambers beneath active volcanoes, it is impor-
tant to know how each volcano has evolved and will evolve
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in the future. In addition to advancing knowledge about
geochemical processes, such information is also potentially
useful for predicting volcanic hazards. Constraints on
timescales for individual processes, such as fractional
crystallization, magma mixing and crustal assimilation,
would give significant clues for quantitative evaluation of
the evolution of a shallow magma plumbing system.
Radioactive disequilibria of short-lived U-series nuclides
in volcanic rocks are key geochemical tracers that enable
direct dating of those magma processes, with timescales
ranging from 10 to 350 kyr for 238U–230Th systematics,
from 5 to 150 kyr for 235U–231Pa systematics, from 100 to
8000 yr for 230Th–226Ra systematics and from 1 to 30 yr
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for 232Th–228Ra systematics (Ivanovich and Harmon, 1992;
Bourdon et al., 2003). In particular, 230Th–226Ra disequi-
librium is suitable for the study of shallow plumbing sys-
tems because repose time between eruptions is typically
on a timescale from decades to several hundred years.
Another advantage of the 230Th–226Ra systematics is that
Ra is much more compatible in plagioclase and alkaline
feldspar than Th, possibly resulting in 230Th–226Ra disequi-
librium caused by fractional crystallization in a magma
chamber with the involvement of those minerals.

Recent technical innovations to mass spectrometry tech-
niques have enabled precise determination of 230Th–226Ra
disequilibrium with an analytical error of around 1%
(Goldstein and Stirling, 2003), and 230Th–226Ra systemat-
ics are now being quantitatively applied to the study of
magma chamber processes (summarized in Condomines
et al., 2003; Hawkesworth et al., 2004). One of the pioneer-
ing works is a case study of Mt. Etna, Italy, that was car-
ried out by Condomines et al. (1995). That study revealed
that magma differentiation from hawaiites to mugearites
occurred on a short timescale (<200 yr) beneath Mt. Etna,
and estimated a magma residence time in a steady-state
deep reservoir (�20 km depth) to be <1500 yr. With the
combination of 230Th–226Ra disequilibrium and model cal-
culation, Vigier et al. (1999) determined crystallization ages
for 1978 AD lavas of Ardoukoba volcano, Djibouti, to be
1880 and 870 yr for open- and closed system models,
respectively. More recently, 230Th–226Ra disequilibrium
was directly applied to plagioclase separates to precisely
determine the timescales of crystal growth and residence
time in a magma chamber (Cooper et al., 2001, 2003; Turn-
er et al., 2003).

In this study, we have investigated 238U–230Th–226Ra
systematics of volcanic eruptives over the last �500 years
(1469–2000 AD) from the Miyakejima volcano, Izu arc,
Japan, to reveal the timescale of magma processes and
geochemical evolution in a shallow plumbing system
beneath an active volcano. In the last 500 years, the
Miyakejima volcano erupted frequently (at least 13 times),
and each eruption age is verified by historic records. In
addition, these eruptions have been well studied by geolog-
ical, petrological and geochemical methods (e.g. Isshiki,
1960; Soya et al., 1984; Tsukui and Suzuki, 1998; Amma-
Miyasaka and Nakagawa, 2002, 2003; Kuritani et al.,
2003; Yokoyama et al., 2003). These well-characterized
rocks provide us with an excellent opportunity to apply
238U–230Th–226Ra systematics to Miyakejima volcano for
better understanding of the evolution of a magma
plumbing system as a function of time.

2. Geological setting

Miyakejima is an active volcano that belongs to the Izu
arc, Japan (Lat. 34�050 N, Long. 139�310 E). The geology of
the Miyakejima volcano is described elsewhere in detail
(e.g. Isshiki, 1960), and it is outlined below. Based on pre-
vious tephrochronological studies (e.g. Tsukui and Suzuki,
1998) and the major element chemical compositions of
eruptives, Yokoyama et al. (2003) divided the volcanic his-
tory of the Miyakejima volcano into four stages (Stage 1:
earlier than 7000 BP, Stage 2: 7000–4000 BP, Stage 3:
2500 BP–1154 AD, Stage 4: 1469–1983 AD). This classifi-
cation is followed in this paper as well, and we mainly focus
on the volcanic activity of Stage 4 including the most recent
eruption which occurred in 2000 AD. According to histor-
ical records, the Miyakejima volcano has erupted at least
13 times since 1469 AD, including the four most recent
eruptions in 1940, 1962, 1983 and 2000 AD. Three hundred
years of volcanic dormancy exists between Stages 3 and 4,
and therefore it is possible that some dramatic changes oc-
curred to the shallow magma plumbing system beneath
Miyakejima before the onset of the Stage 4 activity. Repose
times of eruptions during Stage 4 ranged from 17 to 69
years, and became shorter after 1940 AD. Except for the
most recent eruption (2000 AD), volcanic ejecta (lavas
and scoria) erupted from flank fissures, accompanied by
summit eruptions in some cases (1469, 1535, 1811 and
1940 AD) (Tsukui and Suzuki, 1998). In contrast, the
2000 AD eruption started with the submarine eruption of
June 27th, followed by the subsequent summit eruption
of volcanic gases and tephra accompanied by the caldera
collapse starting on July 8th (Nakada et al., 2001; Geshi
et al., 2002a,b). The most active eruption took place on
August 18th with the ejection of volcanic lapilli and bombs
from the summit, and since then, SO2 gas has been contin-
uously discharged from the summit. However, no signifi-
cant lava eruption occurred in the sequence of 2000 AD
volcanic activity, which is remarkably different from the
previous twelve eruptions in Stage 4.

3. Analytical methods

All the analyses were carried out at the Pheasant
Memorial Laboratory, Okayama University (Nakamura
et al., 2003). Trace elements and isotopes were handled
under class 100 clean condition. We have already
reported U-series isotope data of Miyakejima volcano
for some Stage 4 samples as well as their major
elements, trace elements and Sr–Nd–Pb isotopes in our
previous studies (Kuritani et al., 2003; Yokoyama
et al., 2003). In this study, we measured isotopes and
abundances of U, Th, and Ra for 39 samples from
1940 to 1983 AD lavas and three bombs erupted on
August 18th, 2000. In addition, major elements, trace
elements and Sr–Nd–Pb isotopes were newly measured
for some Stage 4 samples.

Analytical techniques for major elements, trace elements
and Sr–Nd–Pb isotopes of whole rock samples were the
same as described in Yokoyama et al. (2003). Lead isotope
ratios were renormalized using the NBS981 value of
Kuritani and Nakamura (2003) (206Pb/204Pb = 16.9424,
207Pb/204Pb = 15.5003, 208Pb/204Pb = 36.7266). Typical
analytical reproducibility was 0.005%, 0.005% and
0.02% for Sr, Nd and Pb, respectively. U–Th–Ra isotope
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measurement techniques were slightly modified from
Yokoyama et al. (2003), and are briefly described here.
Approximately 0.5 g of powdered sample were weighed
and mixed with 229Th, 233U and 228Ra enriched spikes
simultaneously, then decomposed with HF–HClO4 in a
Teflon beaker following the method of Yokoyama et al.
(1999a). The decomposed solution was dried and dissolved
in 1.2 mL of 5 M HNO3. It was centrifuged to separate
white precipitates of Ti-oxides. Uranium, Th, and Ra were
then separated by ion-exchange column chromatography
as described in Yokoyama et al. (2003), with some modifi-
cations. The sample solution was loaded on the first col-
umn (0.5 mL of U/TEVA Æ spec, Eichrom Inc.), and the
first 3 mL of the ‘‘Fraction I-1’’ of Yokoyama et al.
(1999b), in which major elements were distributed, were
collected for further separation of Ra. The rest of the pro-
cedure for U and Th separation was the same as Yokoy-
ama et al. (2003). The major fraction containing Ra was
dried and conditioned with 4.5 mL of 1 M HCl, and Ra
was separated following the method described in Yokoy-
ama and Nakamura (2004).

Isotope analyses of U, Th, and Ra were performed by
using a thermal ionization mass spectrometer (TIMS,
Finnigan MAT262 with RPQplus, ‘‘INU’’), and details
about the mass spectrometer and analytical procedures
are presented in Yokoyama et al. (2001, 2003). For some
samples, Ra was measured by a total evaporation TIMS
(TE-TIMS) technique (Yokoyama and Nakamura, 2004),
which enables more precise and accurate analysis com-
pared to the conventional method that was used by Yokoy-
ama et al. (2003). To confirm analytical reproducibility,
five replicate measurements of a standard rock sample
JB-2 (tholeiitic basalt of Izu-Oshima, Japan) obtained from
the Geological Survey of Japan were carried out. Less than
0.5 g of powdered sample were used in each run. The stan-
dard has major element compositions similar to Miyakej-
ima Stage 4 samples (Imai et al., 1995), and its Th and U
concentrations are close to the minimum values of the
Miyakejima Stage 4 samples. In the replicate analyses, we
obtained (230Th/232Th) = 1.250 ± 0.013, Th = 0.2561 ±
0.0022 (lg/g), (234U/238U) = 1.001 ± 0.002, U = 0.1536 ±
0.0013 (lg/g) and 226Ra = 81.1 ± 0.5 (fg/g), respectively
(errors are 2r). Radium was measured by TE-TIMS.
Analytical reproducibilities for Th, U, and Ra concentra-
tions were better than 1% as shown above, and this
generally confirms isotopic equilibrium between samples
and spikes during sample digestion and chemical
separation. Total procedural blanks were <50 pg for Th
and U, and �0.03 fg for Ra, and they are negligible in this
study.

Isotope ratios in parentheses represent activity ratios
throughout this paper unless noted otherwise. Decay con-
stants of U, Th, and Ra nuclides used for calculations in
this study were as follows: k238U = 1.55125 · 10�10,
k234U = 2.8263 · 10�6, k232Th = 4.9475 · 10�11, k230Th =
9.158 · 10�6, and k226Ra = 4.332 · 10�4 (Le Roux and
Glendenin, 1963; Jaffey et al., 1971; Cheng et al., 2000).
4. Petrology and geochemistry

4.1. Petrology of Miyakejima eruptives

Volcanic rocks of Miyakejima consist of tholeiitic bas-
alts, basaltic andesites and andesites (SiO2 = 48–59%) with
mineral assemblages of plagioclase ± olivine ± augite
± magnetite. Hypersthene is rare and hydrous minerals
are absent in all samples. Most of the lavas erupted in
Stage 4 are nearly aphyric containing <5% phenocrysts.
Megacrysts of plagioclase (<30 mm) and olivine (<5 mm)
occur rarely in some lavas (e.g., 1811, 1874, and 1940
AD), and are considered to be xenocrysts derived from
basement plutonic rocks (Amma-Miyasaka and Nakaga-
wa, 2002, 2003).

For 2000 AD eruption, there are two distinct types of
eruptives (Geshi et al., 2002b). Basaltic andesite
(SiO2 = 54%) erupted during June–July 2000 has mineral-
ogical and geochemical characteristics that closely resemble
the 1983 AD eruptives, indicating that these rocks were de-
rived from the same magma chamber as for 1983 AD. The
other type is basaltic bombs (SiO2 = 51.5%) erupted on
August 18th, 2000, that contain 13–17 vol.% of plagioclase,
1 vol.% of olivine, and rare augite and magnetite. In this
study, we used three basaltic bombs erupted on August
18th. In the following sections, ‘‘2000 AD samples’’ repre-
sent the basaltic bombs, and do not include basaltic ande-
sites erupted before August 18th.

4.2. Major elements, trace elements and Sr–Nd–Pb isotopes

Major and trace element concentrations, and Sr–Nd–Pb
isotopic compositions are listed in Table 1 for representative
samples of Stage 4. Thorium and uranium concentrations
determined by ID-TIMS are shown in Table 2. Figs. 1a–c de-
pict Harker diagrams for TiO2, MgO and K2O plotted
against SiO2. Stage 4 samples, including 2000 AD eruptives,
are enriched in SiO2 compared to most of the previous stage
samples, and they show a smooth composition trend regard-
ing K2O, which seems to be the effect of fractional crystalli-
zation. Some of the 1940 AD data that lie apart from the
main trend are megacryst-bearing samples. We do not use
these megacryst-bearing samples in the following discussion.
A clear compositional gap between Stages 1–2 and Stages 3–
4 data in the K2O–SiO2 diagram could indicate that Stages 3–
4 magmas were not produced by fractional crystallization of
Stages 1–2 magmas. In the MgO–SiO2 diagram, however,
the trend of the 1469–1874 AD samples deviates from the
major trend of the 1940–2000 AD samples. Furthermore,
the 1469–1874 AD data scatter in the TiO2–SiO2 diagram,
not forming a clear trend. The 2000 AD samples also deviate
from the trend of 1940–1983 AD in the TiO2–SiO2 diagram.

Similar to K2O, trace element concentrations of the
Stage 4 samples show monotonic increase against SiO2

concentration with clear compositional gaps from Stages
1 to 2 data (e.g., Th: Fig. 1d). Typical island arc signatures;
LILE enrichments, positive spikes of Sr and Pb and



Table 1
Major and trace elements, and Sr–Nd–Pb isotope data for representative samples of Miyakejima volcano in Stage 4

Sample: 1801 1802 1803 0106a 0107b 0108 0110a 0117 0127 0129 0134 0135 0136b 0137 0138b

Age: 2000 AD 2000 AD 2000 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD

(wt.%)
SiO2 51.46 51.36 51.37 53.33 53.49 53.19 53.23 52.86 52.84 52.82 52.83 53.14 54.82 54.23 55.24
TiO2 1.16 1.13 1.16 1.40 1.40 1.37 1.35 1.37 1.36 1.36 1.36 1.35 1.32 1.31 1.30
Al2O3 17.18 17.48 17.19 14.56 14.69 14.86 14.96 15.05 15.08 15.02 15.03 15.01 15.08 14.84 14.99
Fe2O3

d 12.80 12.54 12.80 14.71 14.62 14.48 14.15 14.30 14.30 14.32 14.28 14.09 13.61 13.50 13.31
MnO 0.21 0.20 0.20 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.23 0.23
MgO 4.23 4.16 4.19 4.14 4.10 4.08 3.95 4.01 4.00 4.00 4.01 3.93 3.76 3.71 3.68
CaO 10.62 10.70 10.62 8.86 8.90 9.05 8.96 9.13 9.14 9.11 9.11 8.97 8.62 8.50 8.43
Na2O 2.40 2.38 2.39 2.81 2.79 2.79 2.81 2.76 2.77 2.77 2.74 2.82 2.94 2.88 3.01
K2O 0.43 0.42 0.42 0.55 0.55 0.54 0.56 0.54 0.54 0.54 0.54 0.56 0.60 0.62 0.62
P2O5 0.12 0.12 0.12 0.16 0.16 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.16 0.16 0.16
L.O.I. �0.75 �0.73 �0.68 �0.86 �0.76 �0.81 �0.80 �0.89 �0.79 �0.72 �0.76 �0.67 �0.85 �0.61 �0.85

Total 99.86 99.77 99.79 99.91 100.18 99.95 99.56 99.52 99.63 99.61 99.53 99.60 100.30 99.38 100.12

(lg/g)
Cr2O3 76.9 72.7 77.5 35.7 38.1 36.8 34.1 36.1 33.5 33.6 32.4 33.7 36.1 30.7 32.2
NiO 15.2 15.7 15.1 10.6 8.70 9.62 7.80 7.24 8.74 8.50 7.67 7.97 9.82 8.20 9.19

(lg/g)
Li 6.22 5.85 5.98 7.52 7.14 7.39 7.38 7.41 7.39 7.30 6.95 7.71 7.51 8.07 7.70
B 15.4 15.0 16.0 18.9 19.3 18.6 18.7 18.1 18.2 18.0 17.9 18.3 19.8 19.5 20.3
Rb 6.36 5.98 6.19 7.70 8.30 7.46 8.04 7.71 7.01 7.67 8.40 7.92 8.44 9.13 9.26
Sr 271 263 263 250 252 241 261 248 226 264 274 255 239 247 255
Y 28.3 26.8 28.1 34.3 38.1 32.9 35.3 35.1 31.5 34.3 38.1 34.4 35.9 37.0 39.1
Zr 51.7 50.1 50.5 64.5 65.0 62.4 64.9 62.5 61.5 58.8 60.9 59.9 69.3 68.6 72.3
Nb 0.435 0.406 0.412 0.536 0.573 0.508 0.534 0.512 0.503 0.512 0.509 0.518 0.594 0.541 0.570
Cs 0.449 0.435 0.430 0.578 0.584 0.545 0.569 0.529 0.481 0.556 0.597 0.544 0.604 0.598 0.647
Ba 166 161 164 194 214 191 205 194 178 196 220 210 215 229 235
La 2.94 2.80 2.85 3.76 3.74 3.37 3.58 3.46 3.24 3.62 3.71 3.81 3.83 3.95 4.01
Ce 8.49 8.27 8.42 10.6 11.0 10.2 10.7 9.97 9.00 10.5 11.2 10.4 11.3 11.4 12.0
Pr 1.52 1.40 1.44 1.81 1.91 1.60 1.89 1.63 1.58 1.77 1.93 1.93 1.89 1.83 2.01
Nd 8.25 7.92 8.07 9.88 10.5 9.51 10.1 9.53 8.68 9.88 11.1 10.1 10.4 10.8 11.1
Sm 2.73 2.68 2.71 3.26 3.57 3.09 3.29 3.29 2.96 3.31 3.64 3.37 3.49 3.54 3.79
Eu 1.02 0.999 1.02 1.20 1.29 1.15 1.24 1.15 1.10 1.18 1.34 1.13 1.26 1.20 1.29
Gd 3.61 3.41 3.45 4.29 4.70 4.19 4.43 4.26 3.99 4.35 4.45 4.14 4.61 4.54 4.81
Tb 0.689 0.660 0.670 0.851 0.872 0.793 0.824 0.756 0.721 0.801 0.884 0.798 0.863 0.855 0.908
Dy 4.56 4.33 4.36 5.53 5.79 5.19 5.49 5.38 4.91 5.32 5.97 5.51 5.75 5.65 6.03
Ho 1.01 0.945 0.984 1.21 1.29 1.18 1.18 1.18 1.08 1.17 1.31 1.20 1.26 1.25 1.33
Er 2.67 2.62 2.69 3.28 3.54 3.11 3.23 3.19 2.85 3.33 3.56 3.45 3.46 3.44 3.64
Tm 0.419 0.407 0.409 0.505 0.551 0.474 0.514 0.502 0.452 0.497 0.561 0.524 0.549 0.531 0.568
Yb 2.92 2.73 2.83 3.64 3.76 3.32 3.52 3.40 3.16 3.43 3.88 3.33 3.68 3.67 3.87
Lu 0.420 0.400 0.410 0.512 0.542 0.471 0.505 0.481 0.452 0.503 0.534 0.488 0.537 0.519 0.570
Hf 1.60 1.51 1.63 1.98 1.91 2.00 2.00 1.93 1.88 1.90 1.94 1.88 2.10 2.14 2.15
Ta 0.0386 0.0406 0.0403 0.0494 0.0486 0.0473 0.0483 0.0454 0.0466 0.0480 0.0450 0.0477 0.0484 0.0476 0.0475
Pb 2.76 2.65 2.68 3.45 3.61 3.49 3.58 3.47 2.90 3.50 3.83 3.50 3.53 5.00 3.76

87Sr/86Sr 0.70345 0.70346 0.70343 0.70345 0.70346 0.70345 0.70343
143Nd/144Nd 0.51309 0.51310 0.51308 0.51307 0.51310 0.51307 0.51307
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206Pb/204Pb 18.310 18.306 18.278 18.293 18.283 18.306 18.312
207Pb/204Pb 15.509 15.509 15.520 15.518 15.519 15.514 15.511
208Pb/204Pb 38.114 38.115 38.119 38.127 38.119 38.125 38.125

Sample: 0141a 0142b 0143 0146b 0149b 0150a 0155b 0317b 0318 2823 3019 0201 0231 0238 0259
Age: 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1962 AD 1962 AD 1962 AD 1962 AD

(wt.%)
SiO2 54.39 54.52 53.38 53.39 53.66 53.60 54.21 53.89 53.28 53.92 52.81 55.40 55.26 53.66 54.54
TiO2 1.31 1.33 1.34 1.36 1.35 1.34 1.35 1.37 1.35 1.34 1.37 1.32 1.33 1.37 1.34
Al2O3 14.88 15.14 14.92 15.16 15.18 14.96 15.15 14.95 14.87 15.02 15.07 14.55 14.54 14.47 14.46
Fe2O3

d 13.48 13.76 13.93 14.24 14.00 13.90 13.97 14.20 14.15 13.86 14.31 13.45 13.52 14.28 13.77
MnO 0.23 0.24 0.24 0.24 0.23 0.23 0.24 0.24 0.24 0.23 0.24 0.24 0.24 0.24 0.24
MgO 3.70 3.82 3.88 4.00 3.89 3.86 3.87 3.95 3.96 3.85 4.00 3.56 3.59 4.05 3.77
CaO 8.53 8.77 8.81 9.09 8.96 8.83 8.90 8.86 8.89 8.82 9.11 7.95 7.97 8.58 8.21
Na2O 2.93 2.93 2.83 2.81 2.82 2.85 2.87 2.87 2.82 2.86 2.78 3.11 3.04 2.84 2.99
K2O 0.62 0.59 0.57 0.55 0.56 0.58 0.57 0.57 0.56 0.58 0.55 0.66 0.65 0.57 0.62
P2O5 0.16 0.16 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.16 0.15 0.17 0.17 0.16 0.17
L.O.I. �0.69 �0.87 �0.55 �0.50 �0.66 �0.71 �0.81 �0.74 �0.82 �0.85 �0.80 �0.78 �0.60 �0.63 �0.83

Total 99.55 100.38 99.50 100.47 100.15 99.60 100.48 100.29 99.46 99.79 99.59 99.64 99.72 99.59 99.29

(lg/g)
Cr2O3 28.1 35.7 30.8 38.2 38.1 33.2 37.8 41.6 33.0 32.1 33.2 19.2 16.1 23.5 22.5
NiO 6.89 9.76 6.45 9.43 11.0 7.01 9.64 11.4 6.09 6.30 8.32 3.80 3.17 7.88 6.81

(lg/g)
Li 7.24 7.01 7.50 6.55 7.05 7.26 7.33 7.16 7.18 6.96 7.41 8.43 8.03 7.15 8.24
B 19.9 17.6 18.4 18.7 18.8 18.9 18.5 19.2 19.3 19.4 18.4 21.8 21.0 18.8 20.1
Rb 8.76 8.20 8.59 7.59 8.32 8.31 8.43 8.41 8.03 7.43 7.22 9.62 9.41 8.48 9.38
Sr 250 255 272 243 252 254 254 255 247 206 238 257 242 252 258
Y 33.5 38.1 35.4 35.2 35.8 35.0 37.8 38.1 35.7 31.2 34.4 38.2 39.5 36.4 40.6
Zr 69.5 68.0 62.0 66.5 64.6 65.0 66.7 66.5 66.5 70.7 60.5 73.9 75.6 66.0 69.0
Nb 0.557 0.571 0.552 0.529 0.564 0.561 0.587 0.568 0.524 0.548 0.526 0.629 0.631 0.554 0.600
Cs 0.598 0.532 0.624 0.551 0.593 0.598 0.600 0.594 0.562 0.523 0.515 0.675 0.680 0.625 0.665
Ba 217 216 219 200 210 204 216 210 204 193 196 249 243 216 245
La 3.94 3.74 3.89 3.46 3.79 3.60 3.78 3.75 3.56 3.28 3.52 4.15 4.25 3.70 4.28
Ce 11.5 11.3 11.3 10.4 10.8 10.4 11.1 10.8 10.5 9.26 9.86 12.6 12.1 11.2 12.2
Pr 1.88 1.86 1.91 1.69 1.87 1.77 1.85 1.86 1.78 1.56 1.69 2.08 2.18 1.88 2.10
Nd 10.7 10.6 10.6 9.67 10.3 10.3 10.5 10.4 10.0 8.90 10.0 11.7 11.3 10.8 11.6
Sm 3.51 3.40 3.51 3.32 3.40 3.51 3.42 3.48 3.44 3.02 3.43 3.67 3.69 3.32 3.82
Eu 1.25 1.31 1.34 1.17 1.25 1.18 1.24 1.25 1.24 1.08 1.14 1.39 1.37 1.24 1.39
Gd 4.65 4.53 4.50 4.26 4.38 4.42 4.62 4.61 4.40 3.93 4.38 5.06 4.84 4.65 4.96
Tb 0.862 0.861 0.879 0.801 0.839 0.829 0.856 0.870 0.829 0.723 0.781 0.952 0.937 0.851 0.949
Dy 5.65 5.71 5.58 5.32 5.51 5.41 5.59 5.76 5.55 4.72 5.11 6.23 5.98 5.51 6.25
Ho 1.29 1.28 1.23 1.18 1.23 1.20 1.26 1.23 1.24 1.10 1.16 1.38 1.36 1.28 1.37
Er 3.50 3.43 3.39 3.26 3.40 3.18 3.45 3.37 3.32 2.89 3.18 3.68 3.64 3.27 3.84
Tm 0.549 0.526 0.527 0.501 0.533 0.501 0.545 0.533 0.516 0.467 0.501 0.609 0.574 0.522 0.594
Yb 3.85 3.72 3.63 3.46 3.56 3.50 3.60 3.66 3.59 3.34 3.38 4.05 3.92 3.72 4.15
Lu 0.557 0.539 0.545 0.508 0.521 0.481 0.551 0.531 0.523 0.449 0.476 0.597 0.576 0.534 0.591
Hf 2.17 2.05 1.98 1.89 1.92 2.10 1.99 1.94 1.96 1.99 1.96 2.32 2.31 2.11 2.14
Ta 0.0521 0.0471 0.0486 0.0470 0.0494 0.0496 0.0519 0.0512 0.0460 0.0488 0.0475 0.0574 0.0564 0.0476 0.0558
Pb 3.56 3.53 3.75 3.30 3.57 3.46 3.40 3.47 3.56 3.15 5.76 4.01 4.22 3.86 3.96

(continued on next page)
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Table 1 (continued)

Sample: 0141a 0142b 0143 0146b 0149b 0150a 0155b 0317b 0318 2823 3019 0201 0231 0238 0259
Age: 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1983 AD 1962 AD 1962 AD 1962 AD 1962 AD

87Sr/86Sr 0.70338 0.70344 0.70346 0.70346 0.70349 0.70347 0.70348 0.70345 0.70346
143Nd/144Nd 0.51308 0.51307 0.51307 0.51309 0.51307 0.51309 0.51308 0.51309 0.51309
206Pb/204Pb 18.301 18.309 18.307 18.299 18.306 18.296 18.302 18.307 18.309 18.292
207Pb/204Pb 15.506 15.513 15.510 15.516 15.514 15.519 15.512 15.511 15.513 15.517
208Pb/204Pb 38.102 38.125 38.115 38.123 38.124 38.129 38.119 38.123 38.123 38.114

Sample 2701 2704a 0212 0217a 0310 2702a 2709a 2902a 2903a 2901a 2817a 0301a 0101a 0103c 0104a 0115a

Age 1962 AD 1962 AD 1940 AD 1940 AD 1940 AD 1940 AD 1874 AD 1763 AD 1712 AD 1643 AD 1595 AD 1535 AD 1469 AD 1469 AD 1469 AD 9th C

(wt.%)
SiO2 54.11 54.95 54.47 56.17 54.45 56.54 53.96 53.83 51.95 51.98 51.90 52.29 54.34 52.97 54.63 51.46
TiO2 1.37 1.34 1.35 1.27 1.29 1.23 1.26 1.34 1.31 1.35 1.17 1.18 1.17 1.28 1.19 1.26
Al2O3 14.55 14.56 14.53 14.71 14.74 14.76 15.56 14.59 14.72 14.64 15.29 15.29 14.92 14.92 14.88 15.62
Fe2O3

d 14.19 13.77 13.89 12.60 13.43 12.46 13.19 14.00 14.44 14.83 13.59 13.51 12.82 13.74 12.89 14.18
MnO 0.24 0.24 0.24 0.24 0.24 0.23 0.23 0.24 0.24 0.24 0.23 0.23 0.22 0.23 0.22 0.23
MgO 4.00 3.74 3.84 3.35 3.88 3.38 3.88 3.96 4.76 4.81 5.14 4.91 4.32 4.46 4.17 4.38
CaO 8.55 8.19 8.29 7.70 8.42 7.76 8.99 8.41 9.59 9.66 9.96 9.79 8.93 9.00 8.76 9.97
Na2O 2.87 3.02 2.93 3.16 2.93 3.18 2.82 2.88 2.55 2.57 2.42 2.49 2.75 2.67 2.82 2.51
K2O 0.58 0.63 0.61 0.69 0.61 0.71 0.56 0.59 0.48 0.49 0.47 0.49 0.63 0.56 0.66 0.45
P2O5 0.16 0.17 0.17 0.18 0.16 0.18 0.16 0.15 0.14 0.14 0.13 0.13 0.15 0.14 0.16 0.13
L.O.I. �0.84 �0.75 �0.73 �0.55 �0.74 �0.62 �0.64 �0.41 �0.60 �0.93 �0.64 �0.76 �0.70 �0.35 �0.52 �0.70

Total 99.79 99.88 99.60 99.52 99.41 99.81 99.99 99.59 99.57 99.79 99.67 99.55 99.57 99.64 99.86 99.50

(lg/g)
Cr2O3 22.1 20.3 20.9 12.2 25.5 13.0 30.3 21.4 56.0 58.1 79.3 75.7 59.5 48.6 46.8 50.6
NiO 6.09 5.60 5.84 0.619 6.06 3.05 7.69 6.59 13.4 13.1 17.1 15.4 11.5 10.2 10.2 11.3

(lg/g)
Li 7.80 8.22 7.45 8.34 6.96 8.86 6.44 7.49 6.59 6.49 5.68 5.47 7.76 7.04 7.39 6.43
B 19.4 20.4 20.5 21.4 20.2 21.5 17.9 19.1 16.9 16.0 15.9 14.9 20.3 17.9 20.9 15.4
Rb 8.22 9.52 9.19 10.1 8.49 10.3 8.03 8.52 7.13 6.96 6.39 6.96 9.21 8.12 9.49 6.21
Sr 249 259 261 244 229 243 259 262 258 243 233 245 225 236 243 245
Y 34.9 39.6 38.3 40.2 37.0 41.2 35.0 37.4 31.7 33.0 29.0 32.0 35.8 34.5 37.9 29.6
Zr 71.8 74.5 70.4 78.0 73.6 81.6 68.8 69.5 56.4 57.9 53.0 58.3 73.4 65.3 73.9 51.3
Nb 0.568 0.622 0.619 0.625 0.608 0.677 0.542 0.584 0.463 0.442 0.446 0.462 0.588 0.558 0.594 0.438
Cs 0.592 0.654 0.632 0.716 0.587 0.697 0.566 0.603 0.513 0.469 0.465 0.434 0.655 0.557 0.671 0.427
Ba 218 231 227 251 213 246 203 218 184 184 168 178 213 195 222 169
La 3.82 4.13 4.02 4.16 3.77 4.32 3.59 3.89 3.30 3.23 2.90 3.24 3.91 3.53 4.12 2.92
Ce 11.0 12.0 11.7 13.1 11.3 12.7 10.6 11.3 9.63 9.62 8.44 9.41 11.4 10.5 11.8 8.7
Pr 1.91 2.09 1.92 2.15 1.92 2.12 1.76 1.94 1.69 1.65 1.43 1.61 1.87 1.80 1.97 1.47
Nd 10.3 11.5 10.7 12.1 10.3 11.7 10.2 10.4 9.18 9.13 8.01 8.91 10.6 9.50 11.0 8.3
Sm 3.42 3.72 3.61 3.85 3.38 3.89 3.38 3.55 3.06 3.03 2.75 3.00 3.52 3.25 3.61 2.78
Eu 1.19 1.37 1.29 1.39 1.23 1.32 1.25 1.28 1.14 1.12 1.03 1.12 1.20 1.12 1.24 1.07
Gd 4.48 4.93 4.68 5.30 4.62 5.01 4.22 4.63 4.06 4.12 3.71 3.92 4.49 4.31 4.58 3.59
Tb 0.849 0.923 0.867 0.964 0.833 0.938 0.822 0.854 0.751 0.759 0.682 0.747 0.843 0.804 0.858 0.707
Dy 5.69 6.07 5.80 6.12 5.60 6.18 5.37 5.63 5.01 5.20 4.61 4.93 5.62 5.17 5.67 4.50
Ho 1.26 1.37 1.28 1.40 1.25 1.38 1.20 1.22 1.13 1.13 1.01 1.08 1.22 1.14 1.26 1.00
Er 3.41 3.71 3.58 3.80 3.46 3.74 3.22 3.44 3.10 3.13 2.73 2.93 3.34 3.09 3.44 2.73
Tm 0.510 0.592 0.547 0.595 0.526 0.591 0.502 0.518 0.481 0.480 0.424 0.452 0.521 0.494 0.528 0.420
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HFSE depletions; are observed in trace element patterns
normalized to N-MORB (not shown). As shown in
Table 2, Figs. 1e and f, Sr–Nd–Pb isotopic compositions
of Miyakejima lavas are fairly constant irrespective of
the SiO2 variation from Stage 1 to the latest 2000 AD
eruption (87Sr/86Sr = 0.70338–0.70349; 143Nd/144Nd =
0.51307–0.51311; 206Pb/204Pb = 18.273–18.314; 207Pb/
204Pb = 15.506–15.520; 208Pb/204Pb = 38.091–38.139). The
results give us the common perspective for the occurrence
of Miyakejima magmas as discussed in Yokoyama et al.
(2003): the extremely homogeneous isotopic signatures
can be attributed mainly to the slab-derived fluid for Sr
and Pb, but to the mantle wedge for Nd, resulting in very
small isotopic changes for variable mantle-fluid mixtures.
Based on Pb isotope systematics, the altered-MORB com-
ponent is dominant in the fluid component beneath
Miyakejima with very small involvement of a sediment
component (�1%). These signatures suggest metasomatism
of depleted mantle wedge by slab-derived fluids.

4.3. 238U–230Th disequilibrium of whole rock samples

U–Th–Ra isotope compositions for Stage 4 samples
are listed in Table 2. All the Stage 4 samples possess
a (238U/230Th) ratio greater than 1, which is generally
attributed to the addition of slab-derived fluid to the
mantle wedge. Fig. 2 is a U–Th equiline diagram plot-
ting Stage 4 data and samples of earlier stages. The
2000 AD samples have (230Th/232Th) ratios ranging
from 1.300 to 1.311, the range which is the lowest
among all the Miyakejima data including previous
stages. (230Th/232Th) ratios of all the Stage 4 samples
before 2000 AD range from 1.356 to 1.404, and they
have a linear trajectory nearly parallel to the equiline
which is impossible to explain in terms of an isochron
(Fig. 2). The variation of the (230Th/232Th) ratio for
the Stage 4 samples (excluding 2000 AD) are 3.5%,
and it is slightly larger than the analytical reproducibil-
ity of the standard, JB-2 (±1.0% in 2r, see Section 3).

To confirm actual precision of (230Th/232Th) measure-
ments, replicate analyses were made for some Stage 4 sam-
ples. As shown in Table 2, the differences of (230Th/232Th)
ratio in the duplicate (or triplicate) measurements are al-
ways <0.5%. Indeed, JB-2 has Th concentration that is
lower than any of the Stage 4 samples, and the reproduc-
ibility of (230Th/232Th) ratio for a basaltic standard (JB-3:
Th = 1.271 lg/g) was 0.77% (Yokoyama et al., 2003). We
estimate that the typical analytical error for (230Th/232Th)
ratio is ±0.8% or less, and ±1.0% of the external precision
is the worst scenario throughout this study. Therefore, the
observed (230Th/232Th) variations are real in the Stage 4
samples. For Th and U concentrations, most of the repli-
cate analyses resulted in <1% differences (Table 2), which
are comparable to the reproducibility of the JB-2 measure-
ments (0.85% for Th and 0.82% for U). We therefore
estimate of analytical errors of 1% for Th and U concentra-
tions in this study. One sample (#2704) showed 2% lower



Table 2
U-series data for whole rock samples of Miyakejima volcano in Stage 4

Sample Age Th (TIMS)
(lg/g)

U (TIMS)
(lg/g)

(230Th/232Th) (238U/232Th) (234U/238U) 226Ra (fg/g) (226Ra/230Th) (226Ra/230Th)0

1801 2000 AD 0.262 0.148 1.311 ± 0.006 1.712 0.999 ± 0.002 121.1 ± 0.6c 3.17 3.17
Replicate 0.262 0.148 1.319 ± 0.007 1.718 1.000 ± 0.002 120.8 ± 0.6c 3.15 3.15
1802 2000 AD 0.259 0.145 1.302 ± 0.006 1.695 1.000 ± 0.002 118.7 ± 0.4c 3.17 3.17
Replicate 0.260 0.145 1.313 ± 0.006 1.687 1.000 ± 0.002 118.6 ± 0.6c 3.12 3.12
1803 2000 AD 0.260 0.146 1.300 ± 0.005 1.711 1.001 ± 0.003 119.2 ± 0.5c 3.17 3.18
0106b 1983 AD 0.330 0.193 1.378 ± 0.006 1.780 1.001 ± 0.003 158.9 ± 0.8 3.14 3.16
0107 1983 AD 0.329 0.193 1.364 ± 0.006 1.776 1.002 ± 0.002 157.2 ± 0.6 3.15 3.17
0108 1983 AD 0.321 0.190 1.372 ± 0.008 1.799 0.997 ± 0.002 154.6 ± 0.7 3.16 3.17
0110a 1983 AD 0.335 0.197 1.376 ± 0.007 1.779 1.001 ± 0.002 153.7 ± 1.9 3.00 3.01
0117 1983 AD 0.319 0.188 1.366 ± 0.005 1.791 0.999 ± 0.002 153.4 ± 0.7 3.17 3.18
0127 1983 AD 0.313 0.187 1.382 ± 0.009 1.817 0.999 ± 0.002 150.4 ± 0.8c 3.13 3.15
0129 1983 AD 0.316 0.188 1.371 ± 0.005 1.805 0.998 ± 0.002 155.0 ± 0.9 3.22 3.23
0134 1983 AD 0.317 0.188 1.365 ± 0.005 1.797 0.998 ± 0.002 153.8 ± 0.6 3.20 3.22
0135 1983 AD 0.330 0.195 1.378 ± 0.005 1.794 1.000 ± 0.002 154.7 ± 1.4 3.06 3.08
0136 1983 AD 0.362 0.213 1.389 ± 0.005 1.788 1.001 ± 0.005 158.6 ± 0.8 2.83 2.85
0137 1983 AD 0.374 0.220 1.387 ± 0.008 1.786 0.999 ± 0.002 162.0 ± 0.8 2.81 2.82
Replicate 0.372 1.384 ± 0.006 1.798 2.83 2.85
0138 1983 AD 0.371 0.220 1.396 ± 0.005 1.794 0.998 ± 0.001 159.6 ± 0.7 2.77 2.78
0141a 1983 AD 0.370 0.218 1.404 ± 0.007 1.789 1.000 ± 0.002 164.4 ± 2.6 2.84 2.86
Replicate 160.7 ± 1.0c 2.78 2.80
0142 1983 AD 0.352 0.205 1.372 ± 0.005 1.764 1.001 ± 0.002 157.3 ± 1.1 2.93 2.95
0143 1983 AD 0.335 0.198 1.376 ± 0.004 1.795 1.000 ± 0.003 156.9 ± 0.8 3.06 3.07
0146 1983 AD 0.318 0.190 1.377 ± 0.005 1.808 1.001 ± 0.003 150.3 ± 0.8 3.08 3.10
Replicate 0.320 0.188 1.379 ± 0.005 1.783 1.001 ± 0.003 152.9 ± 0.8c 3.12 3.13
0149 1983 AD 0.332 0.196 1.371 ± 0.007 1.790 1.000 ± 0.002 154.7 ± 0.8 3.05 3.07
0150a 1983 AD 0.343 0.202 1.390 ± 0.008 1.788 1.001 ± 0.003 155.1 ± 1.6 2.93 2.94
0155 1983 AD 0.340 0.202 1.391 ± 0.004 1.800 0.999 ± 0.002 156.7 ± 0.7 2.98 3.00
0317 1983 AD 0.337 0.197 1.366 ± 0.007 1.775 1.000 ± 0.002 156.8 ± 0.7 3.06 3.08
0318 1983 AD 0.330 0.196 1.376 ± 0.006 1.801 1.001 ± 0.002 154.5 ± 0.8 3.05 3.07
2823 1983 AD 0.342 0.203 1.388 ± 0.005 1.804 1.001 ± 0.003 157.1 ± 0.7 2.97 2.99
3019b 1983 AD 0.317 0.188 1.379 ± 0.008 1.797 1.001 ± 0.002 153.6 ± 0.8 3.16 3.17
0201 1962 AD 0.395 0.234 1.379 ± 0.006 1.797 1.000 ± 0.002 174.2 ± 0.7 2.87 2.91
0202 1962 AD 0.392 0.233 1.391 ± 0.005 1.805 1.001 ± 0.003 170.9 ± 0.8c 2.82 2.85
0227 1962 AD 0.388 0.230 1.383 ± 0.006 1.794 0.998 ± 0.006 170.2 ± 0.7c 2.85 2.88
0230 1962 AD 0.377 0.222 1.373 ± 0.005 1.789 1.003 ± 0.004 165.7 ± 0.9c 2.88 2.91
0231 1962 AD 0.394 0.232 1.377 ± 0.006 1.790 1.000 ± 0.002 175.3 ± 1.0 2.91 2.94
0238 1962 AD 0.344 0.203 1.375 ± 0.007 1.796 0.999 ± 0.002 160.6 ± 1.1 3.06 3.09
0239 1962 AD 0.343 0.204 1.374 ± 0.005 1.805 0.999 ± 0.003 159.1 ± 0.7c 3.04 3.07
Replicate 0.344 0.206 1.369 ± 0.005 1.819 1.000 ± 0.003 3.03 3.07
0255 1962 AD 0.384 0.227 1.388 ± 0.004 1.795 1.003 ± 0.003 169.9 ± 3.0c 2.86 2.90
0257 1962 AD 0.363 0.212 1.369 ± 0.006 1.773 1.003 ± 0.004 162.7 ± 0.6c 2.94 2.97
0258 1962 AD 0.379 0.222 1.370 ± 0.005 1.782 1.000 ± 0.004 167.1 ± 0.6c 2.89 2.93
0259 1962 AD 0.372 0.220 1.383 ± 0.005 1.796 0.999 ± 0.002 169.4 ± 0.9 2.96 2.99
Replicate 171.3 ± 0.5c 2.99 3.03
2701 1962 AD 0.351 0.207 1.377 ± 0.006 1.792 1.000 ± 0.002 161.7 ± 1.1 3.01 3.04
2704a 1962 AD 0.384 0.219 1.374 ± 0.007 1.733 1.000 ± 0.002 167.0 ± 1.6 2.85 2.88
Replicate 0.376 0.221 1.376 ± 0.006 1.787 1.003 ± 0.003 2.90 2.93
Replicate 0.376 0.221 1.382 ± 0.005 1.783 1.002 ± 0.002 2.89 2.92
0208 1940 AD 0.369 0.219 1.390 ± 0.005 1.801 1.000 ± 0.003 165.4 ± 0.5c 2.90 2.95
0209 1940 AD 0.415 0.241 1.379 ± 0.007 1.761 0.998 ± 0.005 172.0 ± 0.6c 2.70 2.75
0211 1940 AD 0.385 0.228 1.390 ± 0.007 1.798 1.002 ± 0.002 170.4 ± 0.5c 2.86 2.91
0212 1940 AD 0.367 0.217 1.385 ± 0.005 1.790 0.998 ± 0.002 168.0 ± 0.7 2.97 3.02
0213 1940 AD 0.404 0.237 1.389 ± 0.005 1.778 1.001 ± 0.002 168.5 ± 3.2c 2.70 2.75
0217b 1940 AD 0.435 0.250 1.382 ± 0.006 1.745 1.000 ± 0.004 179.0 ± 1.0 2.67 2.72
0218 1940 AD 0.381 0.224 1.390 ± 0.007 1.786 1.003 ± 0.004 164.5 ± 0.5c 2.79 2.84
0220 1940 AD 0.421 0.247 1.398 ± 0.007 1.782 1.003 ± 0.002 172.4 ± 0.8c 2.64 2.68
0310 1940 AD 0.372 0.218 1.379 ± 0.005 1.776 0.999 ± 0.001 165.1 ± 0.7 2.89 2.95
0311 1940 AD 0.369 0.217 1.383 ± 0.006 1.779 1.003 ± 0.003 162.2 ± 1.0c 2.85 2.91
2702a 1940 AD 0.441 0.255 1.384 ± 0.007 1.757 1.002 ± 0.004 174.4 ± 1.2 2.57 2.61

2709a 1874 AD 0.344 0.201 1.373 ± 0.007 1.774 1.003 ± 0.003 149.1 ± 1.1 2.84 2.95
2902b 1763 AD 0.351 0.204 1.386 ± 0.008 1.766 1.000 ± 0.003 149.5 ± 0.6 2.76 2.96
2903a 1712 AD 0.280 0.163 1.363 ± 0.007 1.767 1.001 ± 0.003 125.3 ± 1.1 2.95 3.21
2901a 1643 AD 0.278 0.166 1.376 ± 0.007 1.811 1.000 ± 0.004 129.8 ± 1.6 3.05 3.39

(continued on next page)
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Table 2 (continued)

Sample Age Th (TIMS)
(lg/g)

U (TIMS)
(lg/g)

(230Th/232Th) (238U/232Th) (234U/238U) 226Ra (fg/g) (226Ra/230Th) (226Ra/230Th)0

2817a 1595 AD 0.272 0.161 1.356 ± 0.009 1.794 1.003 ± 0.004 118.6 ± 0.9 2.90 3.27
0301a 1535 AD 0.302 0.175 1.366 ± 0.008 1.759 1.001 ± 0.002 120.1 ± 0.7 2.62 2.99
0101b 1469 AD 0.396 0.231 1.395 ± 0.009 1.767 0.997 ± 0.003 141.0 ± 1.1 2.30 2.64
0103a 1469 AD 0.348 0.199 1.367 ± 0.007 1.734 1.002 ± 0.002 131.3 ± 1.4 2.48 2.87
0104b 1469 AD 0.412 0.237 1.386 ± 0.004 1.748 1.003 ± 0.003 142.8 ± 0.7 2.25 2.57
0115a 9th C 0.273 0.156 1.334 ± 0.008 1.736 1.003 ± 0.004 101.9 ± 1.5 2.52 3.50

a Indicates that all data are taken from Table 1 of Yokoyama et al. (2003).
b Indicates that Th and U data are taken from Table 1 of Yokoyama et al. (2003).
c Indicates that Ra was measured by total evaporation TIMS technique.

Fig. 1. SiO2 variation diagrams of some major (TiO2, MgO and K2O) and trace (Th) elements, and 87Sr/86Sr and 208Pb/204Pb ratios for all stages of
Miyakejima samples.
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Th concentration in the replicate analysis, and further re-
analysis also gave the 2% lower value. We attribute the
mismatch to some error in the primary analysis (e.g.,
incomplete mixing between sample and spike), and we
take the value of re-analysis for the sample #2704 in the
following discussion.



Fig. 2. U–Th equiline diagram for Miyakejima volcano. All the data are
not corrected for time since eruption. A vertical trend of Stage 4 samples
does not form any isochron. Star represents mantle wedge composition.
Legends are the same as Fig. 1. Analytical error is calculated from the
external precision of repeated analyses of a standard, JB-2 (1% for
(230Th/232Th) and 1.4% for (238U/232Th)), which are the maximum
estimates throughout this study.
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4.4. 230Th–226Ra disequilibrium of whole rock samples

All of the Stage 4 samples have (230Th/226Ra) ratios
greater than 1 (Table 2), considered to be the signature
of the addition of slab-derived fluid to the mantle wedge.
In Table 2, some of the replicate analyses for 226Ra indicate
2% differences, which are beyond the reproducibility of JB-
2 (0.61%). This is because Ra for JB-2 was measured by the
TE-TIMS method. Replicate analyses that were both mea-
sured by the TE-TIMS are within the reproducibility of JB-
2 (#1801, #1802). Therefore, we assume analytical errors
of 2% for 226Ra in this study, and discard previous 226Ra
values when re-analyzed by TE-TIMS. Propagation of ana-
lytical errors for Th and Ra analyses results in �2.5% error
in the (226Ra/230Th) ratio determined.

Similar to the (230Th/232Th) ratio, we observe a diversity
of (226Ra/230Th) ratios in Stage 4 samples ranging from
2.25 to 3.22. This variation is markedly large compared
λ

Fig. 3. Time change of (226Ra/230Th)0 ratio (eruption time corrected
value) for Miyakejima Stage 4 samples. Note that single eruptions from
1940 to 1983 AD have the variation of (226Ra/230Th)0 ratio covering
almost whole the range of Stage 4 eruptions.
to the analytical error for the (226Ra/230Th) ratio. The
diversity remains even after correction of the (226Ra/230Th)
ratio to the time of eruption ((226Ra/230Th)0), although the
range shifts somewhat (2.57–3.39). Fig. 3 shows the varia-
tion of the (226Ra/230Th)0 ratio as a function of time
(ek226Æt). The maximum (226Ra/230Th)0 ratio in individual
eruptions increases from 1469 AD towards 1643 AD,
decreases towards 1874 AD, and then again increases until
present. The diversity of (226Ra/230Th)0 ratios exists in la-
vas from any single eruptions from 1940 to 1983 AD,
and they cover whole the variation range present in Stage 4.

5. Discussion

5.1. Origin of the 2000 AD magma

The 2000 AD samples have the lowest (230Th/232Th) ra-
tios among all of the Miyakejima data including previous
stages. Yokoyama et al. (2003) interpreted the two linear
trends of Stage 1 and Stage 2 in Fig. 2 as isochrons that
had different U–Th ages (25 and 12 kyr, respectively) but
had a common initial Th isotopic ratio (star in Fig. 2) be-
fore the addition of the slab-derived fluid. The Stage 4 sam-
ples show a vertical array in the U–Th equiline diagram. If
all of the Stage 4 samples originated from mantle wedge
that had a common initial Th isotopic ratio as Stages 1
and 2, then we can calculate the ‘‘model 238U–230Th age’’
for these samples from the slope of a line tying each datum
point and the star in Fig. 2. The model ages for the 2000
AD samples average 2 kyr, which is 10 kyr younger than
that of Stage 2. It should be noted that, as previously dis-
cussed in Yokoyama et al. (2003), the determined
238U–230Th ages could be apparent ones which do not rep-
resent any absolute geological timescales, especially when
slab-derived fluid contains some Th. Nevertheless, it is sup-
posed that the relative differences in the 238U–230Th ages
were created by different processes that led to the com-
mencement of 238U–230Th disequilibrium, most likely the
different timing of fluid release from the slab. Thus, the
10 kyr younger 238U–230Th age for the 2000 AD samples
compared to Stage 2 supports the previous conclusion that
fluid release from the slab and subsequent magma genera-
tion in the mantle wedge occur episodically on a several-
kyr timescale beneath Miyakejima. In contrast, the model
ages for the rest of Stage 4 samples range from 13.5 to
25 kyr, having a fairly longer timescale compared to the
period of Stage 4 (500 yr). It is, thus, expected that some
additional events (e.g., magma mixing) have disturbed the
(230Th/232Th) ratios of these samples.

Fig. 4 shows (230Th/232Th) ratio of the Stage 4 samples
plotted against 1/Th. The (230Th/232Th) ratios gradually de-
crease as Th concentrations decrease. This might be ex-
plained by a mixing between less-differentiated and
differentiated magmas. If magma mixing is the cause of the
variations of (230Th/232Th) ratios in the Stage 4 samples,
one can expect from Fig. 2 that the 2000 AD samples are
one of the mixing end-members. However, the trend for



Fig. 4. (230Th/232Th) � 1/Th diagram for Stage 4 samples. Dashed line is a
regression line except for 2000 AD data calculated by a least squares
method. Symbols are the same as Fig. 3. Note that 2000 AD data deviate
from the main trend. Estimation of analytical error is the same as Fig. 2.
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Stage 4 samples, except for the 2000 AD in Fig. 4, demon-
strates that the 2000 AD sample is not an acceptable end-
member.

Fig. 5 is the relationship between (226Ra/230Th)0 ratios
and 1/230Th for the Stage 4 samples. Assuming 1/230Th as
an index of magma differentiation, it is obvious that less dif-
ferentiated samples have higher (226Ra/230Th)0 ratios com-
pared to the differentiated ones. A near-linear correlation
observed for the Stage 4 samples suggests binary mixing be-
tween less differentiated magma with higher 230Th–226Ra
and differentiated magma having lower 230Th–226Ra disequi-
librium. Similar to the (230Th/232Th) � 1/Th diagram, the
2000 AD data slightly deviate from the linear trend, also indi-
cating that the 2000 AD sample is not the mixing end
component.

In addition to U–Th–Ra characteristics, some major ele-
ment compositions of 2000 AD lie off the trend of Stage 4
(e.g., TiO2, MgO; Fig. 1). Consequently, the 2000 AD mag-
ma is not the end-component of the main trend of the Stage
Fig. 5. (226Ra/230Th)0 � 1/230Th diagram for Stage 4 samples. Dashed line
is a regression line except for 2000 AD data calculated by a least squares
method. Symbols are the same as Fig. 3. Analytical error of (226Ra/230Th)
is estimated to be 2.5%.
4 samples, but it might be fractionated from the end-mem-
ber magma, or it was a new magma batch that had a com-
pletely different chemical composition.

5.2. Fractional crystallization with 226Ra decay

It is noteworthy that the chemical diversity of the
Miyakejima volcano with respect to (226Ra/230Th) ratio is
also observed in individual lavas from some single erup-
tions (e.g., 1940, 1962, and 1983 AD). It has been reported
that the (226Ra/230Th) ratio can vary during a single erup-
tion in some volcanoes. Vigier et al. (1999) found that the
(226Ra/230Th) ratio in basaltic lavas of Ardoukoba volcano
(Asal rift, Djibouti) erupted in 1978 AD decreases with
increasing Th concentration. They concluded that the var-
iation arose from successive magma reinjections beneath
the volcano, resulting in a chemically zoned magma cham-
ber that was composed of previously injected, more crystal-
lized old magma and recently injected, least crystallized
young magma. Recently, Blake and Rogers (2005) demon-
strated a mathematical model for the evolution of the
(226Ra/230Th) ratio during simultaneous fractional crystal-
lization and ageing of magma. They showed that the Ra–
Th trend of Ardoukoba volcano could be created by
1570–2500 yr of the differentiation time (depending on
the rate of fractionation). They also applied the model to
Miyakejima data obtained from Yokoyama et al. (2003),
and concluded that the Miyakejima data were best fitted
with the differentiation time of 500–1600 yr.

The model of Blake and Rogers (2005) (linear model:
Eqs. (1)–(3) of their paper) was applied to our Stage 4 data
obtained here. Unlike Blake and Rogers (2005), the
amount of 230Th produced by the decay of 234U was taken
into account. The least differentiated sample (#2817) in
Stage 4 was used as a starting material, and bulk partition
coefficients used are described in Appendix A. As shown in
Fig. 6a, a fractionation rate of 6 · 10�4 yr�1 gives the best
fit evolution curve in the (226Ra/230Th)0 � 1/230Th diagram
(bold curve). This requires approximately 800 yr of the dif-
ferentiation time, which is within the range of the result of
Blake and Rogers (2005). However, when the model is ap-
plied to the evolution of the (238U/230Th) ratio, all of the
data fall far off the 238U–230Th–226Ra ‘‘concordia’’ curve
(Fig. 6b, bold curve). This clearly indicates that the most
differentiated Stage 4 sample cannot be created by fraction-
ation and ageing of magma which initially had the same
(238U/230Th) and (226Ra/230Th) ratios as the sample
#2817. Alternatively, a long differentiation time (80 kyr)
coupled with a very slow fractionation rate
(1 · 10�5 yr�1) can yield a highly differentiated end mem-
ber magma (Fig. 6, thin curves). It is possible to create
the linear correlation observed in Fig. 6b when this differ-
entiated magma is mixed with the less differentiated initial
magma (dashed line). However, as can be seen in Fig. 5,
extrapolation of the mixing array towards 1/230Th = 0
shows that, under any condition, the more differentiated
end-member must have a 226Ra excess. Consequently, the



Fig. 6. (a) (226Ra/230Th) � 1/230Th diagram and (b) (238U/230Th) �
(226Ra/230Th) diagram for Stage 4 samples excluding 2000 AD. Eruption
time correction is done for (226Ra/230Th) ratio of Miyakejima data. Bold
and thin curves represent 238U–230Th–226Ra ‘‘concordia’’ curves evolved in
a closed system magma chamber by fractional crystallization and
radioactive decay of 230Th and 226Ra with fractionation rates of
6 · 10�4 and 1 · 10�5 yr�1, respectively. The least differentiated sample
of Stage 4 (#2817) was used as a starting material. Dashed lines show
mixing line between the starting material and evolved magma with
differentiation time of 80 kyr. The gray zone in (b) is the result of melt or
fluid replenishment model after Asmerom et al. (2005). Degree of
fractionation per batch and interval of reinjections were varied from
0.001 to 0.8 and from 50 to 500 yr, respectively. Initial chemical
composition of melt were varied from 1.35 to 2.0 for (238U/230Th) and
from 4 to 10 for (226Ra/230Th), and that for fluid were varied from 2 to 10
for (238U/230Th) and from 50 to 100 for (226Ra/230Th). Concentration of
Ra in fluid was set as to be 1% of magma. Analytical error is the maximum
estimation. Symbols are the same as Fig. 3.
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simple magma mixing model between a newly injected
magma and an old magma stored in a magma chamber is
not consistent with observations.

Discordant U-series ages are also observed for volcanic
eruptives obtained from Taal volcano, Luzon Arc, Philip-
pine. Asmerom et al. (2005) showed that the 235U–231Pa
data of Taal volcano gave a differentiation time of
�30 kyr using a closed system magma fractionation model,
although the 230Th–226Ra system gave a considerably
younger timescale of a few kyr. They successfully explained
the decoupling of 235U–231Pa and 230Th–226Ra ages
by applying a magma (or fluid) replenishment model
originally proposed by Hughes and Hawkesworth (1999).
However, when their model is applied to the Miyakejima
data, any combination of plausible parameters regarding
replenishment frequency, degree of fractionation, and ini-
tial U–Th–Ra concentrations for magma (or fluid) does
not give a concordant curve that can account for the Stage
4 data (gray area of Fig. 6b). Therefore, we conclude that
fractional crystallization with 226Ra decay is not suitable
to explain the U-series systematics of Miyakejima Stage 4
data, even if the effects of magma or fluid replenishment
are taken into account.

5.3. Chemical heterogeneity in primary melts

Here, we consider the generation of two or more chem-
ically different but synchronous mantle-sourced melts that
have (230Th/232Th) and (226Ra/230Th) ratios ranging from
1.30 to 1.40 and from 2.25 to 3.22 (the values at the time
of eruption), respectively. This could occur when multiple
slab-derived fluids, which individually had different
(230Th/232Th) and (226Ra/230Th) ratios, contributed to a
chemically homogeneous mantle source. In this case, it is
assumed that the multiple fluids were released from the slab
at short intervals of <1 kyr to create the variable
(226Ra/230Th) ratios observed, rather than releasing every
few thousand years, as discussed in Yokoyama et al.
(2003). In addition, it is assumed that the multiple fluids
had originally different (230Th/232Th) ratios at the time of
fluid release, because the short interval of the fluid release
is not long enough to create the observed variation in
(230Th/232Th) ratio by 230Th decay. The variable
(230Th/232Th) ratio in the fluids is presumed to originate
from chemical heterogeneity in the subducted altered oce-
anic crust. However, the other geochemical tracers for
slab-derived fluid, such as Sr and Pb isotope ratios, are
rather constant for Stage 4 samples (Figs. 1e and f), and
do not systematically vary with the change of (230Th/232Th)
and (226Ra/230Th) ratios. This reduces the likelihood of
multiple slab-derived fluids model unless heterogeneity of
Sr and Pb isotopes in the fluids are too small to be detected
by our present analytical capability.

Alternatively, as demonstrated by George et al. (2003),
vertical array in the U–Th equiline diagram for subduc-
tion zone samples could be produced by dynamic partial
melting of U enriched sources with different velocities for
mantle upwelling through the melting region. Their calcu-
lation showed that 226Ra–230Th fractionation was largely
controlled by the residual porosity rather than the mantle
upwelling rate. Therefore, the variation of (230Th/232Th)
and (226Ra/230Th) ratios for the Stage 4 samples could
be explained by multiple mantle melting with different
upwelling rates and residual porosities. Otherwise the
(226Ra/230Th) variations must simply represent different
timing of melt segregation when there is no distinct differ-
ence in the residual porosity. To account for the change
of (226Ra/230Th)0 ratios with time, as well as
(230Th/232Th) ratios during the 500 yr of Stage 4 (Figs.
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2 and 5), it is presumed that more than two magma
batches produced by different upwelling speeds (and
residual porosities) intruded beneath Miyakejima and
formed a chemically heterogeneous magma chamber by
mixing. It remains unclear whether it is geophysically
possible to produce two end-component magmas for the
1940–1983 AD eruptions in the mantle wedge synchro-
nously but differently in terms of space, upwelling speed
and residual porosity. Nevertheless, we cannot completely
reject the multiple melt generation models, whether in-
duced by multiple fluid additions or different mantle
upwelling speeds.

5.4. Crustal assimilation and fractional crystallization

5.4.1. Basic model

Finally, as the most plausible scenario, we propose that
crustal assimilation accompanied with fractional crystalli-
zation (AFC) played an important role in producing the
trends of Stage 4 samples observed in Figs. 4 and 5. For
simplification, we first apply the most basic AFC model
(DePaolo, 1981) to Stage 4 samples:

Cm ¼ C0
m � F �z þ r

r � 1

� �
� Ca

z
� ð1� F �zÞ; ð1Þ

where F is the fraction of melt remaining, r is the ratio of
assimilation rate and crystallization rate, z = (r + D � 1)/
(r � 1), D is the bulk partition coefficient of an element be-
tween crystal and melt, and Cm and Ca are concentrations
in melt and assimilant, respectively. In this model, all U-se-
ries nuclides including 226Ra are treated as stable isotopes,
assuming the case when the duration of AFC is very short
compared to the half-life of 226Ra (1600 yr).

It should be noted that a linear trend in Fig. 5 is ob-
tained using eruption time corrected (226Ra/230Th) data.
If all the Stage 4 samples are produced by a single AFC
process in a single magma chamber, then recent eruptives
(e.g., 1983 AD) must have, owing to 226Ra decay,
(226Ra/230Th)0 ratios lower than that of the earlier Stage
4 eruptions. This is clearly not the case. Hence, we expect
that two or more different magma batches tapped into
the crust and created individual magma chambers, having
individual AFC trends for Stage 4 eruptions. However,
these injected magmas would essentially have similar com-
positions including (226Ra/230Th) ratio at the time of injec-
tion, so that they ultimately produced a uniform AFC
trend for entire Stage 4 samples except for 2000 AD as
shown in Figs. 4 and 5. We assume that all the AFC
parameters (e.g., r, Cm

0 and Ca) but F value are common
for all the Stage 4 samples (excluding 2000 AD), and the
least differentiated sample of Stage 4, #2817 (1595 AD),
is chosen as the starting compositions in the AFC calcula-
tion. Bulk partition coefficients used in the calculation are
described in Appendix A.

The 238U–230Th–226Ra systematics observed implies that
the assimilant should be a highly differentiated chemical
component sufficient to increase Th concentrations in the
magma. Isshiki (1960) showed that the basement rock of
Miyakejima comprised some thermally altered rocks which
resemble Miocene Yugashima rocks observed in the Izu
peninsula. These rocks are expected to have Sr–Nd–Pb iso-
tope ratios different from those of Miyakejima volcanic
rocks, although no significant variations in Sr, Nd and
Pb isotope ratios are found for any of the Stage 4 rocks.
Thus, they are not a likely option for the assimilated crustal
material. Fujii et al. (1984) found some xenoliths which
have dacitic composition (SiO2 = 68%) in the 1983 AD
lava flows. They also showed that the major element com-
position of the xenoliths lay on the extrapolation of a dif-
ferentiation trend of Miyakejima magma, suggesting that
these felsic xenoliths were genetically related to previous
Miyakejima magmatism. When constant Sr–Nd–Pb isoto-
pic compositions of the Stage 4 samples are taken into ac-
count, it is supposed that the assimilant has a genetic
relation with prior Miyakejima magmas. We thus propose
that the likely assimilated crustal material is volcanic edi-
fice beneath Miyakejima that has solidified after the erup-
tion of felsic rocks.

From Fig. 4, it can be shown that the (230Th/232Th) ratio
of the assimilant must be high (>1.4) and therefore, assum-
ing that it was also derived from a source with
(230Th/232Th) = 1.3, the assimilated crustal material is suf-
ficiently old for 230Th–226Ra equilibrium. By extrapolating
the differentiation trend of SiO2-Th diagram for all stages
of Miyakejima rocks (Fig. 1d), the Th concentration of
the assimilated crustal material is estimated to be
1 lg/g when SiO2 reaches 70% by differentiation. In the ba-
sic model, we consider bulk assimilation of the crustal
material in the AFC calculation, in which the chemical
composition of the assimilant matches the bulk composi-
tion of the assimilated crustal material. We thus fixed
(226Ra/230Th) = 1 and Th = 1 lg/g for the assimilant.

Two AFC parameters, r and (230Th/232Th)a, are still un-
known. To determine these parameters, we examined least
squares calculations of AFC trends as a function of F in
Th-(230Th/232Th)-226Ra0 space. Optimized AFC parame-
ters that give the minimum residual are calculated to be
(230Th/232Th)a = 1.57 and r = 0.23. By means of these
parameters, the AFC trends are plotted on the
(226Ra/230Th) � 1/230Th and the (230Th/232Th) � 1/Th dia-
grams (Fig. 7). Broken lines in Fig. 7 represent bulk mixing
between the starting material of AFC and the assimilant.
The best fit AFC trends in this figure deviate from the bulk
mixing lines and the (226Ra/230Th) ratio is still higher than
1 when 1/230Th is close to 0. The AFC trend of r = 0, which
represents the line of no assimilation, is almost flat in
Fig. 7a and deviates from the best fit AFC trend. This
means that the decrease in (226Ra/230Th) ratio for Stage 4
samples was caused mainly by assimilation with little Ra–
Th fractionation by crystallization. Fractional crystalliza-
tion, on the other hand, changed 1/230Th significantly.
The variation of (226Ra/230Th)0 ratio is attributed to differ-
ent F values for each sample. Therefore, (226Ra/230Th)0

variations observed in single eruptions (e.g., 1940, 1962,



a

b

Fig. 7. AFC trajectories in (a) (226Ra/230Th) � 1/230Th diagram and (b)
(230Th/232Th) � 1/Th diagram applying the basic model of DePaolo
(1981). Symbols are the same as Fig. 3. Thin and dashed lines represent
fractional crystallization without assimilation (r = 0) and bulk mixing
between injected magma and assimilant, respectively.
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and 1983 AD) were created by spatial variation of F value
in a magma chamber, which presumably corresponds to
spatial difference of some physical parameters in the mag-
ma chamber (e.g., temperature, distance from the wall
rock). However actual compositional heterogeneity in a
magma chamber would not be so simple and can be easily
perturbed by physical processes, such as thermal convec-
tion of the magma.

Compared to Fig. 7a, the Miyakejima data largely scat-
ter in the (230Th/232Th) � 1/Th diagram (Fig. 7b). This is
the result of the relatively large analytical error of the
Table 3
Optimized AFC parameters determined by the least squares method for vario

CK2O
a ðwt:%Þ Ca

Th (lg/g) C226Ra
a ðfg=gÞ

1.0 0.77 101
2.0 1.54 210
3.0 2.41 239
4.0 3.03 495
5.0 3.93 498
(230Th/232Th) ratio compared to the actual variation of
(230Th/232Th) ratios for Stage 4 samples, indicating better
resolution of the (226Ra/230Th) ratio as for a tracer to
understand geochemical evolution of a magma plumbing
system on a very short timescale like <500 years.

5.4.2. Advanced AFC model 1: partial melting of crust

Although we assumed bulk assimilation of crustal mate-
rial in the basic AFC model above, it is also possible that
the crustal melt, namely the assimilant, is not produced
by bulk melting but partial melting of the surrounding
crust leaving a residual solid phase in the wall of magma
chamber. This can occur when the heat transfer is not suf-
ficient to entirely melt the crustal material. If this is the
case, Th concentrations in the crustal melts can be much
larger than that of the crust because Th is extremely incom-
patible. Furthermore, the (226Ra/230Th) ratio of the melt
could be fractionated and no longer be unity, even though
the crust is old. To determine the Th concentration and
(226Ra/230Th) ratio of the crustal melt, the degree of melt-
ing of the crust and solid/melt partition coefficients of the
assimilated material are needed. This information is not
easily to be fixed.

From Figs. 1c and d, it is clear that K2O and Th are very
well correlated for the whole Stage 4 samples, and a linear
trend is obtained in a K2O–Th diagram (not shown). A lin-
ear correlation is also found in a diagram of K2O–226Ra0

(not shown). Therefore, once Ca
K2O is assumed, Th and

Ra concentrations in the crustal melt can be constrained
using the linear arrays in the K2O–Th and the
K2O–226Ra0 diagrams. From a differentiation trend in the
K2O–SiO2 diagram for Miyakejima rocks (Fig. 1c), we ex-
pect that the K2O content of the crustal material does not
exceed 2 wt.%. Unlike Th and Ra, K2O is major element,
and its concentration in the crustal melt is stoichiometrical-
ly controlled following melting reactions in the crust. Thus,
we temporarily assume that K2O concentration in the
crustal melt does not exceed 5 wt.% (see discussion in Kuri-
tani et al., 2005). Unknown AFC parameters, including r

and (230Th/232Th)a, are determined by least squares calcu-
lation of AFC trends as a function of F in K2O–Th–
(230Th/232Th)–226Ra0 space at a given Ca

K2O.
Table 3 summarizes the result of the AFC calculation

when Ca
K2O was varied from 1 to 5 wt.%. As is shown in this

table, optimized Ca
Th and Ca

226Ra increase and r decreases as
Ca

K2O increases, while optimized (230Th/232Th)a is almost
constant irrespective of Ca

K2O. Compared to the basic model
us CK2O
a values

(230Th/232Th)a (226Ra/230Th)a r

1.61 0.72 0.23
1.63 0.75 0.13
1.65 0.54 0.08
1.63 0.90 0.08
1.63 0.70 0.05
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above, (230Th/232Th)a and r obtained are slightly high and
low, respectively. The most intriguing feature is that the
optimized (226Ra/230Th) ratio in the crustal melt is not at
radioactive equilibrium, but has excess 230Th. This means
that Th is much more incompatible to the crustal material
than Ra. This is possible when the crustal material is a volca-
nic edifice of previous Miyakejima magmatism where plagio-
clase is considered to be one of the dominant mineral phases.

5.4.3. Advanced AFC model 2: 226Ra decay during AFC

When the duration of AFC is not negligible compared
the half-life of 226Ra (1600 yr), the effect of radioactive de-
cay during the AFC process should be taken into account.
Mass-balance equations of 226Ra for the AFC process can
be described as follows:
dMm

dt
¼ dMa

dt
� dM c

dt
; ð2Þ

r ¼ dMa

dt

� ��
dM c

dt

� �
; ð3Þ

F ¼ Mm=M0
m; ð4Þ

CRa
m

dMm

dt
þMm

dCRa
m

dt

¼ CRa
a

dMa

dt
� DRaCRa

m

dM c

dt
�MmkRaCRa

m

þMmkThCTh
m �

ARa

ATh
; ð5Þ

where Mm, Ma, and Mc are mass of melt, assimilant and crys-
tal, Mm

0 is initial mass of melt, t is time, r is the ratio of assim-
ilation rate and crystallization rate, F is the fraction of melt
remaining, Cm and Ca are concentrations in melt and assim-
ilant, D is the bulk partition coefficient of an element between
crystal and melt, k is the decay constant, A is the atomic mass
and superscripts Ra and Th represent 226Ra and 230Th,
respectively. By substituting Eqs. (2)–(4) into (5), we obtain

CRa
m

dF
dt
þ F

dCRa
m

dt
¼ r

r � 1
CRa

a

dF
dt
� 1

r � 1
DRaCRa

m

dF
dt

� F kRaCRa
m þ F kThCTh

m �
ARa

ATh
. ð6Þ

For simplification, we consider that F decreases at a con-
stant rate k, which means F = 1 � kt and dF/dt = �k.
We suppose that the assimilant maintains a constant con-
centration for any element throughout the AFC process.
Cm

Th is obtained by Eq. (1). Then, the variation of the
(226Ra/230Th) ratio in the melt can be obtained by numer-
ical calculation of Eq. (6).

Throughout all of the Miyakejima magmatism, the
highest (226Ra/230Th)0 ratio of 3.50 is obtained in a basalt
(#0115) which erupted during the 9th century (Tables 1
and 2, also see Table 1 of Yokoyama et al. (2003)). By
assuming this as the starting material of AFC and applying
the same AFC parameters used in Section 5.4.1, t is calcu-
lated to be 200 yr, and the F value of the most differentiated
sample is 0.8. This implies that 20% by mass of the injected
magma has crystallized in 200 yr before eruption. In turn,
it requires >1000 yr to decrease the (226Ra/230Th) ratio of
sample #0115 from 3.50 to 2.57 (the lowest (226Ra/230Th)0

value among all Stage 4 samples) by simple calculation of
226Ra decay in a closed system. The gap is clearly due to
assimilation of wall rock that has accelerated the decrease
of (226Ra/230Th) ratio in the magma injected.

Our result is strongly controlled by the composition of
the injected magma. A higher (226Ra/230Th)0 ratio than
3.50 gives t longer than 200 yr. For example, t becomes
650 yr when (226Ra/230Th)0 ratio of the injected magma is
4.0. Furthermore, we neglected the effect of fractional crys-
tallization that occurs while wall rock is heating up to its
solidus before assimilation starts. This also results in longer
t value than we obtained. In any case, however, the differ-
entiation rate determined by the AFC model would be even
faster than that for closed-system evolution in a magma
chamber. Precise determination of the differentiation time
with AFC might be possible by applying more advanced
AFC models (e.g. Spera and Bohrson, 2001).

5.4.4. Age of assimilant

We can also apply the AFC model to 238U–230Th dis-
equilibrium. The U/Th ratio of the assimilant can be deter-
mined from the AFC trend in a U–Th diagram which
shows a clear linear correlation for Stage 4 samples (not
shown). Importantly, the AFC trend in the U–Th diagram
is not controlled by Ca

Th and r value, but only by U/Th ra-
tios of the starting material and the assimilant. From the
least squares calculation, we determined that the U/Th ra-
tio of the assimilant is 0.575, which corresponds to a
(238U/232Th)a = 1.75. As described in previous sections,
(230Th/232Th)a is calculated to be 1.57 for the basic model
and 1.61–1.65 for the advanced model 1. This gives a
(238U/230Th) ratio of the assimilant ranging from 1.06 to
1.11, implying that the assimilant is in 238U–230Th
disequilibrium, having (238U/230Th) greater than 1, but it
is less than any of Miyakejima samples from Stage 1 to 4
(see Table 1 of Yokoyama et al. (2003)). Isshiki (1960) in-
ferred that early Miyakejima volcanism started during the
late Pleistocene. Therefore, we conclude that the assimilant
would be a volcanic edifice of the Miyakejima volcano; the
main cone proper that was created in the very early stages
of Miyakejima volcanic activity.

6. Concluding remarks

We make the following conclusions for the geochemical
evolution of Miyakejima volcano during the last 500 years.
Basaltic bombs of 2000 AD had the lowest (230Th/232Th)
ratio among all of the previous Miyakejima eruptives,
yielding the youngest 238U–230Th model age of 2 kyr. This
fact reinforces our previous model that fluid release from
the slab and subsequent magma generation in the mantle
wedge occur episodically on a several-kyr timescale be-
neath Miyakejima (Yokoyama et al., 2003).
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The Stage 4 samples show systematical variation in
(230Th/232Th) and (226Ra/230Th) ratios against 1/Th and
1/230Th, respectively. The variation cannot be explained by
simple fractional crystallization with radioactive decays of
230Th and 226Ra. Synchronous melt generation in the mantle
wedge with different upwelling speed or addition of multiple
slab-derived fluids might produce the U–Th–Ra systematics
of Stage 4 samples observed. However, it is much more pref-
erable to apply assimilation and fractional crystallization
(AFC) model to explain the geochemical characteristics of
Stage 4 samples. In the AFC model, the U–Th–Ra systemat-
ics suggest that different batches of less differentiated mag-
mas have been intermittently supplied from deep in the
mantle, and they produced the compositional trends associ-
ated with the AFC process as observed. The assimilant is pre-
sumably a volcanic edifice of Miyakejima that was created in
an earlier stage of Miyakejima magmatism.

The (226Ra/230Th) ratio in a magma can drastically vary
when crustal assimilation is involved in magma formation,
because the surrounding crust of a magma chamber gener-
ally has an age old enough to be at 230Th–226Ra equilibri-
um. This implies that the (226Ra/230Th) ratio in the magma
is very sensitive to the effect of crustal assimilation relative
to conventional isotopic tracers (Sr–Nd–Pb isotopes). Con-
versely, much care is needed for the estimation of magma
residence time using variation of the (226Ra/230Th) ratio
in a magma chamber (Pyle, 1992; Condomines, 1994; Con-
domines et al., 2003) when crustal assimilation happens
during the chemical evolution of magma. U-series disequi-
libria in volcanic rocks, especially precise analysis of their
(226Ra/230Th) ratio, should lead to a greater understanding
of the time scale and nature of various magma processes
occurring beneath an active volcano.
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Appendix A. Calculation of bulk partition coefficients for

Miyakejima magma

Bulk partition coefficients of U-series nuclides for the
model calculations in Sections 5.2 and 5.4 are determined
as follows. Yokoyama et al. (2003) examined the magma
differentiation process during crystallization for all aphyric
samples of Miyakejima by using the thermodynamic calcu-
lation program, MELTS (Ghiorso and Sack, 1995), and
found that augite, plagioclase, magnetite and pigeonite
are crystallization phases. Partition coefficients of U, Th,
and Ra for these minerals can be obtained from experimen-
tal determinations, or by the lattice strain model developed
by Blundy and Wood (1994). According to Blundy and
Wood (2003) and references therein, DU, DTh, and DRa

for these minerals are, except for DRa of plagioclase, usual-
ly quite low (<10�3), thereby they are fixed at 10�3. The
partition coefficient for Ra in plagioclase is calculated from
the partition coefficient of its proxy (e.g., Ba) in the lattice
strain model, and DBa is a function of magma temperature
and anorthite content in plagioclase. Calculated DRa ran-
ged from 0.02 to 0.06 with plausible conditions of magma
temperature and plagioclase composition determined in
Kuritani et al. (2003). These estimations give bulk partition
coefficients of 10�3 for U and Th, and 0.007-0.02 for Ra
when the plagioclase proportion in the crystallizing assem-
blage is supposed to be 0.3. We used 0.01 for the bulk par-
tition coefficient of Ra in the model calculations of Sections
5.2 and 5.4. For K2O, plagioclase is the most important
reservoir in the crystallization assemblage. The partition
coefficient for K2O in plagioclase is about 0.1 (e.g. McKen-
zie and O’Nions, 1991), and thus we used 0.03 for the bulk
partition coefficient of K2O. The variations of bulk parti-
tion coefficients of Ra and K2O do not affect the discus-
sions in this paper significantly.
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