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Abstract

The generation and evolution of basaltic magmas at Usu volcano, located at the junction
between the NE Japan arc and the Kuril arc, have been investigated. The mafic products,
which form the somma edifice of the volcano, consist of basalt (49.6-51.3 wt % SiO>)
and basaltic andesite (52.0-54.9 wt % SiOy) lavas. The basaltic lavas show relatively
tight compositional trends, and ®Sr/%°Sr ratios tend to decrease with increasing
whole-rock SiO2 content. The water content of the basaltic magmas was determined to
be ~4.8 wt % based on plagioclase-melt thermodynamic equilibrium. Using this
information and an olivine maximum fractionation model, the water content of the
primary Usu magma was estimated to be 3.9 wt %. Multi-component thermodynamic
calculations suggest that the primary magma was generated by ~23% melting of the
source mantle with ~0.94 wt % H.O at ~1300°C and ~1.4 GPa. The 0.94 wt % water
content of the source mantle is significantly higher than that beneath volcanoes in the
main NE Japan arc (generally <0.7 wt % H20); this implies that the wedge mantle at the
arc—arc junction is intensively hydrated. The temperature of the wedge mantle of
~1300°C at ~1.4 GPa is also significantly higher than that of the mantle in the main NE
Japan arc. Unlike the basaltic lavas, the whole-rock compositions of the basaltic
andesite lavas are scattered in Harker variation diagrams. This observation suggests that

the compositional diversity was produced by at least two independent processes. To
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elucidate the processes responsible for this compositional diversity, principal

component analysis was applied to the major element compositions of the samples. This

suggests that 47% of the diversity of the whole-rock compositions can be explained by

mixing with partial melts of lower crustal materials, 25% is explained by redistribution

of plagioclase phenocrysts, and 16% is explained by fractionation of accessory

minerals.

Key Words: arc-arc junction; magma generation; water content; wedge mantle;

magmatic differentiation
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INTRODUCTION

Subduction-zone primary magmas are generated essentially by partial melting of the

wedge mantle through reactions with water-rich melts and fluids released from the

subducting plate (e.g. Ringwood, 1974; Sakuyama & Nesbitt, 1986; Tatsumi, 1986).

These processes are largely controlled by the thermal structure of the mantle, which is

in turn controlled by several factors such as the rate of convergence, temperature of the

downgoing plate, geometry of the subducting slab, and mantle wedge flow (Peacock,

2003). In some portions of some subduction zones, such as the main part of the NE

Japan arc, these factors are regarded to a first-order approximation as being essentially

constant in the along-arc direction. In this case, subduction-zone processes can be

examined by two-dimensional across-arc sections (e.g. Tatsumi, 1989; lwamori, 1998;

Peacock & Wang, 1999; van Keken et al., 2002), although some researchers have

suggested the need to consider along-strike second-order cyclic heterogeneity in the

thermal structure of the mantle (e.g. Tamura et al., 2002; Honda et al., 2007). However,

there are many other regions in which such a simple situation is not met. For example,

in the Central America arc, the subduction angle changes abruptly owing to slab rupture,

resulting in the segmentation of the volcanic front. In central Japan, where the

subducting Pacific and Philippine Sea plates overlap, magmatism is much more intense

than in the surrounding regions because of the enhanced fluid flux from the two
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subducting plates (e.g. Nakamura et al., 2008). In the Kamchatka arc, beneath which

oceanic islands (Hawaiian—-Emperor seamount chain) are subducting, the magma

production rate is remarkably high at some volcanoes such as at Klyuchevskoy,

probably owing to the intensive fluid flux from the locally thickened oceanic crust of

the subducting Pacific slab (e.g. Dorendorf et al., 2000).

The southwestern part of Hokkaido, northern Japan, is located at the junction

of the NE Japan arc and the Kuril arc (Fig. 1). The subducting Pacific plate beneath this

region shows a hinge-like shape owing to the dip change of the subducting plate along

the trench (Fig. 1). Because of the interest in this unique tectonic setting, this arc-arc

junction has been the focus of extensive geophysical studies (e.g. Wang & Zhao, 2005;

Miller et al., 2006; Nakajima et al., 2006; Kita et al., 2010a; Morishige & van Keken,

2014). The surface morphology of the Pacific slab has been investigated in detail to

determine whether or not a slab tear is present in the distorted portion of the slab (e.g.

Katsumata et al. 2003; Miller et al., 2006; Kennett & Furumura, 2010). Recent studies

with high-quality analysis have shown that the slab surface is continuous and that there

is no evidence of a slab tear (Miller et al., 2006; Kennett & Furumura, 2010). The

three-dimensional velocity structure beneath Hokkaido has also been examined in detail

(e.0. Wang & Zhao, 2005, 2009; Nakajima et al., 2006; Kita et al., 2014), and

low-velocity and low-QP zones have been clearly imaged in the mantle wedge beneath
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the active volcanoes.

Southwestern Hokkaido is also an area in which magmatism has been intense

(e.g. Tamura et al., 2002). There are many active volcanoes such as Usu, Tarumae, and

Eniwa, and large calderas including Toya, Shikotsu, and Kuttara (Fig. 2). In this region,

the temporal and spatial evolution of volcanism and chemical compositions of the

volcanic rocks have been well characterized (e.g. Nakagawa, 1992). However, the

generation conditions of the parental magmas have not been estimated for these

volcanoes, probably because of the scarcity of basaltic products. Therefore, it remains

unclear whether the intensive magmatism of this region is linked to the unique tectonic

setting of the arc—arc junction.

In this study we carried out a petrological and geochemical investigation of

mafic lavas from Usu volcano (Fig. 1) and estimated the conditions under which the

magmas were generated. We selected this volcano because it is one of the few active

volcanoes in southwestern Hokkaido that has erupted basaltic products. The activity of

Usu volcano began with the formation of the present somma edifice (consisting of mafic

lavas) at ~30 ka (Miyabuchi et al., 2014), followed by intermittent eruptions of felsic

magmas after AD 1663 (e.g. Soya et al., 2007). Although the magmatic processes

responsible for the historic felsic products have been examined extensively (Oba, 1966,

1991; Katsui et al., 1978; Okumura et al., 1981; Oba et al., 1983; Tomiya & Takahashi,
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1995, 2005; Matsumoto et al., 2005; Matsumoto & Nakagawa, 2010; Tomiya et al.,

2010), petrological and geochemical studies on the somma lavas are limited (e.g. Oba,

1964a, 1964b; Oba et al., 1985; Fujimaki, 1986). These studies suggested that the

compositional variation of the somma lavas can be explained principally by fractional

crystallization. However, they were based on analytical data for only six samples, and

magmatic processes were not well constrained by high-quality geochemical data. In this

study we thoroughly examined the petrogenesis of the somma lavas using new

petrological and geochemical data and estimated the generation conditions of the

magmas. We also examined the compositional variation of the eruptive products to

understand the differentiation processes of the magmas.

GEOLOGICAL SETTING AND SAMPLES

Usu volcano, one of the most active volcanoes in Japan, consists of three lava domes

and more than 10 cryptodomes, along with a main stratovolcano (Fig. 2). After the

formation of Toya caldera (115-112 ka; Machida & Arai, 2003) and some post-caldera

volcanic activity, the main edifice of Usu volcano began to form on the southern rim of

the caldera with repeated eruptions of mafic lavas (somma lavas). According to Soya et

al. (2007) this magmatism occurred from 20 to 10 ka. However, Miyabuchi et al. (2014)

recently suggested that the volcano began its activity at ~30 ka on the basis of
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tephrostratigraphy. After the formation of the main edifice, it collapsed to form the
Zenkoji debris avalanche deposit (Fig. 2). There was a long dormancy after the mafic
magmatism, but volcanic activity resumed in AD 1663 with the eruption of rhyolitic
magma. Since then, the volcano has erupted eight times, in AD<1769, 1769, 1822, 1853,
1910, 1943-1945, 1977-1978, and 2000 (Yokoyama et al., 1973; Soya et al., 1981;
Nakagawa et al., 2005). The volcanic products erupted in historical times are felsic;
their SiO> contents tend to decrease systematically with time from 74-76wt % (AD
1663) to ~69 wt % (AD 2000) (Oba, 1966; Nakagawa et al., 2002, 2005; Matsumoto &
Nakagawa, 2010).

The somma lavas, which were investigated in this study, have basaltic and
basaltic andesitic compositions (Oba, 1964b). The lavas are exposed extensively on the
flanks of the somma edifice (Fig. 2). The volume of the somma lavas, including those
emplaced as the Zenkoji debris avalanche deposit, is estimated to be ~0.5 km3
(Miyabuchi et al., 2014). Oba (1964a) divided the somma lavas into seven types on the
basis of the distribution and petrographic features of the products. In this study, 82
samples were collected from the somma lavas (Fig. 2). In addition, one sample of
plutonic rock, which may be representative of the upper crust beneath Usu volcano, was
collected from Kimobetsu (Fig. 2). Whole-rock analysis using X-ray fluorescence

(XRF) spectrometry was performed for all of these samples. Trace element
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concentrations and Sr, Nd, and Pb isotopic compositions were determined for 38

selected samples of the somma lavas, as well as the plutonic rock sample from

Kimobetsu. In addition, Sr isotopic analyses were carried out for 12 separates of

plagioclase phenocrysts from three somma lava samples, and Sr, Nd, and Pb isotopic

compositions were determined for two samples of lower crustal xenoliths (hornblende

gabbro) from Ichinome-gata (Megata volcano in Fig. 1; e.g. Aoki, 1971).

ANALYTICAL METHODS

For whole-rock analysis, rock specimens were crushed to coarse chips of 3-5 mm

diameter, from which fresh chips were hand-picked. The chips were rinsed with

deionized water in an ultrasonic bath for at least 3 h and were then dried at 110°C for

>12 h. The washed chips were ground using an alumina mill. Powdered samples were

kept at 950°C for more than 12 h in a muffle furnace, and loss on ignition (LOI) was

obtained gravimetrically.

Whole-rock major and trace elements

Concentrations of whole-rock major and some trace elements (V, Co, and Ni) were

determined by XRF using a Rigaku RIX 2100 at the Graduate School of Science, Osaka

City University. Glass beads were prepared by fusion with an alkali flux (2:1 sample
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dilution) consisting of a 4:1 mixture of lithium tetraborate and lithium metaborate. The
analytical techniques have been described by Suda et al. (2010). The composition of the
GSJ reference material JB-3 (basalt from Mt Fuji) measured in the course of this study,
along with its reference value (Imai et al., 1995), are listed in table 1 of Kuritani et al.
(2013). Additional trace elements were analyzed by inductively coupled plasma mass
spectrometry (ICP-MS) using a Thermo Fisher Scientific X-series Il at the Graduate
School of Science and Technology, Tokyo Institute of Technology, following the
methods of Yokoyama et al. (in preparation) for Rb, Sr, Y, Cs, Ba, rare earth elements
(REE), Pb, Th, and U, and Lu et al. (2007) for Zr, Nb, Hf, and Ta. In the method of
Yokoyama et al. (in preparation), an 2In—2%T| double spike is added to the powdered
samples and the sample—spike mixtures are decomposed by acids using the method of
Yokoyama et al. (1999). Final solutions are prepared in 0.5N HNOs with a dilution
factor of ~5000, and the elemental concentrations are determined by isotope
dilution—internal standardization. All of the analyses were duplicated for each sample,

and always showed a relative per cent difference of less than 3-5%.

Sr—Nd-Pb isotopes
The analytical procedures for chemical separation followed the methods of Pin et al.

(1994) and Noguchi et al. (2011) for Sr, Pin et al. (1994) and Pin & Zalduegui (1997)
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for Nd, and Kuritani & Nakamura (2002) for Pb. Isotopic ratios were determined with a
multiple collector (MC)-1CP-MS system (Neptune plus, Thermo Fisher Scientific) at the
Graduate School of Science, Hokkaido University. Mass fractionation factors for Sr and
Nd were internally corrected using 86Sr/%8Sr = 0.1194 and #°Nd/***Nd = 0.7219,
respectively, and those for Pb were corrected using Tl as an external standard.
Additional corrections were performed by applying a standard bracketing method using
NIST987, JNdi-1, and NIST981 for Sr, Nd, and Pb isotopic analyses, respectively, and
the data were finally normalized to 8’Sr/%Sr = 0.710214 for NIST 987, *3Nd/***Nd =
0.512117 for JNdi-1, and 2°°Pb/?%Pb = 16.9424, 2°’Pb/?**Pb = 15.5003, and 2°8Ph/2%Pb
= 36.7266 for NIST981 (Kuritani & Nakamura, 2003). The isotopic ratios of the GSJ
standard JB-3, measured in the course of this study, were 8’Sr/®Sr = 0.703375+20 (n =
7, 2SD), 3Nd/“Nd = 0.513065+2 (n = 3, 2SD), and 2%Ph/2Pb = 18.2962+10,

207pp/204ph = 15.5393+14, and 2°8Pb/?%*Pb = 38.2545+27 (n = 5, 2SD).

Mineral chemistry

The mineral compositions of the lavas were determined using a JEOL JXA-8800
electron microprobe at the Graduate School of Science, Hokkaido University. The
operating conditions for mafic minerals were as follows: accelerating voltage, 15 kV;

beam current, 12 nA; counting time, 20 s. To analyze the composition of plagioclase, an
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accelerating voltage of 15 kV and a beam current of 10 nA were used; the counting time

was 10 s and the beam diameter was 10 mm. Both oxide and natural mineral standards

were used, and data were obtained using the ZAF correction method.

PETROGRAPHY AND MINERAL CHEMISTRY

Photomicrographs of representative samples are shown in Fig. 3, and the modal

compositions of phenocrysts (defined as having diameter or length >0.3 mm for

plagioclase and >0.1 mm for mafic minerals) of selected samples are listed in Table 1.

The somma lavas are porphyritic, and generally contain orthopyroxene, clinopyroxene

and plagioclase phenocrysts. Plagioclase megacrysts (>1 cm in length) are rarely

present. As described below, on the basis of whole-rock compositions, the somma lavas

can be divided into basalt and basaltic andesite samples, and the latter group is further

divided into low- and high-P20s samples. Olivine phenocrysts are found in basalt

samples and some basaltic andesite samples. In the basalt samples, the modal

compositions of olivine phenocrysts decrease systematically with increasing whole-rock

SiO. content (Table 1). The olivine phenocrysts are commonly rounded (Fig. 3a) and

some have a reaction rim of orthopyroxene. Pyroxene phenocrysts are typically less

than 2mm in length, but phenocrysts up to 5mm are occasionally present. Some

pyroxene phenocrysts are rounded. Plagioclase phenocrysts, usually less than 3 mm in

12
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length, have euhedral outlines.

The olivine phenocrysts are normally zoned in terms of Mg# [100 x Mg/(Mg +
Fe?")]. The Mgt#s of the cores of the olivine phenocrysts show a bimodal distribution in
each basaltic sample (Fig. 4). The higher-Mg# (76-80) phenocrysts and the lower-Mg#
(60-75) phenocrysts are commonly larger and smaller than ~0.5 mm, respectively. The
Mg#s of the higher-Mg# olivine phenocrysts are essentially similar throughout the
basalt lavas, whereas those of the lower-Mg# phenocrysts decrease from 66-75 (e.g.
Usu#10; Fig. 4) to 60-70 (e.g. Usu#47b) with increasing whole-rock SiO; content of the
host sample. The orthopyroxene and clinopyroxene phenocrysts in basalt samples have
Mg# of 69-76, and those in basaltic andesite samples have Mg# of 66-74. The
plagioclase phenocrysts in basalt samples are generally homogeneous with respect to
An content [100 x Ca/(Ca + Na)], except for the rims. The An contents of the
phenocryst cores are mostly in the range 85-94 (Fig. 5a), and concentrated within the
range of 92-93, irrespective of the whole-rock SiO2 content of the samples. In basaltic
andesite samples, the An contents of the cores of plagioclase phenocrysts show a
bimodal distribution. The An contents of one mode range from ~85 to ~94 and those of
the other mode range from ~75 to ~85 (Fig. 5b and c). The high-An core (>An85) in
some phenocrysts is surrounded by a mantle with relatively low An content (An75-85)

with a range similar to that of the low-An mode.
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Figure 6 shows the relationship between the Mg# of pyroxene phenocrysts and

the An content of plagioclase crystals, which show evidence of simultaneous growth in

the same crystal aggregates. The Mg# of the pyroxene phenocrysts is positively

correlated with the An content of plagioclase. In basaltic samples, the high-An

plagioclase phenocrysts (>An85) coexist with pyroxene phenocrysts with >~Mg#72. It

is noteworthy that plagioclase phenocrysts with >An91 do not form crystal aggregates

with pyroxene phenocrysts. The large olivine phenocrysts with higher Mg# (76-80)

commonly occur as isolated grains.

WHOLE-ROCK COMPOSITION

Whole-rock major and trace element and Sr, Nd, and Pb isotopic compositions of

representative samples of the somma lavas, as well as the plutonic rock sample from

Kimobetsu (Mrtk#1), are reported in Table 2 and in Table Al (Supplementary Data,

available for downloading at http://petrology.oxfordjournals.org). Figure 7 shows

Harker variation diagrams for some major oxides (TiO2, Al.O3, MgO, CaO, K:0, and

P>Os) plotted against SiO2. The SiO2 content of the somma lavas ranges from 49.6 to

54.9 wt %, and they can be clearly divided into basalt (<51.4 wt % SiO>) and basaltic

andesite (>52.0 wt % SiO.) samples. The basalt lavas belong to Stage 1 of Oba (1964a)

and are considered to have erupted in the earliest stage of the somma activity. Although
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the basalt samples form relatively tight compositional trends in Harker diagrams, the

data for the basaltic andesite samples are scattered in compositional space. In particular,

the basaltic andesite lavas show large variations in P2Os content; for example, from

~0.08 to ~0.2 wt % at the SiO> content of 53 wt %. On the basis of this observation, the

basaltic andesite samples have been subdivided into low-P.Os (<~0.12 wt %) and

high-P.0Os (>~0.12 wt %) sub-groups (Fig. 7). In some localities, lava flows of the

high-P,Os basaltic andesite are underlain by a layer of scoria with a low-P20s

composition (Miyabuchi et al., 2014). This observation suggests that eruptions of the

low-P2Os products predated those of the high-P.Os products. It is thus suggested that

the activity of the somma magmas began with the eruption of the basalt lavas, followed

by the eruption of the low-P,Os basaltic andesite products, and ended with the eruption

of the high-P>0s basaltic andesite products. The plutonic rock sample from Kimobetsu

(Mrtk#1) has a SiO2 content of ~60 wt % and is thus classified as diorite.

Figure 8 shows variation diagrams for Ni, Sr, and Y plotted against SiO>

content. The Srand Y concentrations of the high-P.Os basaltic andesite samples tend to

be higher than those of the low-P,Os basaltic andesite samples at a given SiO> content.

A primitive mantle (PM)-normalized multi-element concentration diagram is shown in

Fig. 8d. The pattern is characterized by negative anomalies of Nb and Ta and positive

spikes in Pb and Sr. These features are characteristic of subduction-related magmas.
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Variations of Sr, Nd, and Pb isotopic composition with SiO. content are shown
in Fig. 9a—c. Interestingly, in the basalt samples, 8Sr/®°Sr and 2%°Pb/?%Pb tend to
decrease with increasing SiO, content. The 8/Sr/®Sr and *3Nd/***Nd compositions of
the basalt samples are similar to those of the basaltic andesite samples (Fig. 9a and b).
In contrast, the basaltic andesite samples have lower 2%°Pb/2%Pb than the basalt samples
(Fig. 9¢), and 2%Pb/2%*Ph tends to decrease systematically with increasing P2Os content
(Fig. 9d). The diorite sample has &’Sr/%Sr of ~0.7049 and *Nd/***Nd of ~0.5127,
which are significantly higher and lower, respectively, than those of the somma lava
samples (Fig. 10a). The Sr, Nd, and Pb isotopic ratios of the lower crustal samples are
listed in Table 3 (Nd isotopic analysis was carried out for only one sample). They have
relatively low 2%Pb/2%*Pb and high 8/Sr/%Sr compared with those of the somma lavas
(Fig. 10). The ®’Sr/%®Sr composition of the separates of the high-An plagioclase
phenocrysts from two basalt samples (Usu#10 and Usu#64) and one basaltic andesite
sample (Usu#16) are listed in Table 4. The ®Sr/®Sr ratios of the plagioclase
phenocrysts are mostly constant at ~0.70380, irrespective of the whole-rock
composition of the host-rocks, and are similar to the lowest ratios in the somma lava

samples.

GENERATION CONDITIONS OF THE MAGMAS
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Origin of the compositional diversity of the basalt lavas

The basaltic lavas show relatively tight whole-rock compositional trends and the
87Sr/85Sr, 208pp/294Pp, and 2%8Ph/?%*Pb ratios change systematically with the whole-rock
SiO2 content (Figs 7-9). Therefore, it can be considered that the compositional diversity
of the lavas was produced by either (1) combined assimilation and fractional
crystallization (AFC) or (2) mixing of magmas with distinct isotopic compositions. Of
these two hypotheses, the former is not likely to be true. If AFC was the cause, the
lowest SiO. samples (such as Usu#10) should be close to the parental magma. In this
parental magma, olivine, plagioclase, and possibly orthopyroxene would have been the
main crystallizing phases, as inferred from the phenocryst assemblage of the lowest
SiO, basalt samples (Table 1). However, the ®Sr/®Sr ratios of the plagioclase
phenocrysts are significantly different from those of the lowest SiO> samples (i.e.
Usu#10) and are rather similar to those of the most-evolved (i.e. highest SiO;) basaltic
samples (i.e. Usu#64). This observation is not consistent with AFC processes.

From these observations, it is suggested that the compositional diversity of the
basalt lavas was produced primarily by magma mixing. In this case, the composition of
the higher SiO, end-member magma is considered to be close to that of Usu#64,
because the &7Sr/%éSr ratios of the plagioclase phenocrysts are similar to those of the

higher SiO> basalt lavas (Fig. 9a). On the other hand, a lower SiO2 end-member magma
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may have a composition with <~49.7 wt % SiO, based on extrapolation of the

whole-rock compositional trends of the basalt lavas. It is plausible that the higher-Mg#

olivine phenocrysts were derived from the lower-SiO> endmember magma, whereas the

high-An plagioclase phenocrysts, as well as orthopyroxene and clinopyroxene

phenocrysts, were derived from the higher-SiO, end-member magma, because the

pyroxene phenocrysts show evidence of contemporaneous growth with the high-An

plagioclase phenocrysts. Although the modal abundance of the olivine phenocrysts

decreases with increasing whole-rock SiO. content, those of the plagioclase and

pyroxene phenocrysts do not show systematic variations with SiOz content (Table 1).

This observation suggests that redistribution of these phenocryst phases might have

occurred in the magmas after magma mixing. In the basalt lavas both lower-Mg#

olivine phenocrysts and higher-Mg# olivine phenocrysts are present (e.g. Fig. 4).

Because the Mg#s of the lower-Mg# olivine phenocrysts decrease with increasing

whole-rock SiO2 content, these phenocrysts are considered to have formed after the

compositional trend of the basalt magmas was established by magma mixing.

Water content condition of the basaltic somma magmas

As discussed above, the SiO»-rich basaltic lavas (e.g. Usu#64) represent an end-member

magma and did not experience a significant magma mixing event, as suggested from the
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isotopic equilibrium of the plagioclase phenocrysts with the host sample. In addition,

for Usu#64, the europium anomaly, which is defined as [Eu]n = 2/([Sm]n + [Gd]n),

where the subscript N denotes the primitive mantle-normalized ratio, is close to unity,

suggesting that the plagioclase phenocrysts with An contents up to 94 were grown in

situ in the Usu#64 magma. On the basis of these observations, the water content was

estimated for the Usu#64 magma based on plagioclase-melt thermodynamic

equilibrium, given that the cores of the plagioclase phenocrysts with the highest An

content of 94 are in thermodynamic equilibrium with a melt with the composition of

Usu#64.

In this study, the plagioclase—melt hygrometer of Putirka (2008) was used. To

reliably estimate a water content using this hygrometer, the pressure and temperature

conditions need to be known. The pressure condition was estimated for the Usu#64

magma using the compositions of the clinopyroxene phenocrysts and the coexisting

orthopyroxene phenocrysts; these phases show evidence of simultaneous growth with

the An-rich plagioclase phenocrysts with up to An91 (Fig. 6). By applying the

two-pyroxene geothermobarometer of Putirka (2008) to 14 cpx—opx pairs, a

crystallization pressure of 0.65 £ 0.6 GPa and a crystallization temperature of 1018 +

14°C was obtained. However, this represents the temperature at which plagioclase

phenocrysts with up to An91 were grown; plagioclase phenocrysts of composition An94
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are considered to have been crystallized at higher temperatures than 1018°C. The

crystallization temperature of the plagioclase with An94 was constrained using equation

26 of Putirka (2008), which calculates the liquidus temperature of plagioclase for a melt.

By simultaneously solving equation (25b) and equation (26) of Putirka (2008) at the

pressure condition of 0.65 GPa, a water content of 4.8 wt% and a temperature of

~1090°C were obtained. The uncertainty of the estimated water content using this

hygrometer is 1.1 wt% (Putirka, 2008).

Primary magma composition for the somma basalt lavas

A water content of 4.8 £ 1.1 wt % was obtained for the Usu#64 magma, as described

above. However, this magma has an MgO content of 6.1 wt %, which is too low to be in

equilibrium with the upper mantle. This observation suggests that the Usu#64 magma

was significantly differentiated from a primary magma generated in the upper mantle.

The alphaMELTS model in the MELTS mode (Ghiorso & Sack, 1995; Asimow &

Ghiorso, 1998; Smith & Asimow, 2005) suggests that olivine should be the sole

liquidus phase in the Usu#64 magma at 0.65 GPa. As described above, the europium

anomaly of the Usu#64 magma is close to unity, suggesting that the primary magma

evolved to the Usu#64 magma without significant fractionation of plagioclase. In

addition, the An contents of plagioclase phenocrysts that form crystal aggregates with

20



382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

pyroxene phenocrysts are lower than 91 (Fig. 6), suggesting that orthopyroxene and

clinopyroxene appeared as crystallization phases in the Usu#64 magma after the

significant crystallization of plagioclase. This is supported by the lower crystallization

temperatures of pyroxenes of ~1020°C compared with ~1090°C at which the liquidus

An94 plagioclase began to form. From these results, it is plausible that the Usu#64

magma differentiated from a primary magma solely by fractional crystallization of

olivine and that the magma was then cooled to form plagioclase phenocrysts at 0.65

GPa, followed by crystallization of clinopyroxene and orthopyroxene phenocrysts. In

this case, the primary magma composition for Usu#64 can be estimated by the olivine

maximum fractionation model; that is, incremental addition of equilibrium olivine to the

melt until the melt could coexist with mantle olivine (Tatsumi et al., 1983).

At each incremental step (0.5 wt % olivine), the Mg# of the equilibrium olivine

and the ferric—ferrous ratio of the melt were calculated using the alphaMELTS model at

an oxygen fugacity of NNOt1, where NNO is the nickel-nickel oxide buffer (e.g.

Righter et al., 2008). The calculation showed that an addition of 19 wt % equilibrium

olivine to the Usu#64 sample is required for the magma to equilibrate with mantle

olivine with Mg#91.5 (note that the Mg#91.5 of the mantle olivine was determined

through iterative calculations so that this Mg# is consistent with the prediction by the

alphaMELTS model at a given degree of melting of the source mantle estimated below).
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In this case, the SiO2 and MgO contents of the primary magma are 49.2 wt % and 14.0

wt %, respectively (Table 2). The water content is estimated to be 3.9 £ 0.9 wt %, given

that the uncertainty results solely from that of the estimation using the plagioclase—melt

hygrometer of Putirka (2008).

Flux melting of the source mantle

There is a consensus that the source mantle for arc magmas is depleted mid-ocean ridge

basalt (MORB)-source mantle (DMM) and that primary arc magmas are generated

through melting of DMM by the influx of slab-derived water-rich melts or fluids

derived from an altered oceanic crust (AOC) component and a sediment (SED)

component (White & Dupré, 1986; Ellam & Hawkesworth, 1988; Ishikawa &

Nakamura 1994; Elliott, 2003, and references therein). The Pb isotopic compositions of

the basaltic somma lavas lie within the triangular field defined by DMM, AOC (Pacific

MORB), and SED (Pacific sediments) components (Fig. 10b), suggesting that the Pb

isotopic composition of magmas can indeed be represented by mixtures of these three

components.

The relative contributions of the DMM, AOC and SED components to the

source of the primary Usu magma were estimated using the Pb isotopic compositions

and the Pb concentrations of the three components. The primary magma can be
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considered to be a mixture of the DMM component and a slab-derived fluid consisting
of the AOC and SED components. Therefore, the Pb isotopic composition of the
slab-derived fluid is the intersection point between the line passing through the
compositions of the DMM component and the basalt lavas and the line passing through
the compositions of the AOC and SED components in a 2%Pb/2%4Ph—2%pp/2%4pPp diagram
(Fig. 10b). By this process, a composition of 2%Ph/?4Pb = 18.67, 2°’Ph/?**Pb = 15.65,
and 2%®Pp/2%4Ph = 38.65 was obtained (open square in Fig. 10b). The Pb isotopic
composition of the AOC component is assumed to be 2°°Pb/?%*Pb = 18.54, 2°7Pb/?%Pb =
15.45, 2%pp/2%pph = 37.7, with Pb = 0.44 ppm, and that of the SED component is
assumed to be 2°°Pb/?%*Pb = 18.70, 2°’Ph/?*Pb = 15.70, and 2%8Ph/?**Pb = 38.9, with Pb
= 15.4 ppm (Kimura & Nakajima, 2014; Fig. 10b). Thus, the Pb isotopic ratios of the
slab-derived fluid can be explained by a 9:1 mixture of the AOC component and the
SED component.

The primary Usu magma, whose Pb isotopic composition can be considered to
be similar to that of Usu#64, represents a mixture of the DMM component and the
slab-derived fluid. The mixing ratio of DMM and slab-derived fluid required to produce
the primary magma can be estimated using the Pb isotopic compositions of DMM,
slab-derived fluid, and the basaltic lavas, as well as the Pb concentrations of DMM and

the slab-derived fluid. The Pb isotopic composition and the Pb concentration of the
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DMM component are assumed to be 2%°Pb/24Pb = 17.65, 2O’Pb/?%Ph = 15.42,
208pp/204pp = 37.38 (Cousens & Allan, 1992; Kuritani et al., 2008), and 0.023ppm
(Salters & Stracke, 2004), respectively. It is also assumed that the Pb concentration of
the slab fluid was 40 ppm, as estimated for Rishiri volcano in northern Hokkaido (Fig.
1; Kuritani et al., 2008). Thus, the relative contribution of the slab-derived fluid to the

DMM can be estimated to be ~1%.

Degree of melting of the source mantle

The somma basalts are characterized by mostly flat REE patterns from the middle rare
earth elements (MREE) to the heavy rare earth elements (HREE) (Fig. 8d). The Gd/Yb
ratios of the basalt samples are about 1.3 times that of primitive mantle (PM; Sun &
McDonough, 1989), and this relatively low value may be explained by the residence of
the source mantle in the spinel stability field. The degree of melting (F) of typical
DMM required to produce the primary Usu magma was estimated according to the
distribution of Ti between the source mantle and melt using the method of Kelley et al.
(2006). Using a bulk distribution coefficient for Ti of 0.04 and a TiO. content for DMM
of 0.133 wt % (Salters & Stracke, 2004), as well as the TiO2 concentration of the
estimated primary magma of 0.50 wt % (Table 2), a degree of melting of 23.1% was

obtained. Using the degree of melting of 23.1% and the water content of the estimated
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primary magma of 3.9 + 0.39 wt %, the water content of the source mantle can be

calculated to be 0.94 £ 0.21 wt % using equation (10) of Kelley et al. (2006).

The source mantle may have been depleted relative to the DMM of Salters &

Stracke (2004) by a previous melt extraction event, and, therefore, the degree of prior

melt removal (f) was estimated using the method of Kelley et al. (2006). The Ti/Nb

ratio of the partial melt is sensitive to f, because the concentrations of more

incompatible elements (i.e. Nb) in the source mantle are depleted by a previous melt

extraction event more than the concentrations of less incompatible elements (i.e. Ti).

The Ti/Nb ratio of Usu#64 is 3980, and this value can be assumed to be that of the

primary magma, because this ratio is not affected significantly by the fractionation of

olivine. Using a bulk distribution coefficient of 0.04 for Ti and 0.0013 for Nb (Kelley et

al., 2006) and the Nb and TiO2 contents of the DMM of Salters & Stracke (2004), the

Ti/Nb ratio of ~4000 for the primary Usu magma can be explained by f = 0.06%. This

result suggests that the source mantle was not significantly depleted relative to typical

DMM.

Conditions of generation of Usu magma

The pressure and temperature conditions required to generate a 23.1% partial melt of

DMM were calculated for a source water content of 0.94 = 0.21 wt % using the
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alphaMELTS model in the pMELTS mode (Ghiorso et al., 2002; Smith & Asimow,

2005); results for water contents of 0.73, 0.94, and 1.15 wt % are shown in Fig. 11. In

the source mantle, the primary magma was in equilibrium with olivine, and this

constraint was also used to estimate the magma generation conditions. The olivine—melt

equilibria were examined for the calculated primary melt with a water content of 3.9 +

0.9 wt %, using the alphaMELTS model in the pMELTS mode, and the calculated

liquidus temperatures as a function of pressure for water contents of 3.0, 3.9, and 4.8

wt % (Fig. 11). The temperature and pressure conditions for the generation of the Usu

magma that satisfy 23.1% melting of DMM and the equilibration of the melt with

olivine in the source mantle are constrained to 1296 + 8°C and 1.43 + 0.10 GPa,

respectively (thick gray line in Fig. 11). Beneath Usu volcano, high seismic attenuation

is observed at depths of >40 km (Kita et al., 2014). This observation is suggestive of

partial melting of the mantle, which is consistent with our estimate of 1.43 + 0.10 GPa

(43-50km depth) for the depth of magma generation.

Implications for the nature of the wedge mantle beneath southwestern Hokkaido

In this study, we estimated the temperature and water content of the source mantle to be

1296 + 8°C and 0.94 + 0.21 wt % at a depth corresponding to a pressure of 1.43 £ 0.10

GPa. Kuritani et al. (2014) estimated the magma generation conditions for lwate
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volcano (Fig. 1) and Sannome-gata volcano (‘Megata’ in Fig. 1), located along an

across-strike trend in the NE Japan arc, using an approach essentially similar to that of

this study. They showed that the source mantle conditions for the frontal-arc lwate

volcano were 0.6-0.7wt % H,O at ~1250°C and ~1.3 GPa, and those for the rear-arc

Sannome-gata volcano were 0.5-0.6wt % H»O at 1220-1230°C and ~1.8 GPa. In this

case, the temperature of the mantle at ~1.4 GPa was considered to range between

~1230°C and ~1250°C on the across-arc trend, which is significantly lower than the

estimated 1296 + 8°C at ~1.4 GPa for Usu volcano. The surface of the subducting

Pacific slab is continuous at the arc—arc junction beneath Hokkaido, and the presence of

a ‘slab window’ has not been suggested from geophysical studies (Miller et al., 2006;

Kennett & Furumura, 2010). Therefore, the higher temperature of the wedge mantle

beneath Usu than in the main NE Japan arc may be explained by the wedge mantle at

the arc—arc junction not being cooled efficiently by the low-temperature subducting slab,

compared with the wedge mantle beneath the main NE Japan arc, because of the

bending of the slab at the arc—arc junction. Recently, Wada et al. (2015) investigated the

mantle wedge flow pattern and the thermal structure for the NE Japan subduction

margin (northern part of the NE Japan arc and western part of the Kuril arc) using a

numerical approach and suggested that the upper mantle beneath the arc—arc junction is

locally cooler than the surrounding region, contrary to the result of our study. According
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to their modelling the temperature of the mantle at a depth of 50 km beneath Usu

volcano is lower than 1050°C. If this were the case, the potential temperature of the

primary magmas would be lower than 1000°C. The alphaMELTS model shows that an

extremely high water content of >3 wt % would be required to generate ~20% partial

melt of DMM mantle under these conditions; in this case, the water content of the

primary magma would be more than 15 wt %. These results are not likely to be correct.

The water content of the source mantle of 0.94 + 0.21 wt % for Usu volcano is

significantly higher than the 0.6-0.7 wt % determined for Iwate and the 0.5-0.6 wt %

content for Sannome-gata. Kimura & Nakajima (2014) also suggested that the water

contents of the source mantle for other volcanoes such as Funagata and Chokai, located

in the frontal-arc and the rear-arc of the NE Japan arc, respectively, are lower than ~0.3

wt % by using the mass-balance model ‘Arc Basalt Simulator version 4’. These

observations may suggest that the flux of slab-derived fluids is higher at the arc-arc

junction than at the main NE Japan arc. It is widely accepted that subducting oceanic

lithosphere is effectively hydrated through the formation of deep normal faults at the

outer rise (e.g. Peacock, 2001). Beneath the NE Japan arc—Kurile arc junction, the

subducting Pacific plate is distorted (Fig. 1) and normal faults might have formed

intensively along the bending part of the slab, in addition to the faulting at the outer rise.

It has been suggested that the subducting plate is intensely hydrated at the arc-arc
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junction beneath southwestern Hokkaido (Garth & Rietbrock, 2014). Consequently,
efficient release of fluids from the locally strongly hydrated oceanic plate (Wada et al.,

2012) may have resulted in the intensive hydration of the overlying mantle wedge.

EVOLUTION OF THE SOMMA MAGMAS
The 8/Sr/®Sr ratios of the basaltic andesite samples do not lie on the linear extension of
the trend formed by the basaltic lavas in the &’Sr/%®Sr-SiO, diagram (Fig. 9a),
suggesting that the compositional diversity of the andesitic magmas was produced by
different processes than those of the basaltic magmas. Unlike the basaltic lavas, the
whole-rock compositions of the basaltic andesite lavas are scattered at a given SiO>
content in Harker diagrams. This observation suggests that the compositional diversity
was produced by at least two independent processes that were not coupled to each other.
To elucidate the processes responsible for the formation of the compositional diversity,
principal component analysis (PCA) was applied to the compositions of the basaltic
andesite samples, as well as to those of the three SiO.-rich basaltic samples that were
not significantly affected by magma mixing.

PCA is a procedure that reduces the dimensionality of multivariate data while
retaining the maximal amount of variance, and it allows the determination of a new

coordinate system consisting of principal components, represented as PC1, PC2, PC3...,
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in which PC1 explains the maximum variability, PC2 is the next major axis, and so on.
In this study, PCA was applied to the major element data (SiO2, TiO2, Al203, Fe;Os3*,
MnO, MgO, Ca0, Na0, K0, and P20s; i.e. 10 dimensions) for 76 samples. The results
of the analysis, including the factors of each element, eigenvalues, explained variances,
and cumulative explained variances for PC1, PC2, and PC3, are listed in Table 5. The
eigenvalues of PC1, PC2, and PC3 exceed unity; therefore, these components are
considered to be significant. The first two components, PC1 and PC2, represent 46.8%
and 25.4% of the variance, respectively, and explain more than 70% of the observed
variability of the data. The data plotted on PC1-PC2 and PC1-PC3 diagrams are shown
in Fig. 12. The basalt samples have relatively higher values of PC1, and these are
clearly discriminated from the basaltic andesite samples. The PC1 values of some
low-P20s samples are higher than those of the high-P.Os samples (Fig. 12a). The data
for the low-P20s lavas are discernible from those of the high-P,Os lavas in the
PC1-PC3 diagram (Fig. 12b).

Many elements, including Al203, Fe20s*, MnO, MgO, Na2O, and P20s, make a
large contribution to PC1, as suggested by the higher absolute values (>0.3) of the
factors of these elements (Table 5). Because P.Os, one of the key elements in the
somma lavas, is suggested to be important in PC1 and because the P>Os contents show a

good correlation with the 2%Pb/?%Pb ratios of the lavas (Fig. 9d), the 2°Pb/?%Pb ratios
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of the lavas are plotted against their PC1 values in Fig. 13a. The figure shows that PC1
exhibits a good positive correlation with 2%°Pb/2%4Pb, suggesting that PC1 primarily
reflects a mixing process between a less radiogenic Pb component and a more
radiogenic component.

With regard to PC2, the absolute values of the factors of Al.Os and CaO are
remarkably high (-0.42 and —0.53, respectively; Table 5) compared with those of other
elements. Considering that these elements are the main components in plagioclase, the
relationship between PC2 values and the modal abundances of plagioclase phenocrysts
are plotted in Fig. 13b. The contents of the plagioclase phenocrysts show a good
correlation with the PC2 values, although the data for the two basaltic samples seem to
deviate from the main trend. This observation suggests that PC2 is likely to reflect
separation and/or accumulation processes of plagioclase phenocrysts.

The oxides TiO2, Fe.O3*, CaO, and P.Os have large contributions to PC3.
Because TiO2 and Fe>Os* are the main constituents of titanomagnetite, and CaO and
P.Os are the main constituents of apatite, PC3 may reflect magmatic differentiation
involving separation of these accessory minerals.

With the above considerations, 46.8% of the diversity of the whole-rock major
element compositions can be explained by mixing of components with distinct Pb

isotopic ratios (PC1), 25.4% of the diversity by redistribution of plagioclase phenocrysts
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(PC2), and 16.0% by fractionation of accessory minerals (PC3).

As suggested above, the compositional diversity of the somma lavas, except for
the relatively low-SiO- basaltic samples, is largely explained by mixing of a high-SiO>
basaltic magma (high PC1) with high 2%Pb/?*Pb and another end-member component
(low PC1) with low 2%Ph/?%Pb (Fig. 13a). Considering that the 2°°Pb/?*4Pp ratios of the
lavas correlate negatively with the whole-rock P2Os contents (Fig. 9d), the low-PC1
component must be enriched in P2Os; thus, the component is more differentiated and
has a lower radiogenic Pb isotopic composition than the basaltic andesite lavas. There
are two possibilities for the origin of this low-PC1 component: (1) upper crustal
materials; (2) lower crustal materials. The basement rocks, which may constitute the
upper crust beneath Usu volcano, belong to the Kitakami Terrane (Ordovician to
Cretaceous complex), and some granitoids within the terrane have low 2°Pb/2*Pb ratios
of ~18.4 (e.g. Kimura & Yoshida, 2006). The diorite sample from Kimobetsu has a
slightly lower 2°6Pb/2%4Ph ratio of 18.49 compared with the Usu somma lavas (>18.5),
and this observation is consistent with the postulated less radiogenic Pb characteristics
of PC1. However, the **Nd/***Nd ratios of the granitoids, including the Kimobetsu
diorite, are lower than 0.5127 (Kimura & Yoshida, 2006), whereas the low-PC1
component is likely to have had a **3Nd/***Nd ratio of ~0.5129, as suggested by the

mostly constant ***Nd/***Nd ratios of ~0.5129 of the basaltic andesite lavas (Fig. 9Db).
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For this reason, it is not likely that the low-PC1 component comprises upper crustal
materials and we conclude that the component originated from the lower crust.
Unfortunately, we do not have samples of the lower crust beneath Usu volcano.
However, lower crustal xenoliths from the Ichinome-gata volcano (Fig. 1) have
1%3Nd/**4Nd ratios of ~0.5129, as well as lower 2%°Pb/?%4Pp ratios than the somma lavas
(Table 3; Fig. 10); these data are consistent with the predicted characteristics of the
low-PC1 component. Considering that the low-PC1 component is enriched in P20s, it
might have been a relatively low-degree partial melt of the lower crust.

High-An plagioclase phenocrysts (>An85) with homogeneous 7Sr/%Sr are
present throughout the somma lavas (Fig. 5), and they are suggested to have formed in
the relatively SiO»-rich basaltic magmas at 0.65 GPa, as discussed above. Because the
depth of the Conrad discontinuity beneath Usu volcano is 18km (Wang & Zhao, 2009),
the pressure condition of 0.65 GPa corresponds to a depth in the lower crust. Therefore,
the plagioclase phenocrysts are considered to have been present in the basaltic magmas
in the lower crust; these then were mixed with partial melts of the lower crust to
produce the basaltic andesite magmas.

From these considerations, as well as the order of eruption of the somma lavas
(i.e. basalt lavas, low-P,Os basaltic andesite lavas, and high-P2Os basaltic andesite

lavas), the pre-eruption history of the somma magmas can be summarized as follows. A
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primary magma, generated at ~1300°C and ~1.4 GPa in the upper mantle, ascended to
the lower crust and formed a magma chamber where it then evolved to a SiO»-rich
basalt magma, principally through olivine fractionation. In the magma chamber at a
pressure of ~0.65 GPa, high-An plagioclase crystals began to grow, which were
followed by crystallization of pyroxenes. This magma was then mixed with another
primitive magma with a distinct 8’Sr/®°Sr ratio to form the compositional trend of the
somma basalt lavas. The SiO-rich basalt magmas evolved to basaltic andesitic magmas
through mixing with partial melts of the lower crust, followed by differentiation and
redistribution of plagioclase phenocrysts in the magma chamber or during magma

ascent to the surface.

CONCLUSIONS

To investigate the origin of intensive magmatism at an arc—arc junction, we carried out
a petrological and geochemical study of mafic lavas from Usu volcano, which is located
at the boundary between the NE Japan arc and the Kuril arc. We reached the following

conclusions.

1. The somma lavas of Usu volcano show large variations in geochemistry, and they can

be divided into basaltic lavas (49.6-51.3 wt % SiO2) and basaltic andesite lavas
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(52.0-54.9 wt % SiOy).

2. The primary magma is estimated to have been generated through ~23% melting of a

source mantle with 0.94 + 0.21 wt % H»>O at 1296 + 8°C and 1.43 + 0.10 GPa. The

Pb isotopic composition of the primary magma can be explained by 1% mixing of

slab-derived fluid, consisting of a 9:1 mixture of an altered oceanic crust-derived

component and a Pacific sediment component, with the depleted MORB-source

mantle.

3. The estimated water content of 0.94 + 0.21 wt % for the source mantle beneath Usu

volcano is significantly higher than that of the mantle beneath the main part of the

NE Japan arc (generally <0.7 wt % H>0). This observation may suggest that the

wedge mantle at the arc—arc boundary is intensively hydrated because of the

efficient release of fluids from the slab owing to intensive faulting along the bending

part of the Pacific plate.

4. The temperature of the wedge mantle at ~1.4 GPa beneath Usu volcano is suggested

to be higher than that of the mantle in the main NE Japan arc. This may indicate that

the wedge mantle at the arc-arc junction is not cooled efficiently by the

low-temperature subducting slab compared with the wedge mantle beneath the main

NE Japan arc, because of the bending of the slab at the arc—arc junction.

5. Application of principal component analysis to the whole-rock major element
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compositions of the basaltic andesite lavas suggests that the somma magmas

evolved through mixing of a partial melt of the lower crust, followed by

differentiation and redistribution of plagioclase phenocrysts in a crustal magma

reservoir or during magma ascent to the surface.
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Figure captions

Fig. 1: Map showing the locations of the active volcanoes in NE Japan. Thin grey

dashed lines denote slab surface depth contours, and open triangles indicate the

locations of active volcanoes. The location of Usu volcano and those of Megata

(Ichinome-gata and Sannome-gata), Iwate, and Rishiri volcanoes are also shown (note

that the Megata volcanoes are not active volcanoes). The slab surface depth contours

and the subduction direction are from Kita et al. (2010b).

Fig. 2. Map showing the location of Usu volcano (inset) and geological map of the

volcano showing sampling localities (after Matsumoto & Nakagawa, 2010). The

location of the inset map is shown in Fig. 1.

Fig. 3: Photomicrographs of representative samples of (a) a lower-SiO. basalt lava

(Usu#10), (b) a higher-SiO2 basalt lava (Usu#64), (c) a low-P-Os basaltic andesite lava

(Usu#47a), and (d) a high-P20s basaltic andesite lava (Usu#48). The horizontal scale

bar represents 1mm. ol, olivine; cpx, clinopyroxene; opx, orthopyroxene.

Fig. 4: Histogram of the Mg# of the cores of olivine phenocrysts in the lower-SiO>

basalt sample (Usu#10) (one datum for each phenocryst).
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Fig. 5: Histograms of the An contents of the cores of plagioclase phenocrysts in basalt,
low-P.Os basaltic andesite and high-P.Os basaltic andesite (one datum for each

phenocryst).

Fig. 6: Relationship between the An content of plagioclase phenocrysts and the Mg# of
coexisting pyroxene phenocrysts (showing evidence of simultaneous growth in the same

crystal aggregates) in the somma lavas.

Fig. 7: SiO. variation diagrams for TiO2, Al.O3, MgO, Ca0, K20, and P.Os in the

somma lavas from Usu volcano.

Fig. 8: SiO2 variation diagrams for (a) Ni, (b) Sr, and (c) Y; (d) primitive
mantle-normalized trace element patterns of the somma lavas (symbols as in Fig. 7).

Trace element concentrations of primitive mantle are from Sun & McDonough (1989).

Fig. 9: SiO2 variation diagrams for (a) 8’Sr/Sr, (b) **Nd/***Nd, and (c) 2°°Pb/?**Pb; (d)
206pp/204ph vs P,0s (symbols as in Fig. 7). In (a), the range of the 8/Sr/®Sr ratios of the

plagioclase phenocrysts is shown.
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Fig. 10: Sr, Nd, and Pb isotopic compositions of somma lavas from Usu volcano, along
with those of a diorite sample from Kimobetsu and hornblende gabbro xenoliths from
Ichinomegata, shown in *3Nd/***Nd-2'Sr/%Sr and 2%8Pb/?%4Pb-2%°Ph/2%Ph diagrams.
The compositional field of DMM is from Zindler & Hart (1986), and those of Pacific
MORB and Pacific sediments are from Kimura & Yoshida (2006). In (b) representative
compositions (open crosses) of the Pacific sediments and Pacific MORB are taken from

Kimura & Nakajima (2014), and that of DMM from Cousens & Allan (1992).

Fig. 11: Estimated generation conditions for the Usu primary magmas. The P-T
conditions of the source mantle required to generate 23.1% partial melt with a source
water content of 0.94 + 0.21 wt % (0.73, 0.94, and 1.15 wt %) and the liquidus
temperature of olivine for a primary magma with a water content of 3.9 + 0.9wt % (3.0,
3.9, and 4.8 wt %), calculated using the alphaMELTS model, are shown with dashed
lines and continuous lines, respectively. The thick gray line shows the P-T conditions of
magma generation that satisfy the two conditions that (1) degree of melting is 23.1%,
and (2) the primary melt was in equilibrium with olivine. The filled circle indicates the
most plausible conditions under which the primary magmas were generated. It should

be noted that orthopyroxene and clinopyroxene become liquidus phases, instead of
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1002  olivine, at >1.4-1.5 GPa for the primary melt.

1003

1004  Fig. 12: The compositional data of the 73 basaltic andesite and three basalt samples in
1005 (a) aPC2-PC1 diagram and (b) a PC3- PC1 diagram.

1006

1007  Fig. 13: (a) 2%°Pb/?*Pb ratios of the samples plotted versus PC1 and (b) the modal

1008  abundance of plagioclase phenocrysts plotted versus PC2.
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Table 1 Phenocryst contents of the representative somma samples from Usu Volcano

Sample# Type SiO, wt.% Ol Opx Cpx PI
Usu#10 Basalt 49.7 8.1 5.2 0.2 16.1
Usu#9a Basalt 50.0 6.1 0.2 2.2 16.7
Usu#65 Basalt 50.7 2.0 0.4 Tr. 9.8
Usu#47b Basalt 50.9 0.8 3.7 2.2 18.9
Usu#64 Basalt 51.3 0.1 7.3 1.6 26.1
Usu#47a  Low-P,O5 basaltic andesite 52.9 0.3 10.2 3.3 18.5
Usu#16 Low-P,0; basaltic andesite 54.2 - 4.7 2.3 32.3
Usu#55 Low-P,0; basaltic andesite 54.7 - 1.8 0.7 20.7
Usu#23  High-P,Og basaltic andesite 52.8 - 1.6 Tr. 20.8
Usu#2 High-P,0; basaltic andesite 53.2 0.3 6.9 0.3 20.8
Usu#48  High-P,Og basaltic andesite 54.9 - 0.4 Tr. 15.4

Ol: olivine, Opx: orthopyroxene, Cpx: clinopyroxene, PI: plagioclase, Tr.:

Trace



Table 2: Whole-rock compositions of somma lavas from Usu Volcano

Sample: Usu#2 Usu#9a Usu#10 Usu#16 Usu#18 Usu#36a Usu#48 Usu#55 Usu#64 Mrtk#1 Usu#64*°
Type High-P,O5 Basalt Basalt Low-P,05  High-P,05 Low-P,05 High-P,O5  Low-P,O5 Basalt Diorite

Major elements (wt %)

Sio, 53.51 49.99 49.72 54.09 52.28 52.51 54.77 54.72 51.43 59.30 49.24
TiO, 0.86 0.67 0.67 0.67 0.82 0.71 0.89 0.71 0.62 0.85 0.50
Al,04 18.75 18.69 18.13 20.21 19.57 17.75 18.26 18.52 18.21 16.78 14.73
Fe,0,** 10.53 11.59 12.03 8.79 10.41 11.08 10.42 9.80 10.95 7.46 11.09
MnO 0.18 0.20 0.21 0.17 0.18 0.19 0.18 0.17 0.19 0.14 0.15
MgO 3.56 6.66 7.38 3.07 3.88 5.10 2.69 3.33 6.10 4.18 14.04
CaO 9.77 9.74 9.75 9.63 10.13 9.31 8.79 9.38 10.10 5.85 8.17
Na,O 2.75 1.89 1.86 2.60 2.73 2.23 3.14 2.63 2.13 3.08 1.73
K,0 0.49 0.22 0.23 0.45 0.42 0.42 0.52 0.64 0.36 2.09 0.29
P,05 0.17 0.07 0.07 0.12 0.12 0.10 0.15 0.10 0.08 0.14 0.06
Total 100.56 99.72 100.05 99.80 100.54 99.39 99.81 100.00 100.16 99.86 4.14
LOI -0.47 0.41 -0.01 0.17 -0.51 0.52 -0.36 0.02 0.24 0.44 -
Trace elements (ppm)

V (XRF) 275 256 276 187 261 267 243 248 245 175 -

Cr (XRF) 26.0 338 38.8 8.75 28.7 44.4 7.64 12.8 51.7 44.0 -

Ni (XRF) 16.9 38.1 50.9 8.43 20.4 14.3 251 5.85 25.3 239 -

Rb 6.82 3.26 3.53 6.79 5.78 7.25 5.87 11.81 5.58 97.08 -

Sr 367 346 326 383 389 324 365 344 331 306 -

Y 21.7 12.4 12.9 18.2 18.3 17.7 17.6 20.6 14.3 15.2 -

Zr 50.1 28.1 25.7 47.1 39.8 43.6 417 49.0 322 43 -

Nb 1.80 0.74 0.70 1.32 1.32 1.44 121 1.61 0.93 8.03 -

Cs 0.50 0.32 0.39 0.54 0.29 0.58 0.38 0.73 0.21 3.54 -

Ba 228 120 119 195 206 197 181 239 157 364 -

La 6.47 2.35 2.64 4.77 4.83 4.62 4.53 6.11 3.42 12.36 -

Ce 16.6 6.31 6.74 12.0 11.9 115 11.9 154 8.56 25.94 -

Pr 2.27 0.92 0.99 1.69 1.70 1.64 1.61 2.06 1.25 3.61 -

Nd 11.0 4.72 511 8.26 8.43 7.93 7.93 9.67 6.20 14.71 -

Sm 3.08 151 161 242 2.52 2.32 2.33 2.73 1.88 3.30 -

Eu 1.04 0.60 0.63 0.86 0.92 0.78 0.81 0.87 0.67 0.83 -

Gd 3.68 1.94 2.10 2.96 3.06 2.86 2.87 3.31 2.35 3.37 -

Th 0.61 0.33 0.36 0.50 0.52 0.48 0.49 0.55 0.41 0.54 -

Dy 4.08 2.30 2.48 3.36 3.50 3.28 3.30 3.73 2.76 3.49 -

Ho 0.87 0.50 0.54 0.73 0.75 0.71 0.70 0.81 0.59 0.72 -

Er 2.61 1.52 1.64 2.21 2.25 2.15 2.13 2.47 1.79 2.18 -

™ 0.38 0.23 0.24 0.33 0.33 0.32 0.32 0.37 0.27 0.32 -

Yb 2.62 154 1.66 224 224 217 2.18 249 1.85 2.20 -

Lu 0.40 0.24 0.26 0.35 0.34 0.33 0.33 0.38 0.28 0.33 -

Hf 1.61 0.94 0.87 151 1.28 1.44 1.34 1.53 1.06 0.37 -

Ta 0.09 0.04 0.04 0.07 0.07 0.08 0.07 0.09 0.05 0.75 -

Pb 6.84 4.32 4.20 6.64 6.53 5.90 5.38 7.04 3.80 6.91 -

Th 0.75 0.31 0.32 0.66 0.60 0.72 0.59 1.10 0.45 2.10 -

U 0.27 0.12 0.12 0.24 0.23 0.27 0.22 0.38 0.18 1.29 -
Isotope

sr/%sr 0.703894+7 0.703835+15 0.703846+15 0.703845+10 0.703879+15 0.703798+15 0.703866+8 0.703810+10 0.703808+14 0.704912+15 -

M3Nd/M““Nd 0.512897+16 0.512918+9 051290049 0.512908+13 0.512914+7 0.512931+8 0.512909+13 0.512901+15 0.512898+12 0.512699+9
pp/Aph  18.5311+5  18.6208+8  18.6294+7  18.5869+7  18.5569+8  18.5868+6 18554317  18.5613+5  18.5093+4  18.4858+4
Dlpp4ph  155721+6  155719+8  155750+8  155730+7  155709+6  15.5751+6 155758+6 155719+5 155731+4  15.5909+4
W8pp24ph  38.5321+16 38.5844+21 38.5066+21 38.5661+21 38.5439+19 38.5717+17 38.5550+19 38.5492+16 38.5753+14 38.5838+10

*Fe,04*: total Fe as Fe,O,.

® Estimated primary magma composition for Usu#64
Errors on isotope ratios are within-run 2SE.



Table 3 Isotopic ratios of lower crustal xenoliths from Ichinome-gata

Sample 87sr/%sy BN AN 206pp/204ppy 207pp20%pp 208pp,204py,

IX-1 0.704784+10 - 18.4061+5 15.5644+6 38.4335+17
IX-2 0.704204+15 0.512875+8 18.5149+3 15.5548+4 38.4732+10




Table 4 ¥'Sr/%°Sr ratios of separates of plagioclase
phenocrysts from Usu#10, Usu#16, and Usu#64

Sample 87Sr/%sr
Usu#10-pl1 0.703805+9
Usu#10-pl2 0.703804+8
Usu#10-pl3 0.703798+11
Usu#10-pl4 0.703796+11
Usu#16-pll 0.703795+11
Usu#16-pl2 0.703812+10
Usu#16-pl3 0.703791+9
Usu#16-pl4 0.703807+10
Usu#64-pll 0.703806+14
Usu#64-pl2 0.703811+15
Usu#64-pl3 0.703792+7

Usu#64-pl4 0.703812+8




Table 5 Result of the principal component analysis for the somma lavas

PC1 PC2 PC3
Factors
SiO, -0.20 0.41 -0.45
TiO, -0.22 0.27 0.59
Al,O, -0.32 -0.42 -0.12
Fe,O5* 0.32 0.27 0.43
MnO 0.40 0.22 0.03
MgO 0.43 -0.11 0.03
CaO -0.12 -0.53 0.22
Na,O -0.40 0.21 0.04
K,O -0.24 0.36 -0.13
P,0s -0.36 0.03 0.42
Eigenvalue 4.68 2.54 1.60
Explained variance, % 0.47 0.25 0.16

Cumulative explained variance, % 0.47 0.72 0.88
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