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Abstract Southwest Japan is an island arc formed by subduction of the Philippine Sea (PHS) plate. The
Quaternary magmatism in this region is characterized by eruptions of high‐Sr andesites and dacites,
considered to have been derived by melting of the PHS plate. The loci of these volcanoes spatially coincide
with seismic discontinuities of the subducted PHS plate. Thus, the magmatism is interpreted as the
result of slab melting at the plate tears. However, the processes that promote slab tearing remain unclear. In
this study, we applied geochronological and geochemical analyses to late Cenozoic volcanic rocks in
southwest Japan as tracers of slab morphology. Two different magma types, ocean‐island basalt (OIB) and
island‐arc basalt (IAB), have occurred over 12 million years (Myr). These two magmas are attributed to
different integrations of melts extracted from an originally fertile mantle; the OIBs from high temperature
melt (1,300–1,400°C) were extracted at a depth of 40–80 km, whereas the IABs were extracted from a
shallower, lower temperature region (30–60 km, 1,200–1,350°C). Secular change in Sr enrichment of IAB
likely arose due to a transition of slab‐derived fluids, incorporated into magmas as they formed, from
water‐ to melt‐dominant one. Progressive shallowing of the subducted PHS plate is responsible for secular
change in the properties of slab‐derived fluids as well as rollback of OIB volcanoes. Production of
chemically variable magmas in the Chugoku district is the surface expression of distorting slab morphology
by interaction between mantle and the subducting plate.

1. Introduction

Southwest Japan is a volcanic islandarc formedby subductionof thePhilippine Sea (PHS) plate via theNankai
trench (Figure 1a).Themagmatism in this archasbeenactiveduring the last 12Myr andhasproducedvariable
volcanic rocks distributed in the Kyushu and Chugoku districts (Feineman et al., 2013; Iwamori, 1991, 1992;
Kimura, 2009, 2017; Kimura et al., 2003, 2005; Kimura, Gill, et al., 2014; Mahony et al., 2011; Morris, 1995;
Nakamura et al., 1985, 1989, 1990; Pineda‐Velasco et al., 2018; Sakuyama, Nakai, et al., 2014; Sakuyama
et al., 2009; Takamura, 1967; Tatsumi et al., 1999; Tatsumi & Koyaguchi, 1989; Uto, 1990).

The PHS plate has topographic prominences consisting of seamounts, island chains and an extinct spreading
center, which are located within or at the periphery of a marginal basin (Shikoku Basin) formed between 26
and 15 Myr ago or Ma (Okino et al., 1994). The prominences, consisting of the Izu‐Bonin arc in the east,
Kinan Seamounts and Shikoku Basin spreading center (SBSC) in the center, and Kyushu‐Palau ridge
(KPR) in the west, are currently colliding with the Nankai trench (Kodaira et al., 2004; Toda et al., 2008).
Subduction of the prominences is considered to affect the subduction dip and morphology of the downgoing
slabs, due to their buoyancy (Cloos, 1993; Rosenbaum & Mo, 2011). Subduction of a “rugged” plate also
occurs in other island arcs (Kamchatka, Cascadia, Baja California, and Central Mexico), and in these arcs,
various types of volcanic rocks (mafic to felsic with either alkaline or sub‐alkaline features) occur in close
temporal and spatial proximity (Calmus et al., 2003; Leeman et al., 2005; Mullen & Weis, 2013; Straub
et al., 2011; Streck et al., 2007; Yogodzinski et al., 2017).

Recently, Pineda‐Velasco et al. (2018) proposed that subduction of ridges in the Shikoku Basin led to tearing
of the subducting plate and melting of its crustal layer to produce adakitic andesites and dacites (<2 Ma) in
the Chugoku district. Given that these topographic prominences are young, hot, andmechanically weak, the
subducting slab would have been torn apart along them (i.e., SBSC and KPR) when lateral tension was
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Figure 1. (a) A map of southwest (SW) Japan. An inset map shows the plate configuration around SW Japan: PHS,
Philippine Sea plate; PAC, Pacific plate; EUR, Eurasian plate. Depth (in km) of the top of the subducting PHS slab is
shown with contour lines (dotted line, the aseismic slab; solid line, seismic slab; Asamori & Zhao, 2015). Present and past
(5 Ma) positions of the Shikoku Basin spreading center (SBSC) and Kyushu‐Palau ridge (KPR) are after Mahony
et al. (2011). The Kinan Seamounts in Shikoku Basin are shown by white triangle. The localities of middle Miocene
(15–13 Ma) mafic intrusions in the southern Shikoku and Honshu are denoted as Cape Ashizuri, Cape Muroto, and Cape
Shiono (Kimura, Hashimoto, et al., 2014). (b) A map showing distributions of late Cenozoic volcanic rocks in the
Chugoku district (black, mafic rocks; gray, intermediate, and felsic rocks) and the locality of middle Miocene (16–11 Ma)
high‐Mg andesites in the Setouchi Volcanic Belt (open stars; Tatsumi et al., 2001). The borders of trench‐parallel
zones, Sanyo, Sekiryo, and Sanin, are after Iwamori (1991). (c) Longitudinal variation in K‐Ar ages (<12 Ma) for the
volcanic rocks in the Chugoku district. Color symbols, the ages from this study and Pineda‐Velasco et al. (2018); gray
circles, literature (Table S12; Fujimaki et al., 1989; Furuyama et al., 2002; Furuyama, Nagao, Kasatani, et al., 1993;
Furuyama, Nagao, Mitsui, et al., 1993; Kagami et al., 1996; Kakubuchi et al., 2000; Kaneko & Tiba, 1998; Kaneoka
et al., 1977; Kano et al., 1994, 2014; Kano & Nakano, 1985; Kawai & Hirooka, 1967; Kimura et al., 2003; Kitani &
Iwamoto, 2004; Matsuura, 1986; Morris et al., 1990, 1997, 1999; Sawada et al., 2006; Sawada, Al‐Jairani, et al., 2008;
Sawada, Tome, et al., 2008; Tiba et al., 2002; Toshida et al., 2002; Tsukui et al., 1985; Uto, 1990, 1995; Uto et al., 1994;
Wada et al., 1990). Volcanic activity in the last 12 Myr is subdivided into three episodes: Episode 1 from 12 to 8 Ma;
Episode 2 from 8 to 4 Ma, and Episode 3 from 4 Ma to the present.
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caused by slab flattening (Obayashi et al., 2009). The formation of a slab window allows the upwelling of hot
and buoyant mantle, bolstering intensive dehydration and melting of the subducting slab and formation of
high‐Sr andesites and dacites in the Quaternary period. They also advocated that variable extents of interac-
tion between slab melts and mantle produced the sources of mafic magmas associated with adakites.
However, it still remains uncertain when and how the slab began to be torn apart. Also, the evolution of
volcanism in relation to secular change of slab morphology is less constrained. In this study, we elaborate
on temporal and spatial variation of the late Cenozoic magmatism in the Chugoku district, based on K‐Ar
ages, major‐ and trace‐element concentrations, and Sr‐Nd‐Pb isotopic data of volcanic rocks collected from
the entire Chugoku district. These data are combined with the existing data sets to constrain the role of the
mantle and subducting slab in magma genesis and the evolution of volcanism as a feedback of the
slab‐mantle interaction.

2. Geological Setting and Samples

Southwest Japan is located at the convergent plate margin where the PHS plate is subducting beneath the
Eurasian plate (Figure 1a). The PHS plate has complex surface morphology, owing to the topographic
prominence (Izu‐Bonin Arc, Kinan Seamounts, and KPR) within or in periphery of wide depression
(Shikoku Basin). Seismic tomography reveals that the PHS slab is subducting at a shallow angle (∼30°) up
to 80‐ to 100‐km depth. Above the shallowly subducting slab, a series of Quaternary volcanoes (Daisen,
Sambe, Oe‐Takayama, and Aonoyama) are distributed along the northern coast to the west of the
Chugoku district (Figure 1b). Beneath northern coastal region in the Chugoku district, subduction angle
abruptly changes to be steeper (∼60°) till 500 km depth (Asamori & Zhao, 2015; Zhao et al., 2018).
Another feature of the PHS slab is the presence of aseismic discontinuities beneath the northern coastal
region in this district, interpreted as slab tears (Zhao et al., 2012). The Quaternary andesites and dacites
(adakites) occur in the regions 80–100 km above the edges of these slab tears (Pineda‐Velasco et al., 2018).

The volcanism in the Chugoku district began at 25 Ma and became more intense at 12 Ma (Kimura
et al., 2003, 2005; Uto, 1990). Based on the temporal distribution and petrologic types, Kimura et al. (2005)
divided the volcanic activity into four stages: (1) Stage I from 25 to 17 Ma, (2) Stage II from 17 to 12 Ma, (3)
Stage III from 12 to 4 Ma, and (4) Stage IV from 4 Ma to the present. The Stage‐I volcanism was confined to
the coastal regions or offshore islands in the Sea of Japan (Oki Islands, Matsue, and northern Hyogo) and is
characterized by eruptions of sub‐alkaline mafic to felsic magmas. Asthenospheric injection related to the
opening of back‐arc basin (Sea of Japan) is considered as the trigger of this volcanic activity (Kimura
et al., 2005; Pouclet et al., 1994). At 17 Ma (onset of Stage II), the volcanism had spread across the entire
region in the Chugoku district (Kimura et al., 2005). In the region along the northern coast, the eruptions
continued to yield sub‐alkaline mafic to felsic compositions, whereas the volcanism in the southern region
produced high‐Mg andesites (Setouchi Volcanic Belt in Figure 1b; Shimoda et al., 1998; Tatsumi et al., 2001;
Tatsumi & Ishizaka, 1982). Mafic intrusions in Cape Ashizuri, CapeMuroto, and Cape Shiono, located in the
southern coastal areas of Shikoku and Honshu (Figure 1a), are also regarded as products of the magmatism
during this stage (Kimura, Hashimoto, et al., 2014; Kimura et al., 2005; Stein et al., 1994). At 12 Ma (onset of
Stage III), the volcanism became dominated by eruptions of basalts, which produced clusters of monogenetic
volcanoes (10–50 km in diameter). The volcanoes were sporadically distributed throughout the whole
Chugoku district (Figure 1b). Iwamori (1991) defined three volcanic zones, subparallel to the trench, for
the magmatism during this stage. These are referred to as Sanyo, Sekiryo, and Sanin from south to north
(Figure 1b). Mafic rocks of this period are classified into either alkaline or sub‐alkaline series; the former
type includes volumetrically minor, highly alkaline rocks (lamprophyre and nephelinite; Nagao &
Fujibayashi, 1989; Tatsumi et al., 1999). Intermediate to felsic eruptions in this stage are volumetrically
minor and mainly occur in the Sanin and offshore islands (Matsue and Oki; Morris et al., 1990; Morris &
Itaya, 1997). At the end of Stage III (4–3 Ma), the volcanic activity ceased in the Chugoku district, except
for that in Oki Islands in the Sea of Japan (Kimura et al., 2003, 2005). At 3 Ma (onset of Stage IV), the volcan-
ism recommenced and produced variable volcanic rocks including alkaline basalt and sub‐alkaline mafic to
intermediate and felsic rocks. In particular, intermediate and felsic rocks are volumetrically dominant and
show geochemical characteristics of magmas commonly referred to as adakite (i.e., high‐Sr andesites and
dacites; Feineman et al., 2013; Kimura, Gill, et al., 2014; Morris, 1995; Pineda‐Velasco et al., 2018;
Yamamoto & Hoang, 2019). Basaltic lavas in this stage include volumetrically minor potassic (shoshonite
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and lamprophyre) or phosphorous‐rich types (Genbudo Research Group, 1989; Matsuura, 1986; Matsuura &
Uto, 1986; Tatsumi & Koyaguchi, 1989). The exposure of Stage III volcanic rocks is about 1,200 km2 with
mafic to intermediate‐felsic ratio of 2:3, in the entire Chugoku district with ~3,2000 km2.

We have collected 170 mafic and intermediate‐felsic volcanic rocks from the entire Chugoku district consist-
ing of 17 volcanic fields (Figure 1b) and selected fresh or less altered samples (n = 121) for geochronological
and geochemical analyses by inspection under optical microscope (Table S1 and Figures S1–S4 in the
supporting information). Geodetic coordination of the locality was obtained using a GPS receiver (Garmin
eTrex 10J). Samples (1–3 kg) were collected from freshly exposed interior portions of lavas by removal of
weathered crusts using a sledgehammer. Samples previously analyzed by Moriyama (2006), Feineman
et al. (2013), and Pineda‐Velasco et al. (2018) are also included in this study.

3. Analytical Methods

All the analyses were performed at the Pheasant Memorial Laboratory, Institute for Planetary Materials
(Nakamura et al., 2003). Major element concentrations (including Ni and Cr) were determined by an
X‐ray fluorescence spectrometry (XRF) with a Philips PW2400, using lithium tetraborate glass beads (1:10
ratio of sample and flux; Takei, 2002). Fusion temperature for bead preparation was set at 1,050°C to avoid
loss of alkali metals (Willis, 2010). The LOI (loss on ignition) was obtained by gravimetric method, and FeO
content was determined by titration (Yokoyama & Nakamura, 2002). Trace‐element concentrations were
determined by inductively coupled plasma mass spectrometry (ICP‐MS) with an Agilent 7500cs, following
the methods described by Yokoyama et al. (1999), Tanaka et al. (2003), Makishima and Nakamura (2006),
and Lu et al. (2007). All analyses were duplicated, and relative difference between them are better than
1% for major elements and 3% for trace elements, respectively. Results are summarized in Tables S2–S10.

Isotopic analyses were performed on powdered samples leached in 6 M HCl at 100°C for 1 hr and multiply
rinsed with de‐ionized water prior to acid decomposition. Procedures for acid decomposition, chromato-
graphic separation, and instrumental analyses followed Yoshikawa and Nakamura (1993) for Sr,
Nakamura et al. (2003) for Nd, and Kuritani and Nakamura (2002, 2003) for Pb, respectively. Thermal
ionization mass spectrometry (TIMS) was applied in static multi‐collection mode for Sr, Nd, and Pb isotope
analyses employing FinniganMAT 262 and Thermo TRITON. Instrumental mass biases (IBM) during Sr and
Nd isotope analyses were corrected using 86Sr/88Sr = 0.1194 and 146Nd/144Nd= 0.7219, respectively. The IBM
during Pb isotope analysis was corrected by the double‐spikemethod (Kuritani &Nakamura, 2003). The stan-
dard materials yielded the following values during the course of analysis: 87Sr/86Sr = 0.710215 ± 0.000021
(2σ, n = 4 by TRITON), 0.710309 ± 0.000017 (2σ, n = 10 by MAT262 “SARU”), and 0.71279 ± 0.000004
(2σ, n = 7 by MAT 262 “TARO”) for NIST SRM 987, 143Nd/144Nd = 0.511734 ± 0.000003 (2σ, n = 2 by
TRITON), 0.511750 ± 0.000019 (2σ, n = 9 by MAT 262 “TARO”), and 0.511731 ± 0.000012 (2σ, n = 12 by
MAT 262 “INU”) for the in‐house standard PML‐Nd, which are equivalent to 143Nd/144Nd of 0.511870,
0.511886, and 0.511867, respectively, for La Jolla (conversion factor of 1.000266 by Makishima et al., 2008);
206Pb/204Pb = 16.9428 ± 0.0026, 207Pb/204Pb = 15.5001 ± 0.0030, and 208Pb/204Pb = 36.7288 ± 0.0088, respec-
tively (2σ, n=12) for NIST SRM981, which are comparable to the other studies (Baker et al., 2004; Kuritani &
Nakamura, 2003). All data (values shown in Tables S2–S9) are adjusted relative to 87Sr/86Sr = 0.710240 for
NIST SRM 987 and 143Nd/144Nd = 0.511860 for La Jolla. Any normalization was not applied to Pb‐isotope
ratios.

Samples for K‐Ar dating were fragmented using a jaw crusher and a disk mill, followed by sieving to collect
grains with size of 0.18 to 0.25 mm. Using a magnetic separator, the fractions of groundmass were obtained
by removal of phenocrysts. Determination of Ar was performed by the methods described in Nagao
et al. (1996), Feyissa et al. (2017, 2019), and Pineda‐Velasco et al. (2018). The isotope dilution method was
employed with a static‐vacuum mass spectrometry using the VG5400 system (Micromass). A sample was
weighed at 500 mg in an aluminum‐foil capsule, placed in a vacuumed chamber, and preheated at 200°C
for more than 2 days to remove adsorbed gases. Argon was extracted following Ryu et al. (2013) as a sample
was fused at 1,500°C in Mo crucible and purified using Zr‐V‐Fe (SAES CapaciTorr B200) and Al‐Zr (SAES
SORB‐AC NP‐10) getters in the ultra‐high vacuum line. The 38Ar spike was doped into the sample Ar in a
cryogenic charcoal. Isotope measurement was employed in peak‐jumping mode using photomultiplier
(Hamamatsu Photonics). Potassium abundances were determined by flame photometry using an AA‐6200
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system (Shimadzu). Details about sample preparation and instrumental calibration are described in Ryu
et al. (2013), Feyissa et al. (2017, 2019), and Pineda‐Velasco et al. (2018). All the analyses were duplicated,
and analytical reproducibility for determination of K abundance is better than 2%. The decay constants of
40K through β decay and electron capture follow Steiger and Jäger (1977). Results are shown in Table S11.
Reference isotopic composition of the air standard in Ar analysis is from Nier (1950). Decay constants for
geochronological analysis and age correction of isotope data are from Steiger and Jäger (1977). The uncer-
tainty of K‐Ar age is estimated by the method (Text S1) modified after Nagao et al. (1996).

4. Results
4.1. Classification of Volcanic Rocks

The analyzed samples are volcanic rocks with mafic (basalt and basaltic andesite, n = 77) and intermediate‐
felsic (andesite and dacite, n = 42) compositions (Figure 2). They are classified into either alkaline or
sub‐alkaline series based on Na2O+K2O and SiO2 abundances (Le Bas et al., 1986; Figure 2a) and normative
mineral compositions; the alkaline rocks are nepheline normative, whereas the sub‐alkaline rocks are either
hypersthene or quartz normative (Irvine & Baragar, 1971; Yoder & Tilley, 1962; Table S10). The Sera,
Hamada, Kibi, and Tsuyama volcanic fields contain merely alkaline rocks, whereas the other volcanic fields
contain both series.

Following the previous studies, we applied trace‐element classification (Feineman et al., 2013; Kimura, Gill,
et al., 2014; Mahony et al., 2011; Pineda‐Velasco et al., 2018). Four types are identified based on this classi-
fication, consisting of OIB (ocean‐island basalt) and IAB (island‐arc basalt) types for basaltic rocks, and ADK
(adakite) and IAA (island‐arc andesite) types for intermediate and felsic rocks. Classification of IAB and OIB
mafic rocks (SiO2 < 56 wt% and Mg# [≡100 × Mg/(Mg + Fe2+) in molar] >40) is based on the extents of Nb
and Ta enrichments; the IAB rocks show negative anomalies for Nb and Ta, whereas the OIB does not have
such anomalies in its trace‐element abundance patterns (Figure 3). Such features have been well documen-
ted in relation to tectonic settings of basaltic magmatism; negative Nb‐Ta anomalies are typical of basaltic
magmas in island arcs (McCulloch & Gamble, 1991; Schmidt & Jagoutz, 2017; Shibata &
Nakamura, 1997); thus, the rocks studied with this feature are referred to as IAB. Basalts from intraplate
ocean islands usually do not exhibit such anomalies (Sun & McDonough, 1989; Weaver, 1991), and thus,
the lavas studied without Nb‐Ta depletions are referred to as OIB.

All andesites and dacites (SiO2 = 56–66 wt%) are classified into sub‐alkaline series (Figure 2a) and show
trace‐element patterns similar to IAB (Figures 3 and 4a). They are classified into ADK and IAA based on
their Sr/Y ratio (Figure 4b). The ADK rocks exhibit strong enrichment of Sr and depletion of Y (commonly
referred to as adakite; Defant & Drummond, 1990), and plot in the compositional field of Quaternary high‐Sr
andesites and dacites (Daisen, Wakurayama, Sambe, and Oe‐Takayama) in the Chugoku district (Feineman
et al., 2013; Kimura, Gill, et al., 2014; Morris, 1995; Pineda‐Velasco et al., 2018; Yamamoto & Hoang, 2019).
The IAA rocks show lower Sr/Y ratios than ADK, and such a feature is similar to non‐adakitic island arc
andesites and dacites (Pineda‐Velasco et al., 2018, and reference therein). In this study, we found the occur-
rence of ADK inAbu, Yokota, andKurayoshi regions (Feineman et al., 2013; Kimura, Hashimoto, et al., 2014;
Pineda‐Velasco et al., 2018), whereas IAA rocks occur in the northern Hyogo volcanic field.

4.2. Petrography

The OIB‐ and IAB‐type mafic volcanic rocks contain a common assemblage of phenocrysts, consisting of oli-
vine, clinopyroxene, and plagioclase (Figures S1–S3). Olivine is partially altered to iddingsite, whereas the
other phases are unaltered. Ultramafic and mafic xenoliths are included mainly in OIB (Hamada, Kibi,
Tsuyama; Figure S1) and occasionally in IAB (Yokota, northern Hyogo; Figure S2). Potassic alkaline rocks
(lamprophyre and shoshonite) contains phlogopite as phenocryst and groundmass phases (Figure S3).
Highly silica undersaturated (SiO2 < 40 wt%) rocks, namely, nephelinite (Hamada) and high‐P2O5 rock
(northern Hyogo), contains feldspathoid, carbonate, and phosphate in groundmass. The ADK‐ and IAA‐type
rocks contain the common assemblage of phenocrysts, consisting of plagioclase and Fe‐Ti oxides with minor
orthopyroxene, clinopyroxene, and hornblende (Figure S4). Details of petrographic features of these four
types are given in Text S2.
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4.3. K‐Ar Age

The K‐Ar ages obtained in this study range from 12 to 0.06Ma (Figure 1 and Table S11). Radiogenic 40Ar was
not detected in some samples from Abu and northern Hyogo volcanic fields. The samples are considered to
have been erupted at 10 ka or younger based on the other dates for volcanic products from nearby regions

Figure 2. Major‐element variation diagrams. Abundances of total oxides are normalized to 100% volatile free. Rocks with
peculiar compositions are denoted by arrow: lamprophyre (minette) from Sera (IAB, Episode 1); nephelinite from
Hamada (OIB, Episode 2); shoshonite from Abu (IAB, Episode 3); lamprophyre (minette) from Kawamoto (IAB, Episode
3); high‐P2O5 basalt from northern Hyogo (IAB, Episode 3). Data for Quaternary volcanic rocks from the
northeastern Japan arc and those from the Chugoku district (high‐Sr andesites and dacites, denoted as ADK) are shown
for comparison (Feineman et al., 2013; Pineda‐Velasco et al., 2018, and reference therein). The alkaline‐sub‐alkaline
divide in SiO2 − (Na2O + K2O) plot is from Irvine and Baragar (1971), the reference slope for discrimination of tholeiitic
(TH) and calc‐alkaline (CA) series in SiO2 − FeOT/MgO plot is from Miyashiro (1974), and the boundary lines for low‐/
medium‐/high‐K series in SiO2 − K2O plot are after Le Maitre et al. (1989).
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(e.g., 14C method or tephrochronology; Kawamoto, 1990). Combined with the published dates (Figure 1 and
Table S12), variations in ages within each volcanic field are overviewed. Details about chronology of each
volcanic field are given in Text S3 and Figures S5–S15.

The older ages (12–8 Ma) are obtained for mafic rocks from the western and central Chugoku district, and
they include both IAB (Otsu, Kanmuri, Sera, Hiba, and Matsue) and OIB (Mishima, Kanmuri, Sera, and
Kibi) types. The younger ages of 8–5Ma are obtained for OIB (Hamada, Kibi, Tsuyama, andOki Islands) asso-
ciatedwith subordinate IAB (Kurayoshi), indicating that the ensuing volcanic activity occurred in the central
to eastern Chugoku district. The absence of rocks with ages of 4–3Ma indicates cessation of volcanic activity,
except for Oki‐Dogowhere the volcanic activity had been active during this period (Kimura et al., 2003, 2005).
The volcanic activity recommenced at 3Ma,mainly in Sanin zone, and produced bimodal eruptions of basalts
(∼3Ma, both IAB and OIB) and andesites and dacites (∼2Ma, both ADK and IAA; Kimura et al., 2003, 2005,
Kimura, Gill, et al., 2014; Pineda‐Velasco et al., 2018). We revised the division of volcanic activity in this
region into three periods and refer to them as Episode 1 (12 to 8 Ma), Episode 2 (8 to 4 Ma), and Episode 3
(4 Ma to the present) (Figure 1c).

Figure 3. Primitive‐mantle normalized incompatible trace‐element abundances of mafic volcanic rocks in the Chugoku
district, classified into OIB and IAB (a and b, Episode 1; c and d, Episode 2; and e and f, Episode 3). The
trace‐element abundance of the primitive mantle is from McDonough and Sun (1995). Rocks with significant
enrichments of incompatible trace elements are denoted; nephelinite (OIB, Episode 2), potassic or phosphoric IAB rocks
consisting of lamprophyres (Episodes 1 and 3), shoshonite (Episode 3), and high‐P2O5 basalt (Episode 3).
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4.4. Geochemistry

Major‐ and trace‐element concentrations and Sr‐Nd‐Pb isotopic composi-
tions were presented for 119 samples (Tables S2–S9). Data by
Moriyama (2006) and Pineda‐Velasco et al. (2018) for volcanic rocks from
Oki‐Dogo, Abu, Mengame, Yokota, and Kurayoshi are also integrated
with the data sets of this study. In addition, compositions of crustal rocks
are analyzed to examine the effect of crustal inputs into magmas
(Tables S13 and S14).
4.4.1. Major Elements
OIB and IAB generally correspond to alkaline and sub‐alkaline rock
series, respectively, irrespective of the episodes (Figure 2a). Although they
are largely overlapped with each other, OIB tends to have lower SiO2 and
higher TiO2, Na2O, and K2O than IAB at a given SiO2 concentration
(Figure 2). OIB in Episode 2 includes a nephelinite (Hamada) that shows
strong deficiencies of SiO2 (38.8 wt%) and Al2O3 (12.2 wt%) and enrich-
ments of FeOT (14.9 wt%), CaO (16.0 wt%), and P2O5 (2.4 wt%); such
features are consistent with those reported previously (Tatsumi
et al., 1999). Major‐element compositions of volcanic rocks in Episode 3
show large variation (Figure 2), due to the occurrence of andesites and
dacites (IAA and ADK) in association with basalts (OIB and IAB).

IAB includes highly potassic and phosphoric rocks (Figures 2h and 2j):
lamprophyres from the northern part of Sera ([K2O] = 5.2 wt% in
anhydrous basis; Nagao & Fujibayashi, 1989) and Kawamoto
([K2O] = 6.3 wt%; Matsuura & Uto, 1986; Nagao et al., 1986), shoshonite
in Abu ([K2O] = 4.0–4.1 wt%; Kimura, Gill, et al., 2014; Tatsumi &
Koyaguchi, 1989), and high‐P2O5 basalt from northern Hyogo
([P2O5] = 2.6 wt%; Genbudo Research Group, 1989).

OIB in the Chugoku district is quite different from the volcanic rocks in
the northeast Japan arc in terms of their high TiO2 and Na2O
(Figures 2c and 2f). Some IAB in the Chugoku district have a TiO2 abun-
dance similar to mafic rocks in the northeast Japan arc, whereas Na2O
abundance of most IAB is significantly higher than mafic rocks in the
northeast Japan arc, as was noted by Pineda‐Velasco et al. (2018).
4.4.2. Trace Elements
Concentrations of Cr, most incompatible elements, and rare earth ele-
ments (REE) of OIB and IAB largely overlap each other at a given Mg#,
irrespective of eruption ages (Figures 3 and 5). Exceptions are for abun-
dances of Ni, Nb, and Ta, which show clear differences between these
two types; OIB has higher abundances of these elements than IAB at a
given Mg# concentration.

OIB in Episode 2 includes highly magnesian basalts (MgO > 10 wt%) with high Ni and Cr abundances (up to
510 and 920 μg·g–1, respectively; Figure 5), such rocks are rarely contained in OIB in Episodes 1 and 3 (e.g.,
Kibi and Oki volcanic fields). Compared with OIB in Episode 2, OIB in Episode 3 has lower abundances of
incompatible elements (e.g., Rb, Nb, and La; Figure 3). IAB in Episode 3 shows larger variations in abun-
dances of most trace elements than this type of rocks in Episodes 1 and 2 (Figure 3). In particular, the rocks
from Abu, Mengame, and Yokota have significantly high Sr, Ba, and Pb concentrations, and these mafic
rocks occur in association with ADK (Pineda‐Velasco et al., 2018).

Both OIB and IAB contain highly alkaline rocks or strongly silica undersaturated rocks, and these rocks are
strongly enriched in incompatible trace elements: a nephelinite from Hamada (Episode 2; Tatsumi
et al., 1999), lamprophyres from Sera (Episode 1; Nagao & Fujibayashi, 1989) and Kawamoto (Episode 3;
Nagao et al., 1986), a shoshonite (absarokite) from Abu (Episode 3; Tatsumi & Koyaguchi, 1989), and a
high‐P2O5 basalt from northern Hyogo (Genbudo Research Group, 1989).

Figure 4. (a) Primitive‐mantle normalized incompatible trace‐element
abundances of intermediate and felsic volcanic rocks in the Chugoku
district, classified into IAA (normal island‐arc andesite) and ADK (adakite,
i.e., high‐Sr andesite and dacite) in Episode 3. The trace‐element abundance
of the primitive mantle is from McDonough and Sun (1995). (b)
Classification of intermediate and felsic volcanic rocks in the Chugoku
district, based on Sr and Y concentrations. Rocks with a higher Sr/Y ratio
are classified as ADK type, whereas the andesites with lower Sr/Y are
classified as IAA type. Data for ADK from Quaternary volcanoes in the
Chugoku district are plotted for comparison (Feineman et al., 2013;
Pineda‐Velasco et al., 2018).
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ADK has lower Y, Zr, and Nb concentrations than OIB and IAB of
Episode 3 (Figure 4), and these compositions largely overlap with
high‐Sr andesites and dacites (i.e., adakitic rocks) from Quaternary
volcanic complexes in the Chugoku district (Pineda‐Velasco
et al., 2018).
4.4.3. Sr‐Nd‐Pb Isotopes
Irrespective of volcanic episode, the isotopic compositions of OIB and
IAB are clearly different (Figure 6). Overall, OIB has lower (206Pb/
204Pb)i than IAB (subscript i denotes an age‐corrected composition).
The OIB in Episode 3 shows a large variation in (87Sr/86Sr)i and
significantly overlap with IAB of the same episode (Figures 6b and
6c). In (206Pb/204Pb)i‐(

207Pb/204Pb)i and (206Pb/204Pb)i‐(
208Pb/204Pb)i

plots (Figures 6d and 6e), IAB forms linear arrays, whereas OIB
shows significant scatter. Some OIB have significantly high (207Pb/
204Pb)i and (

208Pb/204Pb)i at a given (206Pb/204Pb)i: for example, rocks
fromMishima (Episode 1), Hamada (Episode 2), and Oki (Episodes 2
and 3). Such a feature is similar to that found in late Cenozoic
intraplate basalts in East Asia, including those of the Sea of Japan
(e.g., Cousens et al., 1994; Nakamura et al., 1985; Tatsumoto &
Nakamura, 1991) and northeastern China (Kuritani et al., 2011 and
reference therein).

Large variations within some volcanic fields in Episode 3 may be
related to a temporal effect (Tables S3 and S9); Sr and Pb isotopic
compositions of mafic rocks by old‐stage (3–1.5 Ma) and
young‐stage (1.5 Ma to the present) activities in Abu show little
overlap: (87Sr/86Sr)i = 0.7049–0.7052 and (206Pb/204Pb)i = 18.36 for
older series, and (87Sr/86Sr)i = 0.7035–0.7045 and (206Pb/
204Pb)i = 18.04–18.32 for young series. A similar relationship is found
in OIB from northern Hyogo; (87Sr/86Sr)i and (206Pb/204Pb)i of the
older OIB rocks (1.5–0.4 Ma) are 0.7065–0.7073 and 18.29–18.35,
respectively, whereas those of the younger OIB rocks (<0.2 Ma) are
0.7048–0.7050 and 18.10–18.16, respectively. The IAB in Episode 3
have compositions similar to Quaternary high‐Sr andesites and
dacites (ADK) in the adjacent volcanic fields (Feineman et al., 2013;
Kimura, Gill, et al., 2014; Kimura et al., 2015; Pineda‐Velasco
et al., 2015, 2018; Yamamoto &Hoang, 2019). ADK rocks of this study
show compositions that overlap with the same type of andesites and
dacites from the Quaternary volcanic fields in the Chugoku district
(Feineman et al., 2013; Kimura et al., 2015; Kimura, Gill, et al., 2014;
Pineda‐Velasco et al., 2015, 2018; Yamamoto & Hoang, 2019).

5. Discussion
5.1. Production of OIB and IAB

In the last 12 Myr, the magmatism in the Chugoku district has
continuously produced OIB and IAB magmas. Below, we discuss
the possible mechanisms for production of these two types of
magmas with geochemical and isotopic variability.
5.1.1. Shallow‐Level Processes
Given that mafic minerals dominate liquidus phases in basaltic mag-

mas (e.g., olivine, spinel, and clinopyroxene; Stolper, 1980), MgO content or Mg# of basaltic rock
(SiO2 < 56 wt%) is considered to represent the extent of magmatic differentiation. The Mg# of the studied
samples varies from 78 to 40 (where Fe3+/Fetotal (molar) = 0.15) and shows positive correlations with

Figure 5. Plot of Mg# (≡100 × Mg/(Mg + Fe2+) in molar) versus CaO/Al2O3
ratio (weight) and Cr‐Ni abundances of mafic volcanic rocks in the Chugoku
district. In Figure 5a, the literature data are shown as smaller symbols
(Tables S15–S35; Feineman et al., 2013; Furuyama, 1976; Genbudo Research
Group, 1991; Iwamori, 1989, 1991, 1992; Kawamoto, 1990; Kimura, Gill,
et al., 2014; Kurasawa & Takahashi, 1960; Moriyama, 2006; Morris et al., 1997,
1999; Nagao & Fujibayashi, 1989; Nagao & Sakaguchi, 1990; Nagasaki &
Nagao, 1988; Pineda‐Velasco et al., 2018; Sakiyama et al., 1995; Sawada
et al., 2009; Sawada, Al‐Jairani, et al., 2008; Sawada, Tome, et al., 2008; Shukuno
& Arai, 1999; Takurayama Research Group, 1984; Tamura et al., 2000;
Tatsumi et al., 1999; Uto, 1990; Yamauchi et al., 2009; Zellmer et al., 2015).
Arrows with “pl”, “ol”, and “cpx” depict fractional crystallization of plagioclase,
olivine, and clinopyroxene, respectively. Gray band indicates the range of
Mg# of melt equilibrated with mantle olivine (Mg#ol = 89–90 (Table S36), KD

Fe/

Mg
ol/melt = 0.31–0.33). The Fe3+/Fetotal (in molar) in melt is assumed to be 0.15.
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Figure 6. Variations in Sr‐Nd‐Pb isotopic compositions of mafic volcanic rocks in the Chugoku district, SW Japan, in comparison with Cenozoic basalts in East
Asia, seafloor basalts of Pacific Plate (near Japan trench) and Philippine Sea Plate (in Shikoku Basin), and sediments. (a) A map showing distributions of
Cenozoic basalts in East Asia. Basaltic rocks with different isotopic signatures occur in the different regions; northeastern (NE) China, central eastern (CE) China,
southeastern (SE) China, and Circum‐Japan Sea regions, respectively. (b) (87Sr/86Sr)i versus (

143Nd/144Nd)i, (c) (
87Sr/86Sr)i versus (

206Pb/204Pb)i, (d) (
206Pb/

204Pb)i versus (
207Pb/204Pb)i, and (e) (206Pb/204Pb)i versus (

208Pb/204Pb)i. Subscript i denotes age‐corrected compositions. The circles denoted as “1” and “2” in
Figures 6b–6d show the compositions of end‐member components postulated for the sources of parental magmas in the Chugoku district. The curves with
ticks in Figures 6d and 6e show the composition of sediment subducted at variable ages (the numbers besides ticks are ages in 109 years ago (Ga)). The μ ≡ 238U/
204Pb and κ ≡ 232Th/238U of subducted sediment are 2.0 and 6.3, respectively, following Rehkämper and Hofmann (1997) and Kuritani et al. (2011). The Pb
isotopic composition of the end‐member component 2 can be explained by recycling of 1.8–2 Ga sediment. The mantle end‐member components DMM, EM1, and
EM2 in Figures 6b–6d are from Zindler and Hart (1986). The NHRL in Figures 6d and 6e is Northern Hemisphere Reference Line (Hart, 1984). Sources for
literature data: Quaternary ADK (adakitic high‐Sr andesites and dacites) in the Chugoku district (Feineman et al., 2013; Kimura, Gill, et al., 2014; Kimura
et al., 2015; Pineda‐Velasco et al., 2015, 2018), Cenozoic basalts in East Asia (Basu et al., 1991; Brenna et al., 2014; Brenna, Cronin, Smith, Maas, et al., 2012;
Brenna, Cronin, Smith, Sohn, et al., 2012; Chen et al., 2007, 2018; Choi et al., 2006, 2008, 2014; Choi & Kim, 2012; Choi & Kwon, 2005; Ho et al., 2003;
Kuritani et al., 2009, 2011, 2013, 2017; Liu et al., 1994; Park et al., 2005; Ryu et al., 2011; Sakuyama et al., 2013; Sakuyama, Nagaoka, et al., 2014; Sakuyama, Nakai,
et al., 2014; Song et al., 1990; Sun et al., 2014; Tatsumi et al., 2005; Tatsumoto & Nakamura, 1991; Wang et al., 2011; Xu et al., 2013; Zeng et al., 2013; Zhang
et al., 1995, 2012, 2015; Zou, 1998; Zou et al., 2000, 2003), seafloor basalts from Pacific and Shikoku Basin (Pineda‐Velasco et al., 2018, references therein),
sediments (Ben Othman et al., 1989; Chauvel et al., 2009; Cousens et al., 1994; Hauff et al., 2003; Hemming & McLennan, 2001; Ishikawa & Nakamura, 1994;
Pearce et al., 1999; Plank et al., 2007; Shimoda et al., 1998; Terakado et al., 1988). All data are normalized relative to NIST SRM 987 87Sr/86Sr = 0.710240, La Jolla
143Nd/144Nd = 0.511860, and NIST SRM 981 206Pb/204Pb = 16.942, 207Pb/204Pb = 15.500, and 208Pb/204Pb = 36.727, respectively.
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CaO/Al2O3, Cr, and Ni irrespective of volcanic loci and magma types (Figure 5). Covariations among these
element abundances are consistent with magmatic differentiation by fractionation (or accumulation) of
observed phenocryst phases consisting of clinopyroxene, spinel, and olivine (Figures S1–S3 and Table S1).
By contrast, TiO2 and Nb contents vary largely for a given MgO content, even within the same magma type
from a single locality. Abundances of these elements also show systematic differences between OIB and IAB;
the former type has higher abundances than the latter type (Figures 2 and 3). Since these elements are
incompatible with the observed phenocryst phases (partition coefficient D < 1; e.g., Kelemen et al., 2003;
McKenzie & O'Nions, 1991), neither crystal fractionation nor accumulation can account for variations in
these elements. Rather, processes other than fractional crystallization must be involved. This inference is
supported by variations in Sr‐Nd‐Pb isotope compositions (Figure 6), which also suggests the involvement
of open‐systemmagmatic processes (e.g., mixing of a magmawith different magmas or crustal rocks) accom-
panied with or prior to fractional crystallization.

Basaltic magmas emplaced into the crust would have a temperature >1,000°C (Kimura, Gill, et al., 2014;
Pineda‐Velasco et al., 2018; Zellmer et al., 2014), being above the solidus of crustal rocks (~950°C for felsic
rocks and ~1,000°C for mafic rock; Grove et al., 1988; Qian & Hermann, 2013; Springer & Seck, 1997).
Ingestion of crustal rocks is thus anticipated and may lead to covariations of elemental and isotopic compo-
sitions (DePaolo, 1981). The crust beneath the Chugoku district is thought to have a layered structure with a
thickness of ~30 km, consisting of mafic rocks in the lower part and felsic rocks in the upper part
(Takahashi, 1978; Zhao et al., 1992), its structure is similar to global continental crusts (Rudnick &
Gao, 2003). These crustal rocks are obtained as xenoliths in mafic rocks (Moriyama, 2006;
Takahashi, 1978; Table S13) or from outcrops adjacent to late Cenozoic volcanic fields (Feineman et al., 2013;
Pineda‐Velasco et al., 2018; Table S14).

Lower‐crustal mafic xenoliths have lower abundances of Nd and Pb (<8 μg·g–1 and <1 μg·g–1, respectively),
and thus, ingestion of them does not significantly alter isotopic compositions of Nd and Pb in basaltic
magmas (mostly Nd > 10 μg·g–1 and Pb > 2 μg·g–1). We thus examine the case for assimilation of felsic upper
crust into basaltic magmas following the model of DePaolo (1981). Critical parameters in this modeling are
compositions of parental magmas and assimilant, partition coefficients of element between melt and phases
crystallized (D), and mass proportions of assimilation and crystallization (r = Ma/Mc). The compositions of
hypothetical parental magmas are calculated as mean compositions of samples with Mg# > 65. For calcula-
tion of bulk partition coefficient, we consider major phases, olivine and clinopyroxene, based on petro-
graphic features (Figures S1 and S2) and CaO/Al2O3 variation (Figure 5). Since it is difficult to constrain
relative proportions of these two phases, two end‐member bulk partition coefficients of Sr and Nd are
examined (Bédard, 2006; Green, 1994); DSr = 0.01 and 0.2, and DNd = 0.02 and 0.2, the formers assume
olivine‐dominant crystallization and latters do concurrent crystallization of olivine and clinopyroxene.
The r value is crucial in the modeling, although it is difficult to constrain from our data set. Isenthalpic
modeling predicted that r value strongly depends on temperature of crustal rock and crystallized phase
assemblage since the former factor is related with endothermic effect and the latter factor is related with
exothermic effect (Edwards & Russell, 1998; Reiners et al., 1995). Higher initial crustal temperature
(>500°C) or olivine‐dominant crystallization results in greater r, and vice versa. With geothermal gradient
beneath the Chugoku district (20°C·km–1; Tanaka, 2004), temperature of upper crust (depth < 20 km) is
estimated to be <400°C. Early crystallization of clinopyroxene with olivine is evident from phenocryst
assemblage. Based on these observations, we estimated the r values lower than 1. Results of the modeling
are shown in Figure 7. Isotopic data for OIB and IAB suites do not lie on linear arrays postulated by AFC
model, and any models cannot solely explain elemental and isotopic variations of Sr and Nd. We thus con-
sider that the melt generation process itself played a major role in the production of geochemical differences
between these two magma types (e.g., different extents of silica saturation and Nb depletion).
5.1.2. Deep‐Level Processes
It is well known that melting conditions (its extent (F) and depth) in the mantle significantly affect the com-
position of basaltic magmas (e.g., Kushiro, 2001; Takahashi, 1980). The OIB and IAB magmas show distinct
elemental compositions (e.g., silica saturation), which probably resulted from distinct melting regimes in the
mantle beneath the Chugoku district. We examine the melting conditions and subsequent melt extraction
processes by two approaches: (1) geothermobarometry and (2) trace‐element melting modeling, both are
applied to less differentiated mafic rocks to filter the effects of shallow intracrustal processes.
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5.1.2.1. Approach 1: Geothermobarometry
Approach 1 follows Pineda‐Velasco et al. (2018) and Feyissa et al. (2019),
and the details are as follows. A first step of Approach 1 is calculation of
major‐element compositions of primary magmas equilibrated with the
mantle. Equilibrium olivine is added incrementally (1 wt% step) to the
samples with a liquidus phase of merely olivine (Lee et al., 2009;
Tamura et al., 2000). Selection of the samples are based on the Mg# versus
CaO/Al2O3 plots (Figure 5 in which data from the literature
(Tables S15–S35) are included); in the plots, the liquidus phases can be
inferred from the vectors depicting fractionation of plagioclase, olivine,
and clinopyroxene. The calculation was iterated until the composition of
magma reaches Fe‐Mg equilibrium with the mantle olivine
(KD ≡ (Fe2+/Mg)melt/(Fe

2+/Mg)olivine where its compositional depen-
dency is corrected following Tamura et al., 2000). The forsterite content
(Fo ≡ 100 × Mg/(Mg + Fe2+)) of the mantle olivine is assumed to be 89
as was found in most magnesian phenocrysts in mafic rocks in this district
(Aoki, 1977; Higashiyama et al., 2013; Iwamori, 1989; Koyaguchi, 1986;
Nagasaki & Nagao, 1988; Takahashi et al., 2017; Zellmer et al., 2014;
Table S36) or predicted from the compositional relationship of olivine
phenocrysts and spinel inclusions (Shukuno & Arai, 1999; Table S36).
The ferric‐ferrous ratio (molar Fe3+/ΣFe) of primarymagmas are assumed
to be 0.15 using the empirical equation of Kelley and Cottrell (2009) with
estimated H2O abundance of 1 wt% in primarymagmas (discussed below).

As a second step, calculated primary magma compositions are projected
onto the ternary planes of normative minerals (Figure 8 and
Tables S37–S40). Comparison of them with isobaric contours by the
experimental studies (Hirose & Kushiro, 1993; Sakuyama, Nakai, et al.,
2014) results in the melting pressures (P). The relationship of anhydrous
solidus of peridotites and MgO abundance of near‐solidus melts, cali-
brated byHerzberg and Asimow (2015), is also used to calculate P. We also
applied the thermobarometric algorithms of Lee et al. (2009) and Mitchell
and Grove (2015); both models yield not only P but also T. It is noted that
the thermobarometry of Mitchell and Grove (2015) is not applicable to
alkaline rocks. The P estimated by these thermobarometers are consistent
mostly within ±0.3 GPa with those estimated from isobaric contours in
the ternary normative plots (Figures 8d–8f, also summarized in
Table S41).

A third step is calculation of melting T. It is well known that T of primary
magmas (i.e., melting T) shows a positive correlation with their MgO
abundance; the hotter the magmas are, the more magnesian they are
(e.g., Hirose & Kushiro, 1993). Conversely, the MgO abundance in the pri-

mary magmas can be used to estimate melting T. We applied the T‐MgO relationships calibrated by
Sakuyama, Nakai, et al. (2014) and Herzberg and Asimow (2015) to the primary magmas calculated by the
procedure of Tamura et al. (2000). Results of calculations are compared with each other as well as with T
by the algorithms of Lee et al. (2009) and Mitchell and Grove (2015) in Figure 8 (and summarized in
Table S42). It should be noted that the calculation outlined here is the case for anhydrous melting. The T
estimated by these thermobarometers are consistent mostly within ±50°C with each other. It is however
noted that the mafic rocks in the Chugoku district show geochemical features of magmas suggestive of
fluid‐fluxed melting (Iwamori, 1992; Kimura, Gill, et al., 2014; Pineda‐Velasco et al., 2018). Thus, the effect
of volatiles on melting P and T must be examined.

The volatiles in the mantle is dominated by H2O and CO2 (Javoy, 1997). The H2O expands olivine stability
relative to orthopyroxene, whereas CO2 shrinks olivine stability relative to orthopyroxene in mafic and ultra-
mafic lithologies (Dasgupta et al., 2007; Hirose, 1997; Hirose & Kawamoto, 1995; Kushiro, 1972, 1974, 1975,

Figure 7. Results of forward modeling of the elemental and isotopic
evolutions of Sr and Nd in magmas through crustal assimilation and
fractional crystallization (AFC) following DePaolo (1981). The model
involves the following variables: (1) parental magmas of OIB and IAB types
have the mean compositions of the samples with Mg# > 65 (open circles
(red, OIB; blue, IAB)); (2) mean composition of granitic rocks in SW Japan
as upper crustal assimilant (denoted as UCC); (3) two options for bulk
partition coefficients of Sr (0.01 and 0.2) and Nd (0.02 and 0.2) as possible
range; and (4) the mass assimilated relative to the mass of crystallized
(Ma/Mc) of 0.1 and 0.9. The εNdi is calculated using Sm/Nd = 0.196 and
143Nd/144Nd = 0.512630 for CHUR (chondritic uniform reservoir; Bouvier
et al., 2008).
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Figure 8. Estimation of pressure (P in GPa) and temperature (T in °C) condition in production of parental magmas (under anhydrous (dry) condition) of mafic
rocks in the Chugoku district. (a–c) Ternary plots of normative Ol‐Pl‐Qz and normative Ol*‐Ne*‐Q* of calculated primary magmas (Table S37).
Ol* = Ol + 0.75Opx, Ne* = Ne + 0.6Ab, and Q* = Q + 0.4Ab + 0.25Opx where Ol, Opx, Ne, Ab, and Q are CIPW normative olivine, orthopyroxene, nepheline,
albite, and quartz (Cross et al., 1902). Projection schemes are after Walker et al. (1979) for the Ol‐Pl‐Qz plot, and Irvine and Baragar (1971) for the Ol*‐Ne*‐Q* plot.
Isobaric contours for melting of anhydrous peridotite in the Ol‐Pl‐Qz and Ol*‐Ne*‐Q* plots are after Hirose and Kushiro (1993) and Sakuyama, Nakai, et al. (2014),
respectively. (d–f) Comparison of P estimated from Figure 8b (denoted as Pdry

normT) with P obtained by the algorithms of Lee et al. (2009), Herzberg and

Asimow (2015), and Mitchell and Grove (2015), respectively (denoted as Pdry
Lee, P

dry
H&A, and Pdry

M&G, respectively). Dashed lines denote deviations of ±0.3 GPa

from 1:1 line. (g–i) Comparison of T estimated by MgO‐in‐melt thermometer by Sakuyama, Nakai, et al., 2014; denoted as Tdry
Sakuyama) with T by the algorithms of

Lee et al. (2009), Herzberg and Asimow (2015), and Mitchell and Grove (2015), respectively (denoted as Tdry
Lee, T

dry
H&A, and Tdry

M&G, respectively). Dashed lines denote
deviations of ±50°C from 1:1 line. Note that the thermobarometry of Mitchell and Grove (2015) is applicable only to sub‐alkaline rocks.
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2001). Consequently, our approaches result in underestimation of P
for hydrous magmas and overestimation of P for CO2‐bearing
magmas, respectively. We estimated the maximum deviation of
P resulted from the uncertainty of H2O in primary magmas
(ΔPH2O = Phydrous − Panhydrous) to be +0.3 GPa or lower based on the
assumption of H2O abundance ~1–2 wt% in primary magmas in the
Chugoku district (Zellmer et al., 2012) and the empirical formulations of
P‐H2O relationship by Sakuyama, Nakai, et al. (2014) and Mitchell and
Grove (2015).

The effect of CO2 on melting P was experimentally examined by
Iwamori (1991) who gave the following empirical equation:

ΔPCO2 ¼
−0:3
0:5

× CCO2 ; (1)

where ΔPCO2 = PCO2‐bearing − PCO2‐free and CCO2 is CO2 abundance (wt%)
of a primary magma. Iwamori (1991) estimated CO2 = 0.5–1 wt% based on
the melting experiments of alkaline basalts in the Chugoku district
(Tsuyama), which yield themultiple phase saturation of lherzolitic assem-
blage in the presence of CO2. The CO2 abundance in primary magmas can
also be estimated from the following relationship (Dasgupta et al., 2007):

CSiO2 ¼ 46:2 − 0:89 × CCO2 ; (2)

where CSiO2 and CCO2 are SiO2 and CO2 abundances of a
primary magma (wt%) in its bulk elemental abundance including vola-
tiles (i.e., not normalized to volatile‐free basis). The mafic rocks in the
Chugoku district contain alkaline basalts with SiO2 abundances of
44–45 wt% and Mg# in equilibrium with the mantle (OIB in Kibi,
Hamada and Tsuyama; Figures 2 and 5). Using Equation 2, CO2 abun-
dances in the parental magma of these rocks are estimated to be
~1 wt%, consistent with the estimates by Iwamori (1991). The ΔPCO2 is
then estimated to be −0.6 GPa from Equation 1. We consider that
volatile‐bearing magmas contain both H2O and CO2, and the effects of
these species on pressure estimation would be mutually compensated.
We thus estimated the maximum uncertainty on P to be ±0.3 GPa,
and the uncertainty on T, propagated from that on P, to be ±70°C.

Thermobarometric results are plotted in Figure 9. The OIB yields P = 1.4–2.5 GPa and T = 1,350–1,450°C,
whereas the IAB yields P = 0.9–1.9 GPa and T = 1,220–1,380°C. Differences in the medians of P and T for
each group (0.6 GPa and 100°C) are greater than the uncertainties of P‐T estimates. We thus consider that
differences in P and T for melting of the OIB and IAB sources are significant. The mantle potential tempera-
ture (Tp), a temperature of solid mantle expanded to atmospheric pressure (McKenzie & Bickle, 1988), is esti-
mated from the calculated P and T and the adiabatic gradient of solid peridotite (20°C·GPa−1; Katz
et al., 2003; McKenzie, 1984): 1,320–1,400°C for OIB and 1,200–1,340°C for IAB, respectively (Figure 9).
The Tp for OIB is consistent with Iwamori (1991) who estimated 1,280–1,340°C for volcanism in Sera,
Kibi, and Tsuyama. It is also noted that the melting conditions for OIB and IAB form a continuous P‐T tra-
jectory (Figure 9), suggesting that these two magmas could have been formed by continuous melt extraction
from the adiabatically upwelling mantle (Sakuyama et al., 2009; Sakuyama, Nakai, et al., 2014). A hot and
buoyant mantle began to melt partially at the depth of ~80 km (or deeper) and continued to extract melts
until it reached the base of lithosphere (~30 km). In the next section, we examine the continuous melting
process in the upwelling mantle using trace‐element compositions.

We also noted that compositions of some primary basaltic magmas in the Chugoku district, estimated by
Kimura, Gill, et al. (2014), are not equilibrated with the mantle (Table S43), based on Fe‐Mg exchange

Figure 9. The melting depth and temperature associated with the
production of OIB and IAB parental magmas. Data shown are
arithmetic means of P‐T estimates by different algorithms (Herzberg &
Asimow, 2015; Lee et al., 2009; Mitchell & Grove, 2015; Sakuyama, Nakai,
et al., 2014). The dry solidus of mantle peridotite is after
Hirschmann (2000), and solidus depression under hydrous conditions
([H2O] = 0.02–0.1 wt% in peridotite) is after Aubaud et al. (2004). Blue and
red lines indicate the adiabatic path of solid peridotite (20°C·GPa−1;
Katz et al., 2003; McKenzie, 1984) extrapolated from minimum and
maximum P‐T estimates for each magma type (red, OIB; blue, IAB). The
temperature at the intersection of the adiabatic lines and T axis (at 0 GPa)
corresponds to mantle potential temperature (Tp). The ranges of Tp for
production of OIB and IAB primary magmas are shown by double‐headed
arrows. The uncertainty on melting P‐T estimate is shown as error bars
on upper‐left side in each panel (±0.3 GPa and ±50°C). The depth of Moho
discontinuity (29 km) is from Salah and Zhao (2004).
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between melt and residual mantle using any Fo (85–92) of olivine and partition coefficients (KD = 0.30–0.34;
e.g., Tamura et al., 2000; Walker et al., 1979). Thus, we considered that P‐T conditions of these magmas are
inaccurate, although their P‐T estimates largely overlap with our estimates.
5.1.2.2. Approach 2: Trace Element Melting Modeling
Given that the P and T conditions of melting of OIB and IAB sources show a continuous trajectory (Figure 9),
these magmas are considered to have been extracted from the same source(s) at different depths in the
mantle. For this reason, “continuous melting” models have been applied to explore the melt generation
processes in late Cenozoic volcanism in SW Japan (Kimura, Gill, et al., 2014; Sakuyama, Nakai, et al.,
2014; Sakuyama et al., 2009).

The OIB rocks in the Chugoku district show geochemical characteristics little affected by fluids from the
subducting slab; no significant enrichments of fluid‐mobile elements (e.g., Rb and Ba) relative to fluid‐
immobile elements (e.g., Nb and Ta; Figure 3). We therefore applied a closed‐system continuous melting

model (Sobolev & Shimizu, 1992; Zou, 1998). Abundance of trace element i in the extracted melt (Cl
i) during

the process is given as

Ci
l ¼

Co
i

X
1 − 1 −

X Pi þ Φ 1 − Pi
� �� �

Do
i þ Φ 1 − Pi

� �
" # 1

Φ þ 1 − Φð ÞPi

h i8>><
>>:

9>>=
>>; (3)

where Co
i is abundance of element i in the source of melt, X is mass fraction of melt expelled from the

source, Pi is weighted bulk partition coefficient of element i (based on the mineral mode during melting
reaction), Do

i is bulk partition coefficient of element i (based on the mineral mode in the source of melt),
and Φ is porosity of the source of melt (i.e., mantle). Total mass of melt, that is, the extent of melting (F), is
related with X and Φ as

F − X
1 − F

¼ Φ
1 − Φ

: (4)

The residual mantle is equilibrated with the retained melt, and its elemental abundance (CR
i ) is given as

CR
i ¼ Co

i

1 − X
1 −

X Pi þ Φ 1 − Pið Þ½ �
Do
i þ Φ 1 − Pið Þ

� � 1
Φþ 1 − Φð ÞPi

� 	
:

(5)

The previous studies (Kimura, Gill, et al., 2014; Pineda‐Velasco et al., 2018; Sakuyama, Nakai, et al., 2014;
Sakuyama et al., 2009) assumed that the magma source beneath SW Japan has trace‐element composition
and mineralogy of the primitive (upper) mantle (PUM; McDonough & Rudnick, 1998; Sun &
McDonough, 1989). This assumption is based on the predominance of fertile peridotites (clinopyroxene‐rich
lherzolites) in xenoliths hosted in OIB (Arai & Muraoka, 1992) and chondritic‐REE patterns of clinopyrox-
ene in these xenoliths (Abe et al., 1998), as well as low Cr/(Cr + Al) of spinel inclusions (<0.5 in molar) in
forsteritic olivine phenocrysts (Fo > 85) in OIB (Shukuno & Arai, 1999); all of these features indicate that the
mantle beneath the Chugoku district is fertile.

The estimated P (2.5–1 GPa) may correspond to the depth for final equilibration with residual mantle
(Figure 9). Hence, the onset of melting should have been deeper than 80 km and continue to the base of
lithosphere. We thus consider the depth interval corresponding to the stability condition across the garnet
to spinel facies (Fram et al., 1998; Walter, 1998; Walter et al., 1995) and employed the multi‐stage melting
model. The melting phase relationships follow those determined by high‐pressure experiments: spinel facies
by Kinzler and Grove (1992), garnet‐spinel transitional facies by Walter et al. (1995), and garnet facies by
Walter (1998). The full derivation of the formulae and the parameters used in the model are detailed in
Text S4 and Table S44.

A single‐stage melting, using Equation 3, yields melts with a strong depletion of HREE, which does not fit
with the observed OIB composition (“1st stage” melt in Figure 10). Sakuyama et al. (2009) and Sakuyama,
Nakai, et al. (2014) also demonstrated that trace‐element abundances by a single‐stage melting model do
not fit with those observed for OIB‐type mafic rocks in northern Kyushu, SW Japan. Instead, they applied

10.1029/2019JB019143Journal of Geophysical Research: Solid Earth

NGUYEN ET AL. 15 of 34



multistage melting model in which the garnet‐facies and spinel‐facies peridotites are involved. We employed
a simple two‐stage melting model (Zou & Reid, 2001); the first stage in the garnet facies and the second stage
in garnet‐spinel transition facies.

Melt fractions in each stage are denoted as X1 and X2. An increasedmass of extractedmelt from the first stage
to the second stage is expressed as (X2 − X1), whereas the mass fraction of “total” residue (residual solid and

Figure 10. Results of trace‐element forward modeling for melting of the OIB and IAB sources in comparison with the
observed compositions of OIB‐ and IAB‐type volcanic rocks. The abundances of trace elements are normalized to
those of the primitive mantle (McDonough & Sun, 1995). The F, X, Φ, and β denote degree of melting, extracted melt
fraction, mass porosity of the sources, and mass influx rate of the slab‐derived fluid, respectively. The subscripts “1”, “2”,
and “3” of these parameters denote those applied to first, second, and third stages of the continuous melting.
(a) Model for Episode‐1 magmas, (b) model for Episode‐2 magmas, (c) model for Episode‐3 magmas including the IAB
with higher Nb abundance (Abu, Kurayoshi, and Northern Hyogo), (d) model for Episode‐3 magmas including the
IAB with lower Nb abundance (Mengame and Yokota), and (e) model for Episode‐3 Daikonjima OIB.
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retained melt) at the end of the first stage is (1 − X1). Thus, mass fraction of melt in the transition from the
first stage to the second stage (Z2), relative to the residual source, is expressed as

Z2 ¼ X2 − X1

1 − X1
: (6)

Using Equations 3, 5, and 6, abundances of element i in melts extracted in each stage (Cl
i; 1 and Cl

i; 2 ) are

given as

Cl
i; 1 ¼ Co

i

X1
1 − 1 −

X1 Pi; 1 þ Φ1 1 − Pi; 1
� �� �

Do
i þ Φ1 1 − Pi; 1

� �
" # 1

Φ1 þ 1 − Φ1ð ÞPi; 1

� 	8>>><
>>>:

9>>>=
>>>;
; (7)

and

Cl
i; 2 ¼ CR

i

Z2
1 − 1 −

Z2 Pi; 2 þ Φ2 1 − Pi; 1
� �� �

DR
i þ Φ2 1 − Pi; 2

� �
" # 1

Φ2 þ 1 − Φ2ð ÞPi; 2

� 	8>>><
>>>:

9>>>=
>>>;
; (8)

where the variables in the modeling for the first‐ and second‐stage melting are denoted by subscripts “1” and

“2”. Abundance of element i in total extracted melt (Cl
i ) can be calculated by mass balance given as

Cl
i
¼ Cl

i; 1
X1

X2
þ Cl

i; 2
X2 − X1

X2
: (9)

In applying Equations 7 and 8, partition coefficients of trace elements are taken from the compilation by
Sakuyama, Nakai, et al. (2014). Φ is a free variable but should be Φ1 < Φ2 (McKenzie, 1984; Spiegelman &
McKenzie, 1987). Results of the modeling are shown in Figure 10, in which the modeled melts reproduce
well the observed patterns of trace‐element abundances in OIB. An important aspect of the modeling result
is that it demonstrates the polybaric melt extraction from the upwelling mantle beneath the Chugoku
district. Total extents of melting (F2 in Figure 10) are estimated to be 3–6%, consistent with the estimates
in the previous studies; F (corresponding to our F2) = 4% for Oki‐Dogo, Tsuyama, Kibi, and Sera
(Iwamori, 1992) and F = 4.5% for the OIB‐type alkaline basalts (9–7 Ma) in northern Kyushu (“low‐SiO2”

type in Sakuyama, Nakai, et al., 2014).

The same melting model does not reproduce trace‐element patterns of IAB with enrichment of K, U, and Sr
relative to elements with similar incompatibilities (e.g., Nb, Ta, and Nd, respectively; Figures 3 and 10). Such
a feature is generally attributed to the addition of such “mobile” elements via fluid influx from the subduct-
ing slab (oceanic crust and sediments; e.g., Hawkesworth et al., 1993; Ishikawa & Nakamura, 1994;
Nakamura et al., 1985; Sakuyama & Nesbitt, 1986). Fluid influx to magma sources likely occurs prior to or
concurrently with their melting; that is, magma generation is in an open system in which matter is being
added and melt is being released. We thus consider an open‐system modeling (Ozawa, 2001; Ozawa &
Shimizu, 1995; Zou, 1998) in the production of IAB magmas.

The abundance of element i in melt formed by the open‐system continuous melting is given as

Cl
i ¼

1
Pi − β − 1

−CA
i βþ

CA
i D

o
i βþ Co

i Pi − β − 1ð Þ
Do
i þ FC 1þ β − Pið Þ ×

Do
i þ α − F Pi þ αð Þ

Do
i þ α − FC Pi þ αð Þ

� 	 1þ β − Pi

Pi þ α


 �8>><
>>:

9>>=
>>;; (10)

where α is mass fraction of melt retained in the source, β and CA
i are mass fraction and abundance of

element i of the influxed fluid, and FC is the critical degree of melting. The other symbols are the same
as in Equations 3 and 4. The FC is defined as
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FC ¼ α
αþ βþ 1

: (11)

A melt extracted from the residue has an abundance of element i ( Cl
i )

expressed as

Cl
i ¼

1
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(12)

We assumed that IAB magmas are formed by melting of the source from
which OIB magmas were extracted; that is, the Co

i for IAB in

Equation 12 is equivalent to CR
i for OIB calculated in Equation 5. In this

case,CR
i is selected from that for calculation for the OIB in spatial and tem-

poral proximity with the IAB of concern.

The melting of the IAB source involves two stages, the first stage in
garnet‐spinel transitional facies and the second stage in spinel facies.
The fluid flux occurs in the second stage, simultaneously with melting.

The source composition in the second‐stage melting (denoted as CR
i; 2

which corresponds toCo
i in Equation 12) should satisfy the following mass

balance:

CR
i; 2 1 − X2ð Þ þ Cl

i; 2 X2 − X1ð Þ ¼ Cr
i; 1 1 − Xið Þ: (13)

The other important parameter in the modeling is trace‐element composi-

tion of the influxed fluid (CA
i ). Experimental studies demonstrated that

with increasing temperature, fluids dissolve increasing amounts of solute
components and their characteristics change from the aqueous solution to
silicate melt or supercritical fluid (Johnson & Plank, 1999; Kawamoto
et al., 2012; Kessel et al., 2005). Solubilities of some elements increase
significantly by change of fluid properties (e.g., Ba, Th, and Sr;
Table S45 and Figure S16). The Sr/Nd and Th/U ratios of IAB vary

through time; Sr/Nd ratio increases and becomes variable with time, whereas Th/U ratio decreases with
time (Figure 11). It is noted that Th/U ratio of the older (>5 Ma) IAB is significantly higher than that of sub-
ducted basalts and hypothetical mantle materials (DMM (depleted MORB mantle; Workman & Hart, 2005)
and PUM). With their Pb isotopic compositions (206Pb/204Pb = 18.22–18.39) akin to Nankai sediment
(Figure 6), the older IAB source should have had a significant contribution of fluid or melt from sediment
(Plank, 2005). Considering the thermal structure of subducting slab and wedge mantle beneath the
Chugoku (Peacock &Wang, 1999; Syracuse et al., 2010), sediments would have been transported into wedge
mantle through buoyant diapirs of pure sediments or mélange rocks (Behn et al., 2011; Marschall &
Schumacher, 2012). Rising sediments would have been heated in hot mantle, resulting in large‐degree melt-
ing (FL = 20–40%) with minimal elemental fractionation as accessory phases dissociate (Hermann &
Rubatto, 2009). We thus estimate elemental contribution from sediment by partial melting using the compo-
sition of Nankai sediments and experimentally determined element mobility (Hermann & Rubatto, 2009;
Johnson & Plank, 1999).

Figure 11. Secular variations in Sr/Nd and Th/U ratios of the OIB, IAB,
and ADK‐type volcanic rocks in the Chugoku district. Ages are obtained
by the K‐Ar method or estimated from the ages reported for rocks in
adjacent localities (Tables S11 and S12). The variations of age, Sr/Nd, and
Th/U of the Quaternary high‐Sr andesites and dacites are shown as
green rectangle, denoted as Quaternary ADK, in each plot (Feineman
et al., 2013; Pineda‐Velasco et al., 2018). Horizontal lines denoted as
“PUM”, “DMM”, and “SED” indicate Sr/Nd and Th/U ratios of the
primitive (upper) mantle (McDonough & Sun, 1995), depleted MORB
mantle (Workman & Hart, 2005), and a mean composition of Nankai
sediment (Plank & Langmuir, 1998), respectively. The IAB rocks show
temporal variations in Sr/Nd and Th/U ratios, and this type rocks in
Episode 3 have these element ratios fall within the ranges of Quaternary
ADK. Also noted is the relatively constant Sr/Nd and Th/U ratios in OIB
type rocks, and these ratios of this type are similar to those of PUM.
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The younger IAB (<5 Ma) show Sr/Nd and Th/U ratios similar to the Quaternary high‐Sr andesites and
dacites (Feineman et al., 2013; Pineda‐Velasco et al., 2018). Such geochemical features are best explained
by melting of mantle metasomatized by melts derived from subducted basalt (Kimura, Gill, et al., 2014;
Pineda‐Velasco et al., 2018). Larger variations in Sr, Nd, and Pb isotopic compositions of the younger IAB,
in particular the rocks in Episode 3, would have resulted from hybridization of sediment‐derived component
into slab melt (Figure 6). We examined the relative contribution of subducted basalt and sediment compo-
nent in the production of influxed melt by isotope mixing model (Figure S17) and then calculated
trace‐element composition of this “hybrid” melt (Figure S16). Details about the modeling are given in
Text S4.

With the calculated influxed fluids (CA
i ), element abundances of parental magmas for IAB (Ci

l) were calcu-
lated using Equation 12 (Figure 10). We obtained F of 9–12% (as total extent of melting) to fit the modeled
melt with the observed composition, consistent with the previous studies (F = 1–21% by Iwamori, 1992,
and Kimura, Gill, et al., 2014). The modeled melts generally reproduce depletion of Nb and Ta and enrich-
ment of Rb and Ba.

In summary, the formation of two types of mafic magmas, OIB and IAB, is essentially attributed to different
integrations of melts extracted from partially moltenmantle at different depths. Themantle became progres-
sively depleted during its ascent, and further melting would be assisted by addition of fluids released from
the subducting slab. The fluid composition changed from aqueous solution to silicate melt with time, which
can be attributed to a change in the thermal conditions of the subducting slab (i.e., warmer with time).

5.2. Source Characteristics

Significant isotopic variability in less differentiated mafic rocks suggests that the melting regions in the man-
tle are chemically heterogeneous (Figure 6). The Pb isotopic compositions of OIB and IAB show little overlap
with each other; the former has lower 206Pb/204Pb than the latter type, except for the lavas in Episode 3; these
two types have Sr‐Nd‐Pb isotopic compositions showing significant overlaps (Figure 6). The isotopic differ-
ence between the two magma types, in conjunction with different P‐T conditions of melting (Figure 9),
suggests that OIB and IAB parent magmas were tapped from different sources or “end‐member compo-
nents”, having been located at different depths in the mantle.

It is generally accepted that island‐arc magmas are produced by melting of sub‐arc mantle hydrated by fluids
from subducting oceanic crust and sediment (Hawkesworth et al., 1993; Ishikawa & Nakamura, 1994;
Nakamura et al., 1985; Sakuyama & Nesbitt, 1986). Linear Pb‐isotope arrays of IAB point toward subducted
basalts and sediments, consistent with the addition of fluids from these two components to the overlying
mantle (Figures 6 and S17). Intermediate and felsic rocks (IAA and ADK) in Episode 3 also plot on these iso-
tope arrays, suggesting that these magmas were also derived by melting of or by differentiation of parental
magmas from the magma source, which were influenced by the subducting lithosphere (Feineman
et al., 2013; Pineda‐Velasco et al., 2018). Deviation of Pb isotope data for OIB from these isotopic arrays indi-
cates the involvement of the other magma sources. Given the P‐T condition of melting for OIB, the deep
asthenospheric region is suggested for the origin of their magma sources (Figure 9). It is noted that OIB in
the Chugoku district shows geochronological, petrological, and geochemical characteristics similar to the
other late Cenozoic intraplate‐type basalts in the regions surrounding the Sea of Japan (Figure 6). A deep
asthenospheric origin has been proposed for the sources of these intraplate basalts based on their
geochemical compositions and the seismic properties of mantle beneath the volcanic fields of these basalts
(e.g., Huang et al., 2015; Kimura et al., 2018; Kuritani et al., 2011, 2013; Liu et al., 2017; Nakamura et al., 1989;
Sakuyama, Nagaoka et al., 2014; Sakuyama et al., 2013; Tang et al., 2014; Tatsumi et al., 1990; see Text S5,
Table S46, and Figure S18 for details).

We examine these asthenospheric sources based largely on Pb‐isotope compositions. Given that 206Pb/204Pb,
207Pb/204Pb, and 208Pb/204Pb ratios have a common denominator 204Pb, mixing relationships of the sources
are expressed as products of linear segments. Let us consider a plot of 206Pb/204Pb, 207Pb/204Pb, and 208Pb/
204Pb in the space formed by orthogonal x, y, and z axes (Figure 12); two end‐member mixing forms a single
linear array, three end‐member mixing defines a single plane, and the involvement of more than three
end‐member component results in a spread of data in the plot. The Pb‐isotope data of IAB forms a linear
array, irrespective of eruption ages. This array points toward the compositions of seafloor basalts in
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Shikoku Basin and sediments in Nankai trench (“B” and “S” in Figure 12), and it is interpreted as a result of
melting of mantle metasomatized by fluids or melts from subducted basalt and sediment. By contrast, the
OIB data deviate from the IAB array in various directions, suggesting that the other two end‐member
components were involved in production of isotopic variability. We referred these end‐member
components to as C1 and C2, respectively. The C1 end‐member component has higher 208Pb/204Pb for a
given 206Pb/204Pb, whereas the C2 end‐member component is characterized by extremely low 206Pb/204Pb
(possibly down to 16). Combined with Cenozoic basalts in East China and the regions around the Sea of
Japan, the compositions of these end‐member components are estimated (Figures 6 and 12).

As suggested by the previous studies (Choi et al., 2006; Kimura et al., 2018; Kuritani et al., 2011; Sakuyama
et al., 2013; Tatsumoto & Nakamura, 1991), isotopic compositions of Cenozoic mafic rocks in East Asia show
clear regional variations (Figure 6). The northeastern China include mafic volcanic rocks with a greater
contribution of C2 end‐member component which is similar to EM1 (enriched mantle 1; Zindler &
Hart, 1986). In the central eastern China (e.g., Shandong and Hannuoba), mafic rocks have isotopic varia-
tions between EM1 and the subducted basalts (Pacific seafloor basalts). To further south, the mafic volcanic
rocks show more radiogenic Pb and Sr isotopic compositions, similar to the isotopic characteristics of EM2
(enriched mantle 2; Zindler & Hart, 1986).

The contribution of C1 end‐member component seems to be confined to the region around the Sea of Japan
(Figure 6), including northern Kyushu (Fukue, Kuritani et al., 2017; Kita‐Matsuura, Sakuyama, Nakai, et al.,
2014), Korean Peninsula (7 Ma to the present; Choi et al., 2006), and volcanic islands in the Sea of Japan
(Ulleung and Liancourt Rocks, 5 Ma to the present; Choi et al., 2006; Tatsumoto & Nakamura, 1991).
Among the OIB rocks in the Chugoku district, those from Kanmuri and Oki volcanic fields have greater
contribution of this component. Sakuyama, Nakai, et al. (2014) suggested, based on the study of
Kita‐Matsuura basalts in northern Kyushu, that this end‐member component represents mantle material
similar to the primitive mantle (Sun & McDonough, 1989) and was originated from the mantle transition
zone. Instead, Kuritani et al. (2017) argued, based on the study of Fukue basalts in the northwest of
Kyushu, that the C1 end‐member component represents the transition zone mantle hydrated by modern
sediment with the isotopic flavor of EM2. However, neither primitive mantle nor modern sediments can
explain the isotopic signature of the C1 end‐member component. The isotopic compositions of modern

Figure 12. Two perspective views of three‐dimensional representation for Pb‐isotopic composition of OIB and IAB from
the Chugoku district. Compositions of the subducted basalt (denoted as “B”) and sediment (denoted as “S”) are
estimated from analyses on Shikoku Basin basalts and Nankai sediments (compiled by Pineda‐Velasco et al., 2018,
and reference therein). The IAB data (blue spheres) form the linear array subparallel to a line segment between the
subducted basalt and sediment (i.e., they are located on collinear points). The OIB data spread from this line to various
directions, indicating the necessity of the other two points (denoted as spheres labeled “1” and “2”) to define an
isotope space which include all data for mafic volcanic rocks in the Chugoku district.
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sediments on Pacific (PAC) and PHS Plates are significantly different from that postulated for the C1
end‐member component (Figure 6). Alternatively, Sakuyama et al. (2013) attributed the source with a com-
position similar to our C1 end‐member component, found in Cenozoic basalts in central eastern China
(Shandong), to recycling of a young oceanic crust detached from the subducted PAC Plate. Depletion of
Pb found in trace element patterns in Shandong basalts and in our OIB is consistent with this inference
(Figures 3 and S18). However, the C1 end‐member component is distinctly different from oceanic crust of
PAC as well as that of PHS Plates as it has higher 208Pb/204Pb but lower 207Pb/204Pb at a given 206Pb/
204Pb (Figure 6e). Such an isotopic feature requires time‐integrated Th/U in the source of the C1 end‐mem-
ber component, and favors the origin of recycling of mafic protolith with the chemical composition distinct
from normal seafloor basalt.

We note that the isotopic composition of the C1 end‐member component is similar to the basalts in the
Pitcairn Islands and nearby seamounts of the South Pacific Ocean (Eiler et al., 1995; Eisele et al., 2002;
Garapić et al., 2015; Woodhead, 1989; Woodhead, Eggins, et al., 1993; Woodhead, Greenwood, et al., 1993).
Several researchers argued that subducting oceanic ridges/islands could be an important source for
hotspot magmas (Gasperini et al., 2000; McKenzie et al., 2004; Phipps Morgan & Morgan, 1999).
Subduction of such ridges or islands is also suggested to contribute to island arc magmas (Price et al., 2016,
2017). We thus consider that the C1 end‐member component represents the crustal materials of subduct-
ing oceanic crust admixed with seamount fragments. In contrast to normal oceanic crust, seamount
portions are expected to be more buoyant (Rosenbaum & Mo, 2011; Toda et al., 2008; Vogt, 1973). It is
therefore likely to have been able to detach from the subducting lithosphere in the deep mantle (e.g.,
mantle transition zone (MTZ)) and be entrained into the upwelling asthenospheric flow. Obayashi
et al. (2009) detected tears on the stagnant slab beneath volcanoes with C1 affinity in the region around
the Sea of Japan. The spatial coincidence of seismic properties of the subducted oceanic lithosphere and
the occurrence of basalts with an isotopic feature of the C1 end‐member component imply that seamount
fragments were disaggregated during slab break‐off when it reached the MTZ. Then the fragments were
incorporated into the upwelling asthenospheric flow. Obayashi et al. (2009) also advocated the possible
cause of slab tearing in the MTZ as subduction into a cusp‐like trench, possibly formed by collision of
a seamount with the trench (Rosenbaum & Mo, 2011; Toda et al., 2008; Vogt, 1973). On‐going collision
and subduction of seamounts on the PAC Plate into the Japan Trench is evident from seafloor topography
analyses (Koppers et al., 2003).

The C2 end‐member component is characterized by high 87Sr/86Sr and lower 206Pb/204Pb (Figure 6).
Such features are akin to EM1 (enriched mantle 1) of Zindler and Hart (1986). A deep origin for this
component is supported by 3He/4He ratios of olivines from mantle xenoliths delivered by Cenozoic
basalts with C2 affinity erupted in northern Kyushu (Nakamura et al., 1985; Sumino et al., 2000).
The R/Ra values of 9–17 are dominated by He in olivine‐hosted fluid inclusions and represent the
characteristics of the source of host basalts (Sumino et al., 2000). Although these ratios are lower than
R/Ra (37–50) of the primitive (“less‐degassed”) mantle (Hilton et al., 1999; Starkey et al., 2009; Stuart
et al., 2003), they are significantly higher than those for MORB (R/Ra = 8–9; Graham, 2002). Higher‐
than‐MORB R/Ra values indicate contribution of a less‐degassed reservoir, consistent with their deriva-
tion from the deep asthenosphere. The contribution of this end‐member is pronounced in the OIB lavas
from Mishima in Episode 1, Hamada and Oki‐Dogo in Episode 2, and Daikonjima and Oki‐Dogo in
Episode 3 (Figure 6). It should be noted that these volcanic fields are located in the back‐arc side
(Sanin zone in Figure 1) in the southwest Japan arc. The EM1‐like isotopic signature suggests the
source had received fluid‐mobile elements (such as Rb, Ba, and Pb) at an ancient time. Such isotopic
characteristics for the C2 end‐member component is also similar to the case where mantle material
contributed to Cenozoic alkaline basalts in northeast China (Kuritani et al., 2011; Zhang et al., 1995).
Kuritani et al. (2011, 2013) argued, based on Pb‐isotope evolution model (Stacey & Kramers, 1975), that
this end‐member component would have been derived from transition zone mantle that had been
continuously hydrated by fluids released from subducted sediments for a prolonged period (>1 billion
years or Gyr). Here we attempt to revise Pb‐isotope evolution model for our C2 end‐member component
using extensive data sets for basalts in east China and the regions around the Sea of Japan. The model
assumes that the terrestrial Pb started to evolve from the primordial Pb with (206Pb/204Pb)t0 = 9.307,
(207Pb/204Pb)t0 = 10.294, and (208Pb/204Pb)t0 = 29.476 (Tatsumoto et al., 1973). The first stage
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evolution began at t0 = 4.57 Gyr ago (Ga) with μ (≡238U/204Pb) of 7.19 and κ (≡232Th/238U) of 4.62
(Stacey & Kramers, 1975). The decay constants used for 238U, 235U, and 232Th are
1.55125 × 10−10 yr−1 (λ238U), 9.8485 × 10−10 yr−1 (λ235U), and 4.9475 × 10−11 yr−1 (λ232Th), respectively.
Isotopic composition at the end of Stage 1 (t1) is expressed as

206Pb
204Pb


 �
t1

¼
206Pb
204Pb


 �
t0

þ μt0 eλ238U · t0 − eλ238U · t1
� �

; (15)

207Pb
204Pb


 �
t1

¼
207Pb
204Pb


 �
t0

þ μt0
137:88

eλ235U · t0 − eλ235U · t1
� �

; (16)

and

208Pb
204Pb


 �
t1

¼
208Pb
204Pb


 �
t0

þ κt0 eλ232Th · t0 − eλ232Th · t1
� �

; (17)

where the factor 137.88 in Equation 16 is 238U/235U. Using Equations 15–17 with t1 = 3.70 Ga (Stacey &
Kramers, 1975), the terrestrial Pb at t1 is calculated to be 206Pb/204Pb = 11.15, 207Pb/204Pb = 13.00, and
208Pb/204Pb = 31.23, respectively. Stacey and Kramers (1975) used the second stage μ = 9.74 (μt1) and
κ = 3.78 (κt1) so as to fit Pb isotopic composition to the present‐day terrestrial Pb (206Pb/204Pb = 18.70,
207Pb/204Pb = 15.628, and 208Pb/204Pb = 38.63) by the following relationship:

206Pb
204Pb


 �
present

¼
206Pb
204Pb


 �
t1

þ μt1 eλ238U · t1 − 1
� �

; (18)

207Pb
204Pb


 �
present

¼
207Pb
204Pb


 �
t1

þ μt1
137:88

eλ235U · t1 − 1
� �

; (19)

and

208Pb
204Pb


 �
present

¼
208Pb
204Pb


 �
t1

þ κt1 eλ232Th · t1 − 1
� �

: (20)

Kuritani et al. (2011) estimated different μt1 of 9.9 and κt1 of 4.1 for the second‐stage evolution, so as to adjust
the modern Pb to be the mean composition of recent pelagic sediments (Ben Othman et al., 1989). We also
used the same approach using the mean compositions of our compiled data set for Pacific sediments (206Pb/
204Pb = 18.67 and 208Pb/204Pb = 38.68) and obtain μt1 of 9.70 and κt1 of 3.82, respectively. The

207Pb/204Pb
ratio for modern sediment is calculated to be 15.617 from these variables, being well within the range of
modern Pacific sediments (Figure 6).

For calculation of Pb‐isotope composition of subducted sediment, we follow the approach by Rehkämper
and Hofmann (1997) and Kuritani et al. (2011): (1) Ancient sediment before subduction had isotopic compo-
sition lying on the second‐stage evolution curve and (2) ancient sediment after subduction has μ = 2.0 and
κ = 6.3. Given the constant μ and κ for this stage, Pb‐isotopic compositions of subducted sediment vary as a
function of recycling age. In other words, recycling age can be estimated if isotopic composition of subducted
ancient sediment can be obtained. We obtained 1.9 Gyr for the storage time of ancient sediment to have
isotopic composition consistent with that estimated for the C2 end‐member component (Figure 6).

In summary, isotopic data for OIB in the Chugoku district suggest that two different end‐member com-
ponents had been involved in magma genesis. Based on the melting condition estimated for this magma
type, these end‐member components were derived from the asthenospheric mantle. These end‐member
components may also have contributed to Cenozoic intraplate basalts distributed in Circum‐Japan Sea
volcanic regions in East Asia, located on the western Pacific margin. The isotopic compositions estimated
for these common end‐member components are consistent with the origins of subducted crustal litholo-
gies and with upwelling from a depth corresponding to the mantle transition zone. Given the occurrence
of OIB with IAB in the Chugoku district in SW Japan, the magmatism in this region has been controlled
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by interaction between asthenospheric mantle having been upwelled from the back‐arc side and the
oceanic lithosphere subducted from the trench side during the last 12 Myr (Kimura et al., 2003, 2005;
Nakamura et al., 1985; Sakuyama, Nakai, et al., 2014). Mantle upwelling beneath SW Japan would be
due to the formation of large‐scale mantle convection by subduction of PAC Plate (Nakamura et al., 1990;
Zhao et al., 2009). On the other hand, Pineda‐Velasco et al. (2018) suggested that the subducting PHS
Plate is distorted in the shallower depth (80–100 km) by bottoming up of convecting mantle. It is,
however, still uncertain how the subducting PHS Plate had been distorted. In the next section, we
attempt to provide the conceptual model of slab distortion based mainly on our chronological and
geochemical data.

5.3. Feedback of Slab Distortion on Volcanic Arc Evolution: SW Japan in the Last 12 Myr

The different types of volcanic rocks show different temporal and spatial distributions in the Chugoku dis-
trict (Figure 1). From Episodes 1 to 3, the distributions of OIB show the northeastward migration. This type
of magma mainly occurred in the Sanyo in the western and central Chugoku (Kanmuri, Sera, and Kibi) in
Episode 1. An exception is the offshore Mishima island in the Sanin. In the following period (Episodes 2
and 3), the eruptions of OIB occurred both Sanin (Hamada, Oki, Daikonjima, Kurayoshi, and northern
Hyogo) and Sanyo (Tsuyama) in the central and eastern Chugoku. By contrast, the IAB mainly occurred
in Sanin throughout these episodes (Episode 1, Otsu and Matsue; Episode 2, Kurayoshi; and Episode 3,
Abu, Yokota, Kurayoshi, and northern Hyogo). Another important feature is the occurrence of high‐Sr ande-
sites and dacites, derived by melting of the subducting lithosphere, in Episode 3 (Feineman et al., 2013;
Kimura, Gill, et al., 2014; Pineda‐Velasco et al., 2018). Our new data revealed that melting of the subducting
slab may have occurred cryptically in Episode 2 (Figure 11).

A recent plate reconstruction model suggested that the boundary of PAC, PHS, and trenches (triple
trenches or TTT junction) has been migrating during the late Cenozoic (Figure 13; e.g., Clift et al., 2013;
Mahony et al., 2011; Pickering et al., 2013; Raimbourg et al., 2017; Sdrolias et al., 2004). We refer the plate
configuration model by Mahony et al. (2011), Clift et al. (2013), and Pickering et al. (2013) to examine secu-
lar variation in volcanism in relation to tectonic evolution. At 12 Ma, the TTT junction would have been
located in the south of Kii Peninsula (Figure 13a). Kimura et al. (2003, 2005) suggested that the leading
edge of the subducted PHS plate did not reach beneath the volcanic fields in Episode 1 (Otsu, Hiba, and
Matsue) at that time. Accordingly, they attributed the IAB magmas to melting of continental lithosphere
metasomatized prior to this episode by fluids, probably released from the PAC Plate. They also argued that
melting of the leading edge of the PHS Plate led to the production of high‐magnesium andesites (HMA)
during 15–12 Ma in the Setouchi region (Figure 1). On the contrary, our geochemical data suggest that
IAB erupted in Sanin zone in Episode 1 have a geochemical and isotopic composition consistent with
the influence of PHS rather than that of PAC (Figure 6). In addition, recent experimental and geochemical
studies propose an alternative hypothesis for HMA production, that is, fluid formation by melting or dehy-
dration of subducted sediment and subsequent equilibration with mantle peridotite (Hanyu et al., 2002;
Kawamoto et al., 2012; Shimoda et al., 1998; Tatsumi, 2001; Tatsumi & Hanyu, 2003). Hence, the location
of HMA in the Setouchi region does not readily indicate the location of the slab edge beneath this volcanic
field. This inference is supported by seismic imaging of PHS slab by Zhao et al. (2012, 2018). With the
depth of the slab leading edge (400–500 km), they suggested that the subduction of PHS began between
40 and 15 Ma, significantly older than the age assumed previously (at 15 Ma; Kimura et al., 2003). Here,
we propose the revised model in which the PHS slab was located beneath the Sanin zone of the
Chugoku district during Episode 1.

The HMA in the Setouchi region erupted prior to Episode 1 at 14–12 Ma (Tatsumi et al., 2001; Tatsumi &
Ishizaka, 1982). Kawamoto et al. (2012) experimentally demonstrated that HMA in the Setouchi volcanic
field had been produced by separation of silicate melt from sediment‐derived supercritical fluid formed on
the subducting lithosphere at the depth of 90 to 80 km. The present‐day slab beneath the Setouchi region lies
at 50‐ to 40‐km depth (Zhao et al., 2012; Figure 1a), being too shallow to form HMA from sediment‐derived
supercritical fluids. We thus consider that the subduction angle of the PHS slab during Episode 1, shortly
after the HMA eruption, was steeper than that in the present (Figure 13). If this is the case, the PHS slab
beneath the volcanic fields in the Sanin and Sekiryo zones (Otsu, Matsue, and Hiba) would have been
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Figure 13. Schematic illustrations for the morphological change of the PHS Plate (modified after Pineda‐Velasco
et al., 2018) in relation to temporal changes in plate configuration (Mahony et al., 2011). (a) 12–8 Ma. The trench‐
trench‐trench (TTT) junction was located in the south of the Chugoku district. The Pacific (PAC) Plate is subducted at a
shallower depth beneath the Philippine Sea (PHS) Plate so as to prevent injection of hot asthenospheric flow beneath
the PHS. The slab subducted at a deeper level (probably ~100 km) released fluids dominated by aqueous
components, which led to the formation of IAB magmas in the Sanin region. (b) 8–4 Ma. The TTT junction moved away
from the Chugoku district to the northeast. Accordingly, the PAC subducted to a greater depth, allowing
asthenospheric injection beneath the PHS Plate. The Shikoku Basin spreading center (SBSC) and Kyushu‐Palau Ridge
(KPR) began to collide with the Nankai trench and subduct into the mantle beneath the Chugoku district. The result
of which is the arcuated trench, which caused lateral tensile force and tearing on the slab. At tears, the mantle
section of the subducting slab intensively dehydrated and produced silicate melts by partial fusion of overlying oceanic
crust. The IAB with high Sr/Nd ratio (5 Ma in Kurayoshi) would have been derived by melting of mantle
metasomatized by slab melt. (c) Progressive interaction with asthenospheric mantle led to further flattening of the sub-
ducting slab and propagation of tears. Increasing amounts of melt from the basaltic layer of the subducting slab
facilitated melt transport to the surface in association with mantle upwelling. Such a process resulted in emplacement of
adakitic (ADK) magmas and mafic magmas (OIB and IAB) in close temporal and spatial proximity.
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located at a depth greater than the current slab (>100 km), and thus, the slab likely released fluids
dominated by an aqueous component as inferred from the geochemical characteristics of IAB in Episode 1.

Subsequently, the SBSC and KPR migrated to the southwest during Episode 2 to Episode 3 (Figures 13b and
13c). As the TTT junction migrated to the northeast, the PAC Plate sank into deep asthenosphere beneath
the PHS, allowing the injection of asthenosphere beneath the PHS plate and above the PAC Plate.
Consequently, the PHS plate would have been impinged by asthenospheric flow at its base. Numerical
modeling demonstrates that hot asthenosphere impinges on the base of the subducting slab, bottoms it
up, and eventually leads to its thermal erosion, further flattening and melting (Liu & Stegman, 2012). The
occurrence of high‐Sr IAB magmas, derived from melting of mantle metasomatized by slab‐derived melts,
in these periods supports this idea (Figure 11).

In Episode 3 (Figure 13c), consecutive interaction of asthenospheric mantle and the subducting slab led to
the shallow subduction and intensive melting of the PHS slab, as suggested by seismic tomography (Zhao
et al., 2012, 2018) and the occurrence of high‐Sr andesites and dacites in the Sanin zone of the Chugoku dis-
trict (Feineman et al., 2013; Kimura, Gill, et al., 2014; Pineda‐Velasco et al., 2018). The reaction of
slab‐derived melt and peridotite within the wedge mantle also led to the production of high‐Sr IAB magmas
(Figure 11).

6. Conclusions

This study provides comprehensive geochronological, petrological, and geochemical data sets for mafic
rocks from late Cenozoic volcanic fields in the Chugoku district, SW Japan. Over the last 12 Myr, two
mafic magma types have occurred, OIB and IAB, in association with intermediate and felsic rocks. Themafic
magmas would have been extracted from the upwelling mantle at different depths (80‐ to 40‐km depth for
OIB and 60‐ to 30‐km depth for IAB). Production of IAB parental magmas was assisted by addition of fluids
released from the subducting slab, which lowers the solidus of refractory mantle by progressive melt
extraction. Secular variation in the geochemistry of IAB reveals the transition of slab‐derived fluid from that
dominated by an aqueous component to that with a melt component. The variation in fluid composition is
interpreted as a change in the thermal conditions within the subducting slab, which most likely resulted
from shallowing of subduction angle. We interpret the change as a consequence of the interaction between
the asthenospheric mantle upwelling from the back‐arc side and the oceanic lithosphere sinking from the
trench side. This interaction eventually caused the complex morphology of the subducting slab, as indicated
by seismic tomography and became intensive during the Quaternary. The intensity is the result of propagat-
ing slab tears and culminated in eruptions of large‐volume high‐Sr andesites and dacites. As Yogodzinski
et al. (2001) and Bryant et al. (2011) recognized in Aleutians and Kamchatka, our study also demonstrates
that the subducting slab and sub‐arc mantle mutually interact and the feedback effect of this interaction
plays a major role in the evolution of island‐arc volcanism.

Data Availability Statement

Figures were prepared using GMT (Wessel et al., 2013) and R (R Core Team, 2019). The data for this paper
are available online (https://figshare.com/articles/dataset/Supporting_Information_for_Feedback_of_slab_
distortion_on_volcanic_arc_evolution_geochemical_perspective_from_late_Cenozoic_volcanism_in_SW_
Japan/12890933).
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