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ABSTRACT 

The volcanism in island arcs are generally attributed to melting of the mantle 

hydrated by fluid or melts released from the subducting oceanic plate. This inference is 

supported by geochemical compositions of island-arc lavas, which are suggestive of 

melting under hydrous condition such as Si and alkali enrichments. However, some of 

island arc volcanisms produce “atypical” arc volcanic rocks, including Cascade, 

Zamboanga (Philippine), and Southwest Japan arcs. In these arcs, the subducting slabs 

tend to have complex morphology due to presence of spreading center, seamount chains, 

or transform boundary. Such slab could disturb its structure during subduction, leading 

to complex thermochemical interaction with the mantle. 

The Chugoku district is a part of Southwest Japan arc, and known as a locality 

of chemically variable volcanic rocks. The subducting Philippine Sea Plate (PHS) has a 

complex morphology due to the presence of a marginal basin and seamount chain. These 

features make this region an ideal place to study the relationship between the evolution 

of island-arc volcanism and the morphology of a subducting slab. 

This study has conducted field survey and sampling of volcanic rocks in the 

entire region in the Chugoku district. Geochemical and geochronological analyses were 

applied to 116 samples selected from 186 lava collections: K-Ar dating on 92 samples; 

major- and trace-element analyses on 116 samples; Sr-Nd-Pb isotope analyses on 87 

samples. Based on these analyses, this study found three episodes of the volcanism in 

the Chugoku district; 12–8 Ma (episode 1), 8–4 Ma (episode 2), and 4–0 Ma (episode 

3). In each episode, mafic lavas include less differentiation samples, which allow us to 

estimate the thermal condition and depth of melting. Geochemical analyses of this study 

revealed that there are two types of mafic magma, including OIB (ocean-island basalt) 

and IAB (island-arc basalt) types. The OIB magma shows the feature typical to OIB 

settings, characterized by the enrichment of large ion lithophile elements (LILE), rare 

earth elements (REE), and no or less depletion of Nb, Ta in primitive mantle-normalized 

trace element patterns, and dominated by alkaline series. The IAB magma shows 

geochemical characteristics akin to island-arc settings, the negative spikes of Nb, Ta in 

the primitive mantle-normalized trace element patterns, and includes both alkaline and 
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sub-alkaline series. The phase equilibrium modeling suggests that the conditions of melt 

generation are also different between these two types. The OIB magmas are derived by 

mantle melting under higher temperature (T) of 1250–1450oC and at greater depth (1.0–

3.3 GPa, 30–100 km), whereas the IAB magmas are genereated by melting at lower T 

of 1150–1360oC at shallower depth (0.7–2.2 GPa, 20–70 km). The differences in 

geochemical characteristics and melting condition of these magma types suggest that 

parental magmas are derived from different magma sources inherited from different 

depths in the mantle. The Sr-Nd-Pb isotopic compositions strongly support this 

inference. The IAB lavas have intermediate compositions of subducted oceanic crust 

and sediment, and are interpreted as a result of melting of the mantle metasomatized by 

fluid released from the slab. The OIB lavas plot off from the IAB lavas in Pb isotope 

correlation diagram, and are close to the compositions of Cenozoic basalts in east China 

where the large-scale seismic anomaly, interpreted as the whole mantle upwelling, is 

observed in the whole upper mantle. The occurrence of the OIB lavas in the Chugoku 

district is, therefore, considered as surface manifestation of deep mantle upwelling, 

consistent with recent high-resolution seismic tomography.   

The IAB lavas show temporal variation which is suggestive of a change in 

contribution from the PHS slab. The IAB in episode 1 can be explained by mantle 

melting with fluid-dominant influx from the slab. The IAB in episodes 2 and 3 show 

strong enrichments in Sr and Ba over Rb and K, suggesting the slab influx is dominated 

by silicate melts. This study attributes this change to the subduction angle and 

morphology of the PHS. In episode 1, the PHS slab subducted at a deep angle, allowing 

formation of OIB magmas in the fore-arc region and IAB magmas in the rear-arc region. 

The continuously subducting PHS would have been heated from the mantle, resulting 

in shallower subduction with time. The change in subduction dip prevents the intrusion 

of deep asthenosphere into the wedge mantle as well as induce the formation of slab 

influxed fluid dominated by silicate melts. This study presume the shallow subduction 

caused a decline in the volcanic activity in episode 2. The further flattening of the slab 

and thermal ablation by the upwelling asthenosphere eventually caused tearing of the 

slab in episode 3. At tears, intense reaction between slab and mantle produced primary 

melts from the slab froming primary andesitic to dacitic magmas commonly referred to 
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as adakite. Also, the slab-derived melts metasomatized the wedge mantle and produced 

IAB magmas. The OIB magmas in episode 3 could have also be formed by melting of 

the mantle upwelled through slab tears. The model developed in the study provides the 

first comprehensive explanation for the evolution of the volcanic arc and production of 

chemically various magmas.  
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1.1.  Global perspective of the Earth magmatism 

Magmatism is one of the most important geological process in the solar system 

(Baker et al., 2005; Lugmair et al., 1991; Wadhwa et al., 2006). On the Earth, the oldest 

magmatic activity have been recorded in the detrital zircon 4.4 Ga in the 

metamorphosed sediments at Jack Hills, Western Australia (Wilde et al., 2001), 

suggesting the oldest granitic melt which produced continental crust existed at least 4.3 

to 4.4 Ga (Menneken et al., 2007; Wilde et al., 2001). Phanerozoic magmatic activities 

have been remarkably preserved in the igneous rocks, even though they were somehow 

chemically and petrologically modified by secondary processes such as thermal 

alteration or metamorphism. As a consequence, the preserved information in igneous 

rocks provides a key to understanding the chemical and thermal conditions present 

during Earth’s evolution. The petrological and geochemical characteristics of magmas 

are strongly related to tectonic setting that is defined by the theory of plate tectonics. 

This theory requires that lithosphere, Earth’s outer shell is separated into many different 

moving rigid plates. They move as a consequence of plastic flow or convection of the 

underlying asthenosphere.  

On the basis of tectonic setting, Wilson (1989) defined four distinct 

environments in which magmas are possibly produced (Figure1-1): (1) Constructive 

plate margins: these divergent plate boundaries include the systems of mid-oceanic 

ridges and back-arc spreading centers; (2) Destructive plate margins: these convergent 

plate boundaries consists of island arcs and active continental margins; (3) Oceanic 

intra-plate settings: oceanic islands; (4) Continental intra-plate settings: containing 

continental flood basalt provinces and continental rift zones, and non-rift related 

potassic and ultrapostassic magmatic provinces. 

More than 90 % of all recent igneous activity is located at or near the plate 

boundaries (Wilson, 1989) (Figure 1-1).Volumetrically, the most dominant sites of 

magma generation at the present time are the divergent plate boundaries or mid-oceanic 

ridges, forming 3 km3/yr of volcanic rocks (Wilson, 1989). At the mid-ocean ridges 

(MOR), diapiric upwelling of upper mantle material results in partial melting by 

adiabatic decompression to form basaltic magma, named mid-ocean ridge basalt 
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(MORB) which is the fundamental material of the oceanic crust. As the oceanic plate 

moves away from the axis of the MOR. The thickness of the oceanic lithosphere 

increases with distance from the MOR, and the oceanic lithosphere eventually sink back 

into the mantle at convergent plate boundaries or subduction zones. The second greatest 

volume of magma generation at the present time, 0.4-0.6 km3/yr of volcanic rocks, have 

been formed at the convergent plate boundaries (Wilson, 1989). These boundaries are 

associated with Island arc (IA) and active continental margins. Magma generation in 

these two environments is broadly similar, but in the latter the geochemical 

characteristics of the magmas may be influenced by continental crustal contamination. 

Behind some volcanic arcs, secondary seafloor spreading occurs, forming back-arc or 

marginal basins, forming back-arc basin basalt (BABB). Furthermore, within both 

oceanic and continental plates active volcanoes occur, often at considerable distances 

from plate boundaries, forming intra-plate volcanic provinces, 0.3-0.4 km3/yr (Wilson, 

1989).  At the intraplate oceanic setting, magma is locally produced by mantle upwelling 

forming the ocean island basalt (OIB). The migration of a relatively fast-moving oceanic 

plate over such a hot spot may form linear chains of islands such as the Hawaiian 

Islands. Magmatism within continental plates is volumetrically insignificant at the 

present time, 0.03-0.1 km3/yr of volcanic rocks (Wilson, 1989), being basically related 

to within-plate rift systems such as the East African rift. 

To investigate chemical compositional characteristics of the mantle-derived 

volcanic rocks and provide their nomenclature, a Harker variation diagram of wt% 

Na2O+K2O versus wt% SiO2 is primarily used.This diagram was used to divide volcanic 

rocks into members of two major magma series, alkali and subalkalic series (Irvine & 

Baragar, 1971). In general, the subalkalic magma series can be subdivided into a high 

alumina or calc-alkali series and a low-K tholeiitic series (Irvine and Baragar, 1971; 

Middlemost, 1975). Subalkalic basalts are the most common type of volcanic rock 

found within both the continents and ocean basins. Low-K subalkalic basalts, or 

tholeiitic basalts, are the dominant magma type generated at mid-oceanic ridges 

(MORB) and within many continental flood basalt provinces. Meanwhile, magmas of 

the calc-alkaline series are mostly restricted to subduction zones. Petrological and 

geochemical characteristics of Island arc volcanic rocks vary regarding thevertical 
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distance above the Benioff zone and, sometimes, laterally along the arc. They are 

closely associated with the stage of evolution of the arc. In general, volcanic arc rocks 

are divided into tholeiitic, calc-alkaline and alkaline types. Tholeiitic magmas have 

typically erupted in young immature arcs, or closest to the trench in more mature arcs 

and active continental margins. The chemical characteristics of volcanic arc rocks are 

obviously much more variable than MORB. The proportions of more evolved lavas are 

greater, particularly dominated in calc-alkaline andesite (Gill, 1981; Wilson, 1989). 

Numerous studies have revealed the distinct chemical characteristics of 

subduction zone magmas in comparison with other tectonic settings (e.g. Class et al., 

2000; Elliott et al., 1997; Gill, 1981; Kelement et al., 2003; Kessel et al., 2005; Miller 

et al., 1994; Pearce et al., 1995; Plank, 2005; Plank and Langmuir, 1993; Stern, 2002; 

Tatsumi and Eggins, 1995; Tatsumi et al., 2003). Experimental data and theoretical 

models supply crucial evidence for elevated solubility of trace elements with larger 

ionic radii and smaller charge in aqueous fluids at upper mantle conditions. The 

characteristic enrichments of the large-ion lithophile element (LILE) or Group 1 and 2 

elements (Cs, Rb, K, Ba, Sr) and depletions of high field strength elements (HFSE) (Nb, 

Ta, Zr, Hf, Ti) have been established for subduction zone magmas. These chemical 

characteristics are compatible with the preferential transport of more fluid-soluble 

elements into the mantle wedge source region. Aqueous or silica-rich fluids released 

from dehydrated materials, the subducted oceanic lithosphere and the downdragged 

mantle wedge, play a key role in inducing partial melting of the overlying mantle wedge 

or the subducting slab and generating the chemical characteristics of subduction zone 

magmas.  
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1.2.  General aspects of subduction zone magamtism 

1.2.1. Spatial distribution of subduction zone volcanoes 

Subduction-related volcanism is one of the fundamental volcanic activities, 

occurring along approximately 55000 km of the convergent plate margins (Stern, 2002). 

It is a key to understand the production of new continental crust and the recycling of 

subducting oceanic lithosphere back into the mantle. Subduction zones are basically 

subdivided into three regions at the surface: the fore-arc, volcanic arc, and back-arc 

(Figure 1-2). The fore-arc is between the the trench, a deep depression in the surface 

topography that lie in between the surface plate boundaries, and volcanic front. The 

volcanic font is defined by the line of volcanoes which aliened parallel to the trench axis 

(Sugimura, 1960). The volcanic arc is the region where subduction-related volcanism 

occurs. The back-arc extends from beyond the volcanic arc. In back-arc region, rifting 

and magmatism taken place with a style physically and chemically similar to that at 

MOR. 

Arc volcanism is restricted to the overriding lithospheric plate where the depth 

to the surface ofsubducting slabis approximately 100 km to 200 km (Tatsumi and 

Eggins, 1995). Some subduction zones are characterized by double volcanic chains both 

of which aligned parallel to the trench. Subduction zone volcanoes also occasionally 

exhibit regular spacing along a volcanic arc. For example, the constant space occurs 

between the Cascade volcanoes; Mount Rainier, Mount St. Helens, Mount Adams, and 

so on. These spatial patterns of volcano distribution are clearly a reflection of the 

underlying regions of magma generation within subduction zones. 

1.2.2. Magmatic genesis model 

Subduction of the underlying plate affect the thermal evolution and chemical 

differentiation of the mantle (Tatsumi & Eggins, 1995). Therefore, studying the 

subduction zone magmatismgives us a key to understand the mantle dynamic and the 

mechanisms of chemical recycling. Because generation of magma occurs at a depth 

where we cannot directly observe, their processes have been estimated by the 

petrological, geophysical, geochemical and experimental studies. The currently 

proposed models generally can be divided into two main groups, depending on whether 
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the subducting oceanic crust or the mantle wedge is believed to be the principal source 

for the arc basalts. 

Experimental work published over the past several decades has shown that a 

combination of partiallymeltedsubducted sediments and metamorphicly dehydrated 

altered oceanic crust (AOC) has the ability to generate the geochemical characteristics 

of island arc magma (Skora and Blundy, 2010; Kessel et al., 2005; Klimm et al., 2008). 

As a result, most studies on subduction zone processes infer that this metasomatized 

mantle model is the primary explanation for material transfer between the slab and the 

mantle (Ryan and Chauvel, 2014; Schmidt and Poli, 2014). In detail, these models of 

slab-mantle interaction may also include fluid flux from dehydrating serpentinite in the 

lithospheric mantle of the subducting plate that either directly metasomatizes the mantle 

wedge or causes melting of sediments and/or AOC as the fluid ascends through the slab 

(Rupke et al., 2004; Ulmer and Trommsdorff, 1995) (Figure 1-4A). 

Physico-chemical framework insubduction zones is considered to explain the 

genesis of arc magma (e.g. Bebout, 2007; King et al, 2006, 2007; Marschall & 

Schumacher, 2012; Nielsen and Marschall, 2007). Mélange formation at the slab-mantle 

interface is believed  to be the physical mixing process that is responsible for the 

geochemical three-component pattern of subduction arc magmas (Figure 1-4B). The 

low mechanical strength of the hydrous mélange rocks triggers the formation of 

mechanical instabilities and the formation of buoyant plumes and diapirs of mélange 

material (Marschall & Schumacher, 2012). Nielsen and Marschall (2017) used a meta-

analysis of geochemical data from eight globally representative arcs to show that melts 

and fluids from individual slab components cannot be responsible for the formation of 

arc lavas. Instead, the data are compatible with models that firsly require physical 

mixing of slab components and the mantle wedge, widely referred to as high-pressure 

mélange, before arc magmas are generated. 

1.2.3. The relationship between slab physical conditions and magmatism 

Age and convergence rate of the subducting oceanic lithosphere affect not only 

the thermal structure of the downgoing slab, and the length of the seismic zone, but also 

a number of other characteristics of subduction zones. Young oceanic lithosphere is 
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relatively thin and hot; consequently it is more buoyant than older oceanic lithosphere 

(Figure 1-3). One would predict, therefore, that young subducting lithosphere will give 

rise to the shallowest dips, as in the case of SW Japan and Chile. The SW Japan andesitic 

to dacitic rocks with the geochemical characteristics of melts derived directly from the 

subducted lithosphere are presentative for the modern arcs where relatively young and 

hot lithosphere is being subducted (Defant and Drummon, 1990). These andesites, 

dacites and sodic rhyolites are usually not associated with parental basaltic magmas. 

Defant and Drummon (1990) suggested that the trace element geochemistry of these 

magmas, termed “adakite”, is consistent with a derivation by partial melting of the 

subducted slab, and in particular that subducting lithosphere younger than 25 Ma seems 

to be required for slab melting to occur. 

 Although the dip of the Wadati-Benioff zone is often approximately 45°, there 

is a great variation in dips, from 90° beneath the Mariana to 10° beneath Peru (Figure 

1-3) (Kearey et al., 2013). It appears that the dip is largely defined by a combination of 

the negative buoyancy of the subducting slab, causing it to sink, and the driving forces 

by the convection of the asthenosphere. Subduction zones with shallow dips have a 

stronger coupling with the overriding plate (Uyeda and Kanamori, 1979), giving rise to 

larger magnitude earthquakes. Shallow dips in turn restrict the flow of asthenosphere in 

the mantle wedge above the subduction zone, probably giving rise to back-arc 

compression rather than extension. 

1.3.  Problematics with Southwest Japan Arc in Young and Hot Subduction 

System 

1.3.1. Geophysical observations 

Thermal regime of the Philippine Sea slab (PHS): Variations in subduction-

zone seismicity and arc magmatism are attributed to be differences in the thermal 

structure and metamorphic reactions taking placein the subducting lithosphere (Peacock 

and Wang, 1999; Peacock, 2003). Current kinematic and dynamical models of 

subduction zones predict cool slab-mantle interface temperatures less than one-half of 

the initial mantle temperature (Peacock, 2003). In the SW Japan subduction zone, where 

the subducting Philippine Sea plate is unusually warm, the predicted interface 
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temperatures beneath the sparse Holocene volcanoes are ~800oC and eclogite 

transformation, slab dehydration reactions, and intermediate-depth seismicity occur at 

<60 km in depth (Peacock, 2003). An excellent comparison of the thermal evolution 

model of steep and shallow subduction zones occurring in NE and SW Japan, 

respectively, suggests that the former is much colder than the latter at a given depth 

(Peacock and Wang, 1999) (Figure 1-5a,b). This difference is shown in Figure 1-5c, 

where the temperature of the subducted SW Japan oceanic crust is typically 300o-500oC 

hotter than that of equivalent portions subducted beneath NE Japan. 

Earthquakes: In SW Japan, the Philippine Sea plate has been subducting along 

the Nankai trough with a velocity of 3 to 5 cm/yr since ca. 15 Ma (Sdrolias et al., 2004). 

As a result of subduction of the Philippine Sea slab, a number of large earthquakes have 

occurred in the overriding plate, along the plate interface, and within the slab (Nakajima 

and Hsegawa, 2007). Earthquakes in the SW Japan region occur down to a depth of 

~200 km under Kyushu Island and to a depth of ~80 km beneath Shikoku. For examples, 

the Nankai (M8.0) and Tonankai (M8.1) earthquakes occurred in 1944 and 1946, 

respectively, along the plate interface, and the Geiyo earthquake (M6.7) occurred in 

2001 within the slab. Two large earthquakes, the Kobe earthquake (M7.2) and the 

western Tottori earthquake (M7.3), occurred in the overriding plate. Obara (2002) found 

that non-volcanic deep tremors have occurred in SW Japan along the strike of the 

Philippine Sea slab over a length of 600 km.  

Seismic observations of PHS slab: The seismicity in the subducting Philippine 

Sea slab (PHS) beneath southwest Japan shows a variety of modes of occurrences. The 

PHS subducting along the Nankai trough shows commonly a single narrow seismic zone 

shallower than 60 km (Seno et al., 2001, Zhao et al., 2012). A recent teleseismic 

tomography shows that the Philippine Sea slab has subducted aseismically down to 

~430 km depth under the Japan Sea (Zhao et al., 2012) (Figure 1-6). Furthermore, 

Abdelwahed and Zhao (2007) suggested that the PHS slab dips gently in the shallow 

part, less than 100 km in depth, beneath Shikoku and dramatically bends down and 

reaches to a depth of 200 km beneath Chugoku, whereas the PHS slab looks fairly 

thicker and deeper beneath Kyushu island. It subducts aseismically westward down to 

350-500 km depth with a steep dipping angle and an apparent thickness of ~60 km.  
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A high-resolution 3-D P-wave velocity model down to 700-km depth clearly 

shows that the PHS has subducted aseismically down to ~460 km depth under the Japan 

Sea, Tsushima Strait and East China Sea (Huang et al., 2013). The aseismic PHS slab 

is visible in two areas: one is under the Sea of Japan off western Honshu, and the other 

is under East China Sea off western Kyushu. However, the aseismic PHS lab is not 

visible between the two areas, where a slab window has possibly been formed (Figure 

1-6). Huang et al. (2013) and Zhang et al. (2012) proposed that the slab window may be 

caused by the subducted Kyushu-Palau Ridge and Kinan Seamount Chain where the 

PHS slab may be segmented.  Hot mantle upwelling is revealed in the big mantle wedge 

above the Pacific slab under the present study region, which may have facilitated the 

formation of the PHS slab window (Zhao, 2015).  

Seismic observations of Crustal structure: The depths to the Moho and Conrad 

discontinuities beneath the SW Japan arc have been estimated by explosion seismology 

and seismic tomography using three-dimensional inversion methods (e.g., Katsumata, 

2010; Salah and Zhao, 2004; Yamane et al., 2012). Salah and Zhao, (2004) estimated 

the Moho depth distribution beneath SW Japan using travel time differences between 

the Moho-reflected and direct waves by collecting 753 PmP and 906 SmS phases from 

50 shallow crustal events. They estimated Moho depth is generally deep at around 32 

km beneath the Chubu district and southern Chugoku, and reached about 40 km in the 

central part of Honshu, northeast part of the study area (Katsumata, 2010; Salah and 

Zhao, 2004). The Moho depth decreases toward the north along the coast of the Sea of 

Japan to around 28-30 km (Salah and Zhao, 2004). The shallow Moho beneath the 

Chugoku district is believed to be related to tensile tectonic activity since the Miocene 

(Katsumata, 2010). 

Seismic observations of Mantle Wedge: The heterogeneous seismic structure in 

the upper mantle of subduction zones was first demonstrated by Utsu (1967) for the SW 

Japan arc. This heterogeneity includes an inclined high-velocity (V) and low-

attenuation, high-Q zone, sandwiched by low-V, low-Q regions on both the volcanic arc 

and oceanic sides.  The inclined high-V, high-Q zone corresponds to the Wadati-Benioff 

zone and the position of the subducting oceanic lithosphere. These observations indicate 

the presence of a relatively hot region within the mantle wedge. The temperature of 
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which has been estimated reaching a maximum of 1000-1100oC, based on the 

experimentally determined seismic properties of upper mantle peridotites (Sato et al., 

1988, 1989). 

Heat flow: Surface heat flow data enable constraints to be placed on the thermal 

state and structure of the Earth’s interior, given knowledge of the thermal gradient and 

thermal conductivity of the underlying materials (Tatsumi and Eggins, 1995). In SW 

Japan subduction zone, heat flow characteristics observed in the fore-arc region show a 

relatively high value (~3 HFU) (Yamano et al., 1984). This atypical situation may be 

explained by the rifting/opening of the Shikoku Basin and subsequently subduction 

beneath the Nankai trough, with extensive release of hot water from the sediments of 

the Shikoku Basin during the initial subduction stages of oceanic plate (Tatsumi and 

Eggins, 1995). 

1.3.2. Spatial distribution of volcanoes in late Cenozoic time 

In SW Japan, Quaternary volcanoes are sparsely distributed on the coastal side 

of the Sea of Japan (Figure 1-7), while Quaternary volcanoes erupted in NE Japan 

forming two subparallel volcanic chains. The occurrence of two volcanic chains within 

a single arc has been emphasized previously by Marsh (1979), which is similar with 

those in the Aleutian, Kamchatka, Kurile, Indonesia, and Scotia arcs. In NE Japan, the 

volcanic chains located vertically at ~100 km to ~200 km above the subducting Pacific 

plate (PAC), and horizontally at ~300 km away from the NE Japan trench (Zhao and 

Tian, 2013). However, the SW Japan volcanic front lies at around ~80 km above the 

subducted PHS plate and approximately 400 km northward from the Nankai trough 

(Zhao et al., 2012). 

Unusual near-trench or fore-arc volcanism has been recognized in a number of 

subduction zones. In the SW Japan arc, the Setouchi volcanoes occur in a fore-arc 

position consisting of high-Mg andesites (HMA). Occurrence of these HMA has been 

attributed to hydrous partial melting of the wedge mantle regarding to the subduction of 

the PHS slab (Tatsumi et al., 2003). 
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1.3.3. Late Cenozoic magmatism diversity 

The magmatism in SW Japan has been active during the last 12 Myr, and shows 

a systematic temporal variation (Kimura et al., 2003, 2005, 2014). In the first 6 Myrs, 

the magmatism is dominated by eruptions of monogenetic volcanoes, which are 

characterized by OIB-like geochemical signatures. Subsequently (6-0 Ma), various 

types of magmas occur, including sub-alkaline basalt, alkaline basalt, HMA, ultrasodic 

and ultrapotassic rocks. In particular, the magmatism in the last 2 Myr dominated 

eruptions of voluminous intermediate to felsic rocks with geochemical signatures 

consistent to be adakites (Defant and Drummond, 1990; Morris, 1995; Feineman et al., 

2013; Kimura et al., 2014). 

The occurrence of various volcanic rock types is a common feature in hot 

subduction zones such as Cascadia consisting of OIB, HMA, adakiticdacite, etc. 

(Leeman et al., 2005; Streck et al., 2007), Baja California consisting of alkali basalt, 

HMA, and adakiticdacite (Calmus et al., 2003), and Central Mexico (Straub et al., 

2011). However, the SW Japan arc is unique among them because of the presence of 

almost all the magma suites except for low-K tholeiite. These geochemical features 

indicate that the volcanism of the SW Japan arc is worth being analyzed extensively. 

1.4.  Incentives and objectives for this study 

Several models have been proposed for the evolution of magmatism in SW 

Japan, including interactions between the mantle plume and metasomatized mantle 

(Nakamura et al., 1985), deep mantle upwelling (Iwamori, 1991; 1992), asthenospheric-

lithospheric interaction (Kakubuchi et al., 2000), and slab-mantle interaction (Kimura 

et al., 2003, 2014; Feineman et al, 2013). These models, however, are based on analyses 

of basalts in a limited period in magmatism, particularly those erupted in Quaternary 

period (<2.6 Ma) or lacking a systematic examination on geochronological and/or Pb, 

Sr, Nd isotopic characteristics.  

In this study, we elaborate on temporal and spatial variation in the late Cenozoic 

magmatism in SW Japan, based on comprehensive data sets including K-Ar dates, 

major- and trace-element abundances, and Sr-Nd-Pb isotopic compositions of mafic 
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lavas collected from 17 provinces in Chugoku district, SW Japan. There are 3 essential 

objectives that I emphasize to resolve as the following: 

(1)  There are two typical models to explain magma genesis in arc volcanism 

such as metasomatised mantle wedge melting and Mélange diaper melting (Nielsen and 

Marschall, 2017). However, it has not been clearly understood which model is more 

applicable for the SW Japan arc volcanism where a variety of magmatic series were 

produced close together. Therefore, it is essential to investigate this volcanism in order 

to understand the mechanism of the magma generation in the young and hot subduction 

zone, SW Japan. 

(2) Reconstructing the historical and geochemical evolution of magmatism in 

the SW Japan arc based on a precise K-Ar dating method and comprehensive 

geochemical and isotopic analyses. 

(3) This study aims to provide a comprehensive model of the evolution of 

subducting Philippine Sea plate morphology that has not been previously understood.  
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Figure 1-1: Global tectonic map showing the occurence of present-day volcanic activity (after Wilson, 1989). 

 

 

Figure 1-2: Schematic profile of a subduction zone showing the fundamental components of subduction zone, 

including crustal and upper mantle parts and their interactions (after Stern, 2002). 
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Figure 1-3: Two types of subduction zone based on the age of the underthrusting lithosphere and the absolute 

motion of the overriding plate, Chilean type and Mariana type (after Stern, 2002). 

 

 
Figure 1-4: Two different end-member models for magma generation in subduction zones. (A) In the conventional 

model, fluids from AOC and sediment melts transported to the region of melting and reacted with ambient mantle 

to form arc magmas.  (B) In the mélange model, AOC, sediments, and hydrated mantle physically mix to form a 

hybrid followed by upwelling and eventually partial melting to form arc magma (extracted from Nielsen and 

Marschall, 2017). 
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Figure 1-5: Thermal models of two typical subduction zones, young and hot in SW Japan versus old and cold in 

NE Japan. (a) NE Japan arc, a cold subduction zone. (b) SW Japan arc, a hot subduction zone. (c) Pressure-

temperature diagram illustrating metamorphic facies and melting relations for basaltic oceanic crust, along with 

trajectories for crust subducted beneath NE and SW Japan. (after Peacock and Wang, 1999). 
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Figure 1-6: A map of the southwest (SW) Japan (modified after Pineda-Velasco et al. (2018, submitted)), showing 

the tectonic setting of this island-arc, tomographic features of the subducting Philippine Sea plate, and seismic 

property of the subducted slab (Zhao et al., 2012). An inset shows the plate configuration around the SW Japan: 

PHS, Philippine Sea plate; PAC, Pacific plate; EUR, Eurasian plate. 



35 

 

 

Figure 1-7: A map showing the distribution of late Cenozoic volcanic clusters and volcanoes in the Chugoku 

district, SW Japan. Seventeen basaltic volcanic fields, including: MSH, Mishima; OTS, Otsu; ABU, Abu; HAM, 

Hamada; KAN, Kanmuri; SER, Sera; KIB, Kibi; KAW, Kawamoto; MEN, Mengame; HIB, Hiba; MAT, Matsue; 

YOK, Yokota; TSU, Tsuyama; KUR, Kurayoshi; N.HYO, northern Hyogo; DAIK, Daikonjima; Oki-Dogo, Oki-

Dogo island. Five adakitic lava fields, including: AON, Aonoyama; OET, Ooe-takayama; SAM, Sambe; WAK, 

Wakurayama; DAI, Daisen. MTL, Median Tectonic Line. Age data referred from literature which are summarized 

in Table 5-6. The map is modified after Kimura et al. (2005). 
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Japan is considered to be a part of the “Ring of Fire”, the belt of earthquakes and 

volcanic activity that categorizes the active margins of the Pacific Ocean from the 

passive margins of the Atlantic Ocean. Since the Mesozoic, subduction-related 

processes strongly influencethe geology of Japan (Sugimura and Uyeda, 1973). Prior to 

the middle of the Cenozoic,the entire length of the Japanese islands was underthrust by 

the Pacific plate (Taira, 2001). At about 45 Ma, tectonic movements changed in the 

western Pacific region and the Philippine Sea plate (PHS) was created to the south. 

From about 32 to 23 Ma, Japan began to rift away from Asia (Jolivet et al., 1994). Sea 

floor spreading in the Sea of Japan created new ocean crust in the backarc region 

between 23 to 12 Ma due to southwest Japan rotating clockwise about 45 degrees, and 

northeast Japan shifting eastward with a small counterclockwise rotation (Ishikawa, 

1997). The Izu-Bonin-Mariana arc simultaneously split with backarc spreading forming 

the Shikoku Basin between 25 to 15 Ma (Karig, 1974; Sdrolias et al., 2004). The 

opening of the Shikoku Basin created new ocean crust that was still hot as it was 

subducted beneath soutwest Japan. The subduction of Shikoku Basin accounts for the 

minor but very anomalous forearc magmatism from 17 to 12 Ma (Hibbard and Karig, 

1990; Kimura et al., 2005). From late Cenozoic to recent time, the tectonics of Japan 

can be explained by the interaction of four plates: Pacific, Philippine Sea, Eurasian and 

North American (Figure 2-1). The eastern part of the Eurasian plate is broken with a 

large fragment, the Amur subplate moving at a slightly different speed and direction 

than the parent plate (Wei and Seno, 1998; Heki et al., 1999). The North American plate 

extends southwards to Japan and has broken off as the Okotsk subplate. The active 

tectonics of northeast Japan are the manifestation of the interactions between the Amur 

and Okhotsk subplates with the Pacific plate. Subduction along the Japan Trench at a 

speed of about 8 cm/year is concurrent with convergence near the eastern edge of the 

Sea of Japan at a speed of 1 to 1.5 cm/year (Okamura et al., 1995). The active tectonic 

of southwest Japan (Kyushu, Shikoku, and southwest Honshu) are caused by the 

movements of the Philippine Sea plate and Amur subplate (Seno, 1977; Taira, 2001). 

Plate convergence beneath southwest Japan is occuring at a speed of ~4 cm/year 

(Kimura et al., 2005; Taira, 2001).  
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Late Cenozoic volcanism in the Chugoku district, in southwestJapan, became 

active during and after opening of the Japan Sea backarc basin (Uto 1989; Otofuji et al. 

1991; Tamaki et al. 1992). This volcanic activity can be divided into three major zones, 

including the Outer, Setouchi and Chugoku zones.The Chugoku zone is further 

subdivided into 3 zones, the Sanyo, San-in and Oki zones. The order of these zones is 

determined by the increasing distance from the Nankai Trough to the backarc side 

(Figure 2-3). The Outer zone is characterized by the presence of I-type, S-type acidic 

rocks and tholeiitic basalts (Kimura et al., 2005). The Setouchi zone is characterizedby 

the occurence of high-magnesium andesites (Tatsumi and Ishizaka, 1982; Shimoda et 

al., 1998), whereas the Chugoku zone is predominantly alkaline basalts. Within the 

Chugoku zone the Sanyo zone isdominated by subalkaline basalts, and the San-in zone 

is associated with andesitic to dacitic lavas (Iwamori, 1991; Kimura et al., 2003, 2005, 

2014). In the Chugoku district, volcanic rocks are grouped into 17 basaltic volcanic 

provinces and 5 adakitic volcanic fields based on their distributions and the mode of 

occurrence (Figures 1-7 and 3-1). Alkaline and subalkaline basalts occurred dominantly 

as monogenetic volcanoes, whereas felsic lavas were erupted in lava flows or volcanic 

domes.  

2.1.  Tectonic history 

The Neogene tectonics surrounding SW Japan started with the opening of the 

Japan Sea (32-12 Ma), followed by the opening of the Shikoku Basin (25-15 Ma) and 

finished with the collision of the Izu-Bonin-Mariana arc (IBM) and Kyushu-Palau Ridge 

(KPR) to center Honshu and Kyushu islands, respectively, as well as the subduction of 

Shikoku Basin beneath Shikoku island in SW Japan. 

2.1.1. Opening of the Sea of Japan 

The opening of the Sea of Japan backarc basin started when a portion of eastern 

Asia separated, forming Japanese islands (Maruyama et al., 1997; Taira, 2001). The Sea 

of Japan opened due to an active subduction zone on the southwestern flank of the 

present Japan (Kimura et al., 2005). Tamaki et al. (1992) concluded that the entire Japan 

Sea was extending from 32 Ma to 10 Ma, during which major opening associated with 

vigorous basin volcanism occurred from 28 to 18 Ma. The Japan Sea started its opening 
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by crustal thinning within the proto-Japan arc. Subsequent rifting and seafloor spreading 

process propagated southwestward during a period when the southern part of the Japan 

Sea was still undergoing crustal thinning, which ceased about 18 Ma. Thinned arc crusts 

and relic pieces of the upper crust of the proto-Japan arc were left in the southern part 

of the Japan Sea as deep sea basins as well as rises and ridges, respectively. Crustal 

thinning and propagating seafloor spreading of thinned crust are identified as the most 

significant processes for the opening of the Japan Sea. 

The trench-trench-trench (TTT) triple junction reached the southern tip of 

Kyushu at about 25 Ma (Kimura et al., 2005). From about 32 to 23 Ma, Japan began to 

rift from Asia (Jolivet et al., 1994). Seafloor spreading in the Sea of Japan,including 

southern Honshu and Shikoku, rotated clockwise about 45 degrees and northeast Japan 

shifted eastward with a small counterclockwise rotation (Ishikawa, 1997). As a 

consequence, the TTT triple junction migrated furthereastward than northward causing 

a highly oblique and very slow convergence beneath southwest Japan. This movement 

resulted in significant left-lateral strike-slip offset along the Median Tectonic Line. As 

the TTT triple junction migrated northwards, the plate interactions along southwestern 

Japan abruptly switched from the subduction of the Pacific plate to the subuduction of 

the Philippine Sea plate (Honza and Fujioka, 2004). 

2.1.2. Izu-Bonin-Mariana Arc (IBM) and Kyushu-Palau Ridge (KPR) evolution 

and the opening of Shikoku Basin 

Prior to ~30 Ma, the Philippine Sea plate primarily consisted of relatively young 

West Philippine Basin crust (25–50 Ma) (Hilde and Lee, 1984) and several island arcs 

(the Palau-Kyushu Ridge, Izu– Bonin Arc and West Mariana Ridge) along its northern 

and eastern borders. Age data of volcanic rocks from the Palau-Kyushu Ridge and Izu–

Bonin Arc suggested that volcanism occurred from approximately 50 Ma (Taylor, 1992; 

Bloomer et al., 1995) and continued along the Palau–Kyushu Ridge until about 27– 29 

Ma (Scott and Kroenke, 1980). The majority of volcanism along the West Mariana 

Ridge occurred between 9 and 20 Ma (Scott and Kroenke, 1980). These volcanic arcs 

were formed by subduction of relatively old Pacific crust under the young and buoyant 

Philippine Sea plate crust along the proto-Izu–Bonin–Mariana trench. Continued 
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subduction and hinge roll-back eventually resulted in the inception of arc rupture 

between the Palau–Kyushu Ridge and the Izu–Bonin–West Mariana Ridge around 30–

29 Ma. Syn-rift basins and linear steep fault scarps along the Palau–Kyushu Ridge 

adjacent to the Parece Vela Basin and steep stepwise scarps, neighboring the Shikoku 

Basin, provided evidence for back-arc rifting (Kobayashi et al., 1995; Okino et al., 

1998). The dating of the backarc-rifting phase close to the Shikoku Basin was possibly 

determined by subsidence studies of the Palau–Kyushu Ridge. Deep sea drilling project 

(DSDP) cores suggest that arc uplift and backarc rifting occurred at 30 Ma adjacent to 

the Shikoku Basin (Kobayashi et al., 1995). 

The Shikoku Basin was created by the backarc spreading of the Izu-Bonin-

Mariana arc from 25 to 15 Ma (Karig, 1974; Sdrolias et al., 2004). The Kyushu-Palau 

Ridge is the remnant arc, nearly 400 km behind the Izu-Bonin-Mariana arc. The earliest 

evidence of seafloor spreading in the Shikoku Basin results from magnetic anomaly 

identifications expressing an age of 25.2 Ma (chron 7o) (Sdrolias et al., 2004). The 

extinct spreading center of the Shikoku Basin is overlapped by a number of large 

volcanic activity called the Kinan Seamount Chain (KSC) (Ishizuka et al., 2009). Their 

morphology and arrangement is inherited from the rotation of the spreading axis during 

the final stage of spreading (Okino et al., 1999). These edifices have basal diameters of 

15–35 km with a relative height of 1000– 3500 m above the basin floor. An 40Ar/39Ar 

age of 15.39±0.11 Ma (Ishii et al., 2000) was recorded from Kii Seamount and K–Ar 

ages of 7.1 and 7.9 Ma were collected from Kosyu Seamount (Katsura et al., 1994; 

Sakamoto and Kim, 1999). Based on this data the KSC is believed to have formed 

during the very final spreading and after the spreading ceased (Ishizuka et al., 2009). 

2.1.3. Shikoku Basin subduction, Izu-Bonin-Mariana Arc (IBM) and Kyushu-

Palau Ridge (KPR) collision with southwestJapan 

The northern margin of the Shikoku Basin has experienced subduction during 

the past 15 Ma (Mahony et al., 2011; Sdrolias et al., 2004). At 15 Ma, the Shikoku Basin 

spreading center and the Kyushu-Palau ridge intersected the plate boundary offshore the 

Ryukyu Islands, southwest of Japan (Figure 2-2A). Lee et al. (1999) suggested that 

subduction of the Pacific plate beneath all of southwest Japan, prior to 15 Ma, was 
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followed by the strike-slip along the boundary between the southwest Japan and 

Philippine Sea plate. Simultaneously, the northern tip of the Izu-Bonin-Mariana arc was 

in contact with central Honshu (Itoh, 1988; Koyama, 1991; Aoike, 1999). The 

impingement point of Izu-Bonin-Mariana arc is located between Kyushu and Shikoku 

Island (Lee et al., 1999). The initial collision at ∼15 Ma is recorded by a succession of 

turbidites in deep troughs in the southern and northern parts of central Honshu (Tateishi 

et al., 1997; Aoike, 1999). Evidence of the subduction of the Shikoku Basin beneath 

SW Japan is given by widespread igneous activity within the fore-arc, close to the 

trench, at 17–13 Ma (Kanoet et al., 1991). 

Between 15 and 10 Ma, the kinematics of the Philippine Sea plate relative to 

Eurasia in the southwest Japan region, are different from today (Mahony et al., 2011; 

Hall et al., 1995). The portion of the southwest Japan plate boundary adjacent to the 

Philippine Sea plate was dominated by left-lateral transpression (Figure 2-2B). The past 

kinematics of Philippine Sea plate motion from Hall et al. (1995) and Sdrolias et al. 

(2004) proposed rapid northeast migration of the position of the Philippine Sea plate–

Pacific plate southwest of the Japan triple junction, the Kyushu-Palau ridge, Shikoku 

Basin spreading center, and the Izu-Bonin-Mariana arc relative to the southwest Japan 

plate boundary. According to Mahony et al. (2011), by 10 Ma, the Kyushu-Palau ridge 

was intersecting the plate boundary offshore southern Kyushu, while the intersection 

point of Shikoku Basin spreading center was positioned close to southwestern Shikoku 

(Figure 2-2B). The Izu-Bonin-Mariana arc point of intersection with the margin at 10 

Ma was just east of the Kii Peninsula, followed by amigration, from 8-6 Ma, bringing 

the arc close to its current position. 

Around 5 Ma, the Philippine Sea plate motion changed and subducted 

northwesterly to the southwest Japan (Mahony et al., 2011). Compared to the 15–5 Ma 

period, from 5 to 2 Ma there is little along-strike transfer of the triple junction and the 

intersection points of the Kyushu-Palau ridge, Izu-Bonin-Mariana arc, and Shikoku 

Basin spreading center (Figure 2-2C). Subduction of the Kyushu-Palau ridge occurred 

beneath northern Kyushu throughout this period, and the Kyushu-Palau ridge collision 

with the subduction margin may have resulted in a counterclockwise rotation of the 
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Kyushu fore-arc (Wallace et al., 2009a), which started ca. 2–5 Ma (Kodama et al., 1995; 

Kodama and Nakayama, 1993).  

The subduction direction of the Philippine Sea plate beneath southwest Japan at 

2 Ma changed from north-northwest to northwest (Yamaji, 2003), causing significant 

volcanic and tectonic consequences, such as the initiation of right strike-slip on the 

Median Tectonic Line (Itoh et al., 1998). This change in plate motion also led to the 

migration direction of the Kyushu-Palau ridge subduction point along the Nankai 

Trough–Ryukyu Trench to shift from northeast to southwest (the Kyushu–Palau ridge 

subduction point currently migrates southwest at 40 mm/yr) (Wallace et al., 2009b).  

2.2.  Volcanic history 

The volcanism in the Chugoku district began 20 Ma and continues to present 

(Uto, 1990). Based on temporal distribution and petrologic types of erupted products, 

volcanic activity is subdivided into 4 stages (Kimura et al., 2005); (stage I) the rifting 

stage of the Sea of Japan back-arc basin (25-17 Ma); (stage II) Opening of the Sea of 

Japan (17-12 Ma); (stage III) Late Tertiary volcanic (12-4 Ma); and (stage IV) Late 

Pliocene-Holocene volcanic arc (4-0 Ma).  

2.2.1. Stage I: Rifting of the Sea of Japan Back-Arc Basin (25-17 Ma) 

Stage-I volcanism was confined to the back-arc regions (Oki Island, Matsue, and 

northern Hyogo), and is characterized by eruptions of sub-alkaline mafic to felsic 

magmas (Figure 2-3A). Asthenospheric injection induced by the rifting of back-arc 

basin (Sea of Japan) is suggested as trigger for the volcanic activity (Pouclet et al., 

1994).  

2.2.2. Stage II: Opening of the Sea of Japan (17-12 Ma) 

At 17 Ma (onset of stage II), the volcanism spread across the entire Chugoku 

zone (Kimura et al., 2005) (Figure 2-3B). In the San-in zone, the eruptions of sub-

alkaline mafic to felsic magmas continued, while in the fore-arc region (Setouchi zone) 

high-magnesia andesite (HMA) erupted during 15–12 Ma (Shimoda et al., 1998; 

Kimura et al., 2005). Mafic intrusions in Cape Ashizuri, Cape Muroto, and Cape Shiono, 

located in the Outer zone, are also regarded as products of the fore-arc magmatism 
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during this stage (Murakami et al., 1983; Miyake, 1985; Hamamoto and Sato, 1987; 

Miyake and Hisatomi, 1985; Iwano et al., 2000; Kimura et al., 2005).  

2.2.3. Stage III: Late Tertiary Volcanic Arc (12-4 Ma) 

At 12 Ma (onset of stage III), eruptions of mafic lava began. These lavas occurred 

as monogenetic volcanoes, distributed sporadically throughout the Chugoku zone 

(Figure 2-3C). Intermediate to felsic eruptions during this stage are recognized in the 

backr-arc regions of Matsue and Oki Islands (Morris et al., 1990, 1997; Kaneko and 

Tiba, 1998; Kimura et al., 2005).  

2.2.4. Stage IV: Late Pliocene-Holocene Volcanic Arc (4-0 Ma) 

The onset of stage IV was marked by a volcanic hiatus at 4–3 Ma, except for the 

Oki volcanic field (Kimura et al., 2003). Volcanic activity wasconfined to the San-in 

zone, and produced variety of rocks, including alkali basalt, sub-alkaline mafic to 

intermediate rocks, and intermediate to felsic rocks (Furuyama et al., 1993a, 1993b; 

Kakubuchi et al., 2000) (Figure 2-3D). In particular, intermediate to felsic rocks show 

geochemical characteristics of magmas commonly referred to as adakite (Morris, 1995; 

Feineman et al., 2013; Kimura et al., 2014; Pineda-Velasco et al., 2015).  

2.3.  Philippine Sea plate structure beneath SW Japan arc 

The major driver of SW Japan tectonics over the last 15 Ma is the ever-evolving 

subduction history of Philippine Sea plate. This contrasts with northeast Japan which 

has been experiencing relatively straightforward, long-lived subduction of the Pacific 

Plate in a northwest direction. The subducting PHS can be spatially split into two parts, 

including young (25-15 Ma) Shikoku basin crust subducting at the Nankai Trough and 

the older Kyushu Palau Ridge (KPR), Eocene-Cretaceous PHS crust, subducting at the 

Ryukyu trench.  

The Philippine Sea plate is subducting at the Nankai trough beneath the southwest 

Japan with a velocity estimated at ~4 cm/yr (Kimura et al. 2003). Various seismic 

observations have been collected and interpreted which provide knowledge of the 

physical properties of the subducting slabs and surrounding mediums (Iidaka and 

Iwasaki, 2009; Zhao et al., 2012, 2015). The configuration of the subducting Philippine 
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Sea plate has been estimated by using seismicity and seismic tomography data. Inthe 

shallower part of the subduction zone, the configuration of the subducting Philippine 

Sea plate has been delineated from seismicity data through a number of inter-plate 

earthquakes that have occurred in that area (Nakajima and Hasegawa, 2007; Zhao et al., 

2012, 2015). The subducting Phillipine Sea plate, under the western part of 

southwestern Japan, has been traced to a depth of about 60 km, which is based on 

seismicity in the PHS slab and local-earthquake tomography (Figure 2-5). However, the 

configuration of the subducting plate remains unclear in the eastern part of these areas 

(Liu et al., 2013; Zhao et al., 2012).It is important to note that the Philippine Sea plate 

changes its subduction angle, shalower in the northeast (Figure 2-4C, D, E) to steeper 

in the southwest (Figure 2-4F, G, H).Furthermore, the Philippine Sea plate not 

clearlydefined or undetected in the deeper part beneath southwest Japan (Figure 2-4A, 

B, E, F).  

The Philippine Sea plate has subducted aseismically down to 460 km depth under 

the Japan Sea (Huang et al., 2013; Cao et al., 2014; Zhao et al., 2012, 2015). The 

aseismic slab is believed to be visible in two areas, the Japan Sea off western Honshu 

and the East China Sea off western Kyushu. However, the aseismic PHS slab is not 

detectable between the two areas, where a slab window might be formed (Zhao et al., 

2012, 2015). The slab window is also thought to be beneath the northeastern part of the 

center of SW Japan (Figure 2-5). Cao et al. (2014) suggests that Kyushu-Palau Ridge 

(KPR) plays an important role in the subduction process of the Philippine Sea plate, 

possibly causing the slab window beneath SW Japan. 

2.4. Previous studies of the late Cenozoic volcanism in SW Japan 

Nakamura et al. (1985) demonstrated that the geochemistry of alkali basalts from 

Japan and eastern Asia varies systematically with distance from the Japanese island-arc. 

Samples from northeastern Japan, relatively close to the Japan Trench, are enriched in 

K, Sr, Ba and Rb and depleted in Ta, Nb and Ti, when compared with samples from 

southwestern Japan. Both sets show an island-arc influence on their compositions, while 

alkali basalts from the back-arc side, including Korea and northeastern China, have 

chemistries that are indistinguishable from ocean island basalts (OIB). Nakamura et al. 
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(1985) suggested that the northeastern island-arc type of alkali basalts (IAB) were 

derived from a normal upper mantle source altered by fluids or melts released from the 

underlying subducted Pacific plate. The extent of this island-arc-related alteration 

decreases with distance from the trench. Nakamura et al. (1990) has further studied the 

trace elements and Nd, Sr isotopic compositions of Cenozoic alkaline basalts and 

tholeiitic basalts from southwestern Japan, including samplesfrom Korea and China as 

well. They suggested that the Cenozoic alkaline basalts from southwestern Japan, Korea 

and China were products of an interaction between a MORB-type mantle and a deep 

mantle plume. Both of these studies explained petrogenesis of alkaline basalts due to an 

interaction between normal mantle like MORB-type mantle with the deep 

mantleupwelling (plume) to form the alkaline basalts in the back-arc regions (SW Japan, 

Korea, and NE China) and an interation between the MORB-type mantle with the 

metasomatized mantle to produce alkaline basaltsin NE Japan.. However, these studies 

have not controlled the temporal variations of those lavas. In addition, the role of 

subducting Philippine Sea plate has not been discussed in the magma genesis model for 

the back-arc alkaline basalts, especially for the alkaline basalts in SW Japan. 

Iwamori (1991) found that chemical compositions of relatively undifferentiatied 

basalts whose systematic across-arc variations SiO2 and Al2O3 increase, and FeO, MgO 

and CaO decrease towardsthe back-arc side. Iwamori (1991) proposed that the chemical 

zonal structure from those basalts can be explained by the systematic change in the 

segregation depths of magma, which was inferred to be caused by mantle upwelling. He 

performed melting experiments on the basalt-H2O-CO2 systems shown that the pressure 

and temperature of magma segregation decrease toward the back arc side (17-19 kbar 

and 1340o-1320oC to 8 kbar and 1250oC), and the coexisting phases change from a 

spinel lherzolite assemblage to a harzburgite assemblage. These P, T conditions formed 

a trend which could be deciphered as a P, T path for adiabatic mantle upwelling. As a 

result, Iwamori (1991) suggested that the basaltic volcanism was probably caused by 

upwelling of a plume from a deep part of the mantle. These mantle upwelling melted at 

the shallow depth to form subalkaline basalts, while other parts melted deeper to 

generate alkaline basalts. Furthermore, Iwamori (1992) applied mass balances for major 

and compatible components among magma showing an increase of degree of melting 
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toward the upwelling center from approximately 4% to 20%. At the center of the mantle 

upwelling domain, the source is anomalously enriched in incompatible elements (up to 

200 times compared with primitive mantle model), except Nb, while that of upwelling 

margin has primitive or slightly enriched concentrations. They explained those chemical 

characteristics were possibly caused by addition of fluid (flux melting) and subsequent 

upwelling of enriched material from the deep mantle. However, they did not mentioned 

the role of subduction components, including the influence of the subducting Philippine 

Sea plate to the magma genesis. Temporal change in the location of volcanoes cannot 

be expalined. Moreover, the magma source has not been discussed in terms of 

radiogenic isotope characteristics. 

Kimura et al. (2003, 2005) proposed that magmatism during the late Cenozoic 

might be formed by undepleted mantle asthernosphere melting, as well as the influence 

of the subducting Philippine Sea plate to produce a variety of magmatic compositions. 

They argued that upwelling-related alkali volcanism continued up to the present, 

whereas fore-arc volcanism ceased at 12 Ma. The volcanic arc narrowed with time as 

the Philippine Sea slab descended and slowly cooled. Adakitic dacites erupted after 1.7 

Ma above the 100-km-depth contour of the subducted Philippine Sea plate, suggesting 

that melt was derived from the interaction of the slab with upwelling asthenosphere. 

They concluded that interactions between upwelled back-arc asthenosphere and the 

subduction of the hot Philippine Sea slab was the main mechanism of the late Cenozoic 

magmatism in SW Japan. This study has given geochemical characteristics of the lavas 

with functions of time and space. However, the mechanism of interaction between 

mantle asthenosphere and subducting slab, and slab melting processes were not clearly 

discussed. The magma source characteristics must not have been well understood, 

because there was lacking of isotopic examinations in their study.  

Kimura et al. (2014) study on lavas that were occurred younger than 5 Ma in SW 

Japanincluded a variety of rock types, such as:Ocean island basalt (OIB), shoshonite 

(SHO), arc-type alkali and subalkali basalts (AB, SAB), high-Mg andesite (HMA), and 

adakite (ADK). They concluded that all of the arc-related magma (AB, SAB, SHO, 

HMA) and adakite was generated from slab melt-induced flux melting of mantle 

peridotite based on their major- and trace- elemental and Pb, Sr, Nd, Hf isotopic 
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compositions. However, there was a problem with Pb isotopic data set (Pineda-Velasco 

et al., 2015) and their conclusions did not mentioned OIB-type magma genesis which 

may strongly reflect mantle dynamics and source characteristics of the mantle 

asthenosphere. In addition, they did not discussed rocks older than 5 Ma in their study. 

Therefore, it is difficult to understand how magmatic evolution and the role of the 

subducting slab to the magma genesis over time. 

Feineman et al. (2013) published a slab melting model to explain the formation 

of adakitic lavas in Daisen volcano. They determined major element, trace element, and 

Sr, Nd, Pb, and U-Th isotopic compositions for a bimodal suite of lavas, including 

mildly alkaline basalts and calcalkaline intermediate suite, that were erupted at the 

Daisen volcanic field in the southwest Japan Arc. The basalts are believed to be 

produced by partial melting of sub-arc mantle. The source of basaltic magma was a 

hybrid mantle composed primarily of sub-arc mantle mixed with ancient enriched 

mantle component like EM1 characteristics. This study supplied a modern 

comprehensive geochemistry to volcanoes in the southwest Japan, however, it is still 

poorly understood how the subduction system in the southwest Japan has evolved. 

Modeling for the evolution of Philippine Sea Plate developed by Pineda-Velasco 

et al. (2018) (submitted) povidesan indepth model to explain a systematic occurrence of 

Quaternary adakitic lavas in SW Japan, including 5 dadakitic volcanic fields: Daisen, 

Wakurayama, Sambe, Oe-Takayama and Aonoyama. They suggested adakitic lavas 

were generated by melting of the slab, where tearing could possibly take place which 

would allow hot mantle upwelling and partially melt the slab. This model is supported 

by a comprehensive geochemical and geochronological analyses for adakitic lavas and 

some associated basalts. The study provided an impressive image of the slab 

morphology in the period younger than 2 Ma. However, they could not control the slab 

morphology back to 12 Ma when the slab had already subducted. 

This study will investigate the slab morphology evolution and the mantle 

dynamics beneath SW Japan will be deciphered through a comprehensive geochemical 

and geochronological approach from the variety of volcanic rock types from late 

Cenozoic. This study focuses on basaltic lavas and some associated felsic lavas, 
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including adakitic lavas (ADK) and normal island arc andesite (IAA) to understand 

magma petrogenesis and mantle source characteristics regarding to the young and hot 

subduction of Philipine Sea plate in last 12 Ma.   
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Figure 2-1: Modern tectonic setting of the Japanese island arc. The locations of active volcanoes that have erupted 

in the last 10.000 years. 
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Figure 2-2: Southwest Japan tectonics from 15 Ma to recent time (after Mahony et al., 2011). The gray shaded 

features are the positions of the Izu-Bonin-Mariana arc (IBM), and Kyushu-Palau ridge (KPR), and the solid black 

line is the position of the Shikoku Basin spreading center (SBSC) at (A) 15 Ma; (B) 10 Ma; (C) 5 Ma; (D) 2 Ma. 

The dashed-outlined portions of the KPR, SBSC, and IBM approximately show the portions of those features that 

have been subducted since (A) 15 Ma; (B) 10 Ma; (C) 5 Ma; (D) 2 Ma. The light-gray dashed lines outline the 

positions of the IBM, SBSC, and KPR at (A) 10 Ma; (B) 5 Ma; (C) 2 Ma; (D) 0 Ma. The black arrows (labeled in 

cm/yr) show approximate Philippine Sea plate–Amurian plate relative rates of motion. The present-day east coast 

Kyushu and Shikoku Island coast line is shown in light gray, while black ones represent the reconstructed coast 

lines. 
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Figure 2-3: Cenozoic volcanic activity in the SW Japan arc before and after opening of the Sea of Japan (after 

Kimura et al., 2005). Arrows in (B) indicate paleomagnetic direction of igneous rocks. MTL—Median Tectonic 

Line, BTL—Butsuzo Tectonic Line, LAT—low alkali tholeiite, ALK—alkali basalt, HMA—high-magnesium 

andesite, ADK—adakitic dacite, MORB—mid-oceanic-ridge basalt, thin lines with numbers in (D)—present 

depth of the Philippine Sea plate slab surface in km; thick line in (D)—marks arc of adakitic volcanic fields. 
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Figure 2-4: Vertical cross-section of P-wave tomography along the profiles shown on the inset map (after Zhao 

et al., 2012). Red and blue colours indicate low and high velocities, respectively. The velocity perturbation (in 

percent) scale is displayed below the inset map. The estimated surface of the subducting Philippine Sea slab is 

demonstrated by a dashed line in each profile.  
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Figure 2-5: Depth countours to the surface of the subducting Philippine Sea slab. The red continuous lines denote 

the shallow sections of the PHS slab estimated from the seismicity in the PHS slab and local-earthquake 

tomography. The blue dotted lines in the Japan Sea and western Kyushu show the upper boundary of the aseismic 

PHS slab estimated from the teleseismic tomography (after Zhao et al., 2012).
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In this chapter, we provide brief descriptions of the geology and petrography of 

the studied volcanic provinces. The late Cenozoic lavas are classified into 17 volcanic 

fields in SW Japan based on their distributions and the mode of occurrence (Figure 3-

1). We have collected 186 mafic and intermediate volcanic rocks from the entire 

Chugoku district in 17 the volcanic provinces (Table 3-1). Geodetic coordination of the 

locality was obtained for all the samples using a GPS receiver (Garmin etrex 10J). 

Samples (~0.5–1 kg) were collected from fresh interior of lavas exposed in outcrops by 

removal of weathered crusts using a sledgehammer. Thin sections were then prepared 

from these samples, and then carefully examined under an optical microscope to select 

the least altered samples (without devitrification and secondary mineralization) for 

geochronological and geochemical analyses. The localities of these samples are shown 

in Table 3-1 and Figure 3-1. 

3.1.  Otsu 

Several flows of olivine-basaltic lavas situated unconformably on middle 

Miocene sediments producing flat lava plateaus around Yuya Bay in the northwestern 

part of Yamaguchi prefecture, refered to as the Otsu region in Figure 3-2 (Uto, 1990). 

Subordinate lava flows with similar petrography are also dispersed around Agawa, lying 

on Paleogene to Cretaceous acidic lavas and granites. Lavas primarilyare olivine basalts 

with no or rare plagioclase and/or pyroxene phenocrysts demonstrating moderately 

alkaline to subalkaline chemistry (Kurasawa and Takashi, 1960; Takamura, 1973). 

We collected ten samples from the Otsu volcanic province, in which five samples 

were selected for geochronological and geochemical analyses (Table 3-1, Figure 3-2). 

The least differentiated sample (OTS-10) was determined by using a scanning electron 

microscope (SEM), which analyzes the major element compositions of the minerals 

within the sample.All the selected samples were investigated forpetrographic 

characteristics using amicroscope, and then were analyzed for major- and trace- 

elemental abundances by a Philips PW2400 X-ray fluorescence (XRF) and an 

inductively coupled plasma mass spectrometry (ICP-MS). Pb isotopic ratios were 

measured on four samples, and Sr-Nd isotopic compositions were obtained fromtwo 

samples (Table 3-1). Five selected samples were dated by K-Ar dating method. 
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3.2.  Mishima 

Late Cenozoic Mishima lavas are characterized by picritic basalts and associated 

andesites of alkaline suites and older sub-alkaline basalts (Nagasaki and Nagao, 1988). 

The picritic basalts dominated by olivine phenocrysts with approximately 15 vol. % 

exhibit chemically and petrographically equilibrium between the olivine phenocrysts 

with the host rock.Nagasaki and Nagao (1988) estimated the pressure of this lava is near 

10kb from the CMAS diagram. The inconsistence of the K2O contents between 

associated basalts and andesites with the picritic basalt, in terms of magma 

differentiation from the same primary magma, indicates that the differentiated lavas are 

probably not the product of fractionation of the piritic basalt. 

We collected fivesamples from this volcanic fieldand analyzed twoof them for 

geochronological and geochemical investigations (Table 3-1, Figure 3-2). The least 

differentiated sample was determined by using the SEM. The two samples were 

analyzed for afull data set of major- and trace- elemental compositions, Pb, Sr, Nd 

isotopic compositions, and K-Ar ages. 

3.3.  Kanmuri 

Kanmuri lava is characterized by both alkaline and calc-alkaline basaltic rocks, 

erupted from the Pleistocene to recent time (Takamura, 1973). These lava suites settled 

on Cretaceous granite and Permian sediments. Ol-cpx basalt to hornblende-bearing 

basalt to hornblende trachyandesite display alkaline chemistry, while hornblende basalt 

and andesite exhibit calc-alkaline affinity (Takamura, 1973; Uto, 1990). 

 Three basaltic sampleswere collected from theKanmuri volcanic field (Figure 3-

3). All of them were dated by K-Ar method and were analyzed for major and trace 

element compositions. Two specimens were analyzed for Pb, Sr, Nd radiogenic 

compositions. 

3.4.  Abu 

The Abu monogenetic volcano group is located in the northwest part of the study 

area (Figure 3-2). More than 40 monogenetic volcanoes are sporadically distributed in 

an area of 400 km2. These volcano group consists of cinder cones, lava flows of alkali 
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basalt, and lava flows and domes of calc-alkali andesite to dacite. The volumes of 

individual volcanoes, generally lava domes or flows with or without pyroclastic cones, 

are ≤ 0.5 km3. The total volume of ejecta of this volcano group is 3 to 4 km3 

concentrated in two stages, around 1.9 Ma and 0.1 Ma, (Kakubuchi et al., 2000). The 

oldest lava sample, dated by Uto (1990), gave an age of 3.6±0.6 Ma, while the youngest 

sample, dated by Kakubuchi et al. (2000), gave an average age of about 40 ka. 

Twenty-six samples were collected from Abu province, in which ten samples 

were selected to determine major and trace element abundances (Figure 3-2). Nine 

samples were dated and analyzed for Pb isotopic composition, while six samples were 

analyzed for Sr, Nd isotope ratios. 

3.5.  Hamada 

SiO2 undersaturated alkali basalts are found in three small lava flows in the 

Hamada region. These basalts commonly erupted together with some mantle and crust 

xenoliths (Uto, 1990). The lavas are a nephelinite at Nagahama (Harumoto, 1952) and 

Nishi-Hamada (Tatsumi et al., 1999), basanites at Noyamadake (Hirai and Arai, 1983) 

and Kawashimo (Uto, 1990), and mild alkaline basalt near Mt. Sambe. Most of these 

lavas presented ages ranging from approximately 6 to 7 Ma (Uto, 1990). 

We collected five samples and chemically analyzed four samples for this study 

(Figure 3-4). Three samples were then selectedfor Pb, Sr, Nd isotopic compositions and 

to date by K-Ar method. One nephelinite sample was analyzed for mineral chemical 

compositions by SEM. 

3.6.  Sera 

More than 30 monogenetic volcanoes are scattered in an area of 750 km2 in the 

northeastern Hiroshima prefecture (Figure 3-5). These volcanoes settle on Permian 

sediments, Cretaceous granites and volcanics, and middle Miocene marine sediments. 

Lavas contain various compositions of SiO2 from SiO2 undersaturated basanite to the 

differentiated trachyte. They were proposed, by Uto (1990) to have been erupted from 

7.7 to 12 Ma, but concentrated around 9.5 Ma. These lavas are petrographically and 

petrochemically classified as follows: picrate-basalt, olivine-basalt, augite-olivine-
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basalt, olivine-augite-hornblende-basalt, andesitic basalt, andesite and hypersthene-

augite-basalt (Takamura, 1967). Among them, hypersthene-augite-basalt contains many 

granitic xenoliths and xenocrystic plagioclase, quartz, pyroxene and hornblende. 

Eleven samples were taken from the Sera plateau (Figure 3-5). Five specimens 

were chosed to date and analyzed for major and trace element concentrations. Four 

samples were analyzed forPb radiogenic ratios, while three samples were analyzed Sr, 

Nd isotopic ratios. 

3.7.  Hiba 

Alkali olivine basalts erupted as lava flows with small volume, less than 1 km3 

each, occurring on top of hills to form ridges of the Chugoku Mountains, and also on 

the southernedge of these ridges (Figure 3-6). Some of these lavas lie on submarine 

sediments (Uto, 1990). Most of the lavas were dated within the range of 10-12 Ma, 

except one sample having an age of 36 Ma (Uto, 1990). 

Seven samples were collected in this volcanic province, in which five samples 

were analyzed for major- and trace- elemental compositions and Pb isotopic 

compositions. Four samples were used to determine ages using the K-Ar method, and 

two samples were analyzed for Sr, Nd radiogenic abundances. 

3.8.  Kibi 

In the Kibi plateau there are 34 small domes containing lavas of basanite, alkali 

olivine basalt and trachyandesite overlying Cretaceous volcanics and granite and middle 

Miocen marine sediments (Takamura, 1973) (Figure 3-7). Most of them form small hills 

with the basal diameters of 300-1000 m and relative heights of 30-150 m, which is 

considered to be volcanic necks and/or minor lava flows. These lavas domes occurred 

in a confined area of 15 km x 25 km. However, they are different from each other in 

terms of lava suites. Uto (1990) proposed that these volcanic necks were pieces of small 

scale monogenetic volcanoes, rather than lavas derived from the same feeder and 

erupted simultaneously in a large scale lava flow. It is suggested that all lavas in Kibi 

province experienced relatively less differentiation with low FeO*/MgO ratios (0.8-

1.5), and high Ni (120-360 ppm) and Cr (170-480 ppm) contents, whereas SiO2 contents 
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fluctuate widely from 45 to 55 wt. % (Uto, 1990). Besides, xenoliths originated from 

crust and mantle are occasionally found in some basanites, such as Aratoyama and 

Nochijinyama (Fujiwara and Arai, 1982). 

We collected nine samples in this volcanic province. Six specimens were chosen 

to investigate major and trace element abundances, whereas five of these specimens 

were dated using the K-Ar method and analyzed for Pb isotopic compositions. In 

addition, three samples were selected to obtain Sr, Nd isotope ratios by TIMS, while 

one of them was selected to examine mineral chemical compositions by SEM. 

3.9.  Kawamoto 

Kawamoto lava is exposed by minette in central Chugoku district (Figure 3-1). 

Whole rock K-Ar age of the minette lava is dated 2.0±0.09 Ma (Matsuura and Uto, 

1986). This age of the minette is very similar to the age of the alkaline olivine basalt 

from Mt. Mengame (1.8±0.2 Ma) (Figure 3-8). The minette petrographicallyconsisted 

of phlogopite phenocryst and sanidine-predominant groundmass, and is rich in K2O (6.3 

wt. %). 

We collected three samples from this province (Table 3-1). One sample wasdated 

using the K-Ar method and analyzed for major and trace element concentrations (Figure 

3-8). 

3.10. Mengame 

Mengame lava contains alkali basalts, constituting basal scoria falls and 

subsequent lava flows, distributed overapproximately 5 km x 3 km, inSW Japan (Uto, 

1990) (Figure 3-1). These alkali basaltic lavas consist of thin lava flows (10-20 m), 

resting unconformably on Cretaceous rhyolites and Palaeogene granitoids. Total 

eruption volume is assumed to be >0.3 km3 (Zellmer et al., 2014). K-Ar age dating 

conducted on a lava sample provided an age of 1.8±0.2 Ma (Matsuura, 1986). 

Four samples were collected from the Mengame field, in which two were dated 

and analyzed for major and trace element compositions (Table 3-1, Figure 3-8). One 

sample was analyzedto determine Pb, Sr, Nd isotopic compositions. 
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3.11. Matsue 

During the late Miocene, there was relatively limited volcanic activity occurred 

in the proximity of Matsue city, and the Tako, Shimane Penishula, after the large scale 

subalkaline volcanic activity had terminated (Figure 3-1). The volcanic activity 

produced alkali olivine basalts and trachyandesites of the Matsue Formation (Takamura, 

1973), and high-alkali tholeiitic basalt and andesite of the Takashibiyama Formation 

(Kano and Yoshida, 1984). The K-Ar ages of these formations exhibit 10-12 Ma (Kano 

and Nakano, 1985). Duringthe early Quaternary, small basaltic volcanism took place in 

the Noro and Daikonjima regions. These lavas are briefly described in the Yokota and 

Daikonjima volcanic fields in the next section. 

Our research group collected three samples from this area. Two samples were 

comprehensively analyzed for major and trace elemental and Pb isotopic compositions 

(Figure 3-9). One sample were dated using the K-Ar method and analyzed for Sr, Nd 

radiogenic isotopes using TIMS. 

3.12. Yokota 

More than 20 small scale lava flows of alkali basalts sparsely distributed in the 

official boder areas of  3 Prefectures of Shimane, Tottori and Okayama, with the side of 

45 km x 25 km (Takamura, 1973) (Figure 3-1). Most of them are flat lava flows, 30 m 

to more than 200 m thick, with surface areas of 1-15 km2, covering Mesozoic granites 

(Uto, 1990). Non-prophyritic olivine basalts rarely contain clinopyroxene phenocrysts, 

and have a relatively variable SiO2 contents ranging from 48.4-53.6 wt% (Uto, 1990). 

The age of these lavas fall within 0.7 to 1.8 Ma, except that of Miyagurayama (2.4±0.2 

Ma) (Uto, 1990). 

We collected thirteen samples from the Yokota volcanic field. Seven samples 

were analyzed for major and trace element determination, while five of these sampels 

were dated and analyzed further for Pb, Sr, Nd isotopic compositions (Figure 3-9). One 

specimen was selected for mineral chemical composition by SEM. 
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3.13. Daikonjima 

Daikonjima is located at between the cities of Matsue and Sakaiminato in eastern 

Shimane Prefecture. This volcanic field is considered to be a low-aspect mafic volcanic 

shield, with an exposed diameter of 3.2 km (Figure 3-1). The young age of the shield is 

shown by the preservation of original features, such as a scoria cone, a series of lava 

tunnels, and four centers of eruption (Morris et al., 1999). Ohnishi (1992) noted that the 

Daikonjima basalt was covered by the 110 ky Daisen Matsue Pumice with apparently 

little time gap, and, as a result, he suggested that the Daikonjima basalt erupted about 

110-120 ky. Morris et al. (1990) further investigated the ages of the samples from 

Daikonjima, providing ages of 0.10±0.12 Ma and 0.07±0.12 Ma. Although proposing a 

young age for the Daikonjima, the large error on these ages need to be further 

investigation in terms of when the eruption occurred. 

Three samples were collected and were used to determine major and trace element 

abundances (Figure 3-9). Two specimens were then analyzed for Pb, Sr, Nd isotopic 

compositions, while one of them was dated by K-Ar dating method. One sample was 

usedto obtain major element compositions of mineral phenocrysts and groundmass by 

using SEM. 

3.14. Tsuyama 

There are about 12 monogenetic volcanoes around Tsuyama city, Okayama 

prefecture (Figure 3-1). They extruded into either middle Miocene sediments, 

cretaceous granites with acidic volcanics or Sangun metamorphic rocks (Uto, 1990). 

Most of these volcanoesare only volcanic necks with basal diameters of 50-300 m, and 

with heights of 10-200 m. There area few lava flows of several km2 and 5-10 m thick, 

similar to Nerigami. Total eruptive volume of lavas and pyroclastics in Tsuyama are 

estimated not to exceed a few km3 (Uto, 1990). All rocks are strongly SiO2 

understaturated basanites and basanitoids with variable K2O content (0.9-2.1 wt%) (Uto, 

1990). Mantle-derived xenoliths have been found from some volcanic centers. Uto 

(1990) dated 5 basanites from this volcanic province giving the age range from 4.4 to 

6.5 Ma, relatively concentrated around 5 Ma. 
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Eight samples were collected from these volcanic centers, in which six samples 

were analyzedfor major and trace element compositions (Table 3-1 and Figure 3-10). 

Five samples were selected for Pb radiogenic isotopes, while four of them were 

analyzed for Sr, Nd isotopic ratios. Three samples were dated by K-Ar method and 

examined for mineral chemical compositions by SEM. 

3.15. Kurayoshi 

The Kurayoshi volcanic field occurred in two lava episodes, ~5 Ma and 3-1 Ma 

(Uto, 1990). In the firstepisode (~5 Ma), several piles of basalt, andesite and dacite lavas 

covered Cretaceous granite and the fluvial sediments bearing uranium ores. These lavas 

yielded the flat-topped plateaus, forming high mountain ridges in the Chugoku district 

(Figure 3-11). Several small basalt flows (<1 km3) are exposed at the southern foot of 

these plateaus. Basalts range from high-alkali tholeiite to alkali olivine basalt. Andesites 

and dacites are porphyritic and contain pyroxene phenocrysts and may contain either 

olivine or hornblende. The chemical compositions indicate that these rocks are 

trachyandite, plotting almost directly on the line between subalkaline and alkaline rocks 

of Kuno (1966). 

In the second episode (~3-1 Ma) basalts and andeistes erupted in Kurayoshi area, 

called the Misasa group (Uto, 1990), distributed to the northern Kuroiwa area (Figure 

3-11). They include various kinds of volcanic rocks, tholeiite basalt, alkali olivine 

basalt, olivine-bearing aphyric andesite and porphyritic hornblende andesite. Kano and 

Nakano (1985) yielded 3.6±0.5 Ma for the aphyric andesite. Tsukui et al. (1985) 

suggested that some aphyric andesites erupted during Quaternary. 

We collected fortysamples ranging from basaltic to andesitic lavas in the 

Kurayoshi volcanic field, including Kurayoshi and Kuroiwa regions. Thirty samples 

were comprehensively analyzed for major and trace element compositions, twenty-one 

samples were dated by K-Ar method (Table 3-1 and Figure 3-11), sixteen samples were 

analyzed forPb, Sr, Nd isotopic compositions, andfour samples were used for mineral 

chemical compositions by SEM. 
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3.16. Northern Hyogo 

Northern Hyogo province is located to the east of the Kurayoshi volcanic field 

(Figure 3-1). During the Pliocene, this lava field contained a range of volcanic rocks 

from calc-alkaline andesite to rhyolite, similar to those in Kurayoshi region. These 

volcanic rocks and fresh-water sediments are interbedded with the lower member of 

volcanics, called Teragi Group (Uto, 1990). The Teragi Group occurred with Miocene 

Hokutan Group, pre-Tertiary metamorphic, sedimentary and ultramafic rocks as the 

basement rocksin the northern Hyogo volcanic field. Many volcanoes rest 

uncomformably on the Teragi Group orerupted along faults between the Teragi Group 

and the Hokutan Group (Figure 3-12). Most of the volcanic rocks are subalkaline to 

alkaline basalts andcalc-alkaline andesites. These lavasare divided into two groups, 

Pliocene and Quaternary, based on K-Ar ages (Furuyama et al., 1993a). Those of 

Pliocene age (Hamasaka, Todoroki and Oya volcanoes) are situated around the 

northwestern and southwestern border of the northern Hyogo region (Figure 3-12). 

Quaternary volcanic activity began at 1.6 Ma at Genbudo and continued until the 

Holocene. This volcanismoriginallybegan in the western and northeastern parts, and 

moved to the central and southeastern parts in this study area. 

Thirty-fives amples from mafic to felsic lavas were collected from this volcanic 

field (Table 3-1). Twenty-two samples were comprehensively analyzed for major and 

trace element compositions (Figure 3-12). Eighteen samples were determined Pb 

radiogenic isotopes, while twelve samples were examined Sr, Nd isotopic compositions. 

Eighteen samples were dated by K-Ar method. 

3.17. Oki 

Oki-Dogo Island, located about 60 km off the coast of SW Japan, consists of 

seven major alkaline volcanic suites that overlie pre-Tertiary basement rock and 

Paleogene calc-alkaline volcanic rock (Yamazaki et al., 1991) (Figure 3-1). The alkaline 

lava suites are well known for the abundant mantle-derived spinel lherzolite nodules 

and lower crust xenoliths (Moriyama, 2006). These alkaline volcanic rocks contain a 

wide range of SiO2 content, varying from SiO2-undersaturated alkali basalts through 

mugearite and trachyte to SiO2-oversaturated alkali rhyolites (Uto, 1990). They have 
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chemically been clarified into two types of lava, subduction-related basalts in older 

alkali basaltic rocks and younger within-plate basalts (Xu, 1988; Nakamura et al., 1989). 

Biostratigraphic studies suggested that older basalts formed during the early Miocene 

(Yamazaki et al., 1991), whereas K-Ar age data on younger volcanic rocks suggest an 

age between 5.5 and 0.6 Ma (Uto et al., 1994). 

Four samples were collectedand were used for a geochemical analyses, performed 

bythe research groupfrom Pheasant Memorial Laboratory (PML), Institute for Planetary 

Materials (IPM) in Okayama University. This study used the four samples from the 

previous study, and one sample was dated using the K-Ar method (Table 3-1, Figure 3-

13).  
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Figure 3-1: A map showing sample locations of 17 late Cenozoic mafic volcanic fields. Five adakitic volcanic 

fields are after Pineda-Velasco et al. (2018, submitted) and Feineman et al. (2013). 

 

 

Figure 3-2: A map showing the spatial distribution of late Cenozoic volcanic rocks in the Otsu, Abu, and Mishima 

volcanic fields. 
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Figure 3-3: A map showing the spatial distribution of late Cenozoic volcanic rocks in the Kanmuri volcanic field. 

 

 

Figure 3-4: A map showing the spatial distribution of late Cenozoic volcanic rocks in the Hamada volcanic field. 
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Figure 3-5: A map showing the spatial distribution of late Cenozoic volcanic rocks in the Sera volcanic field. 

 

 

Figure 3-6: A map showing the spatial distribution of late Cenozoic volcanic rocks in the Hiba volcanic field. 
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Figure 3-7: A map showing the spatial distribution of late Cenozoic volcanic rocks in the Kibi volcanic field. 

 

 

Figure 3-8: A map showing the spatial distribution of late Cenozoic volcanic rocks in the Mengame and 

Kawamoto volcanic fields. 
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Figure 3-9: A map showing the spatial distribution of late Cenozoic volcanic rocks in the Matsue, Daikonjima, 

Yokota and Daisen volcanic fields. 

 

 

Figure 3-10: A map showing the spatial distribution of late Cenozoic volcanic rocks in the Tsuyama volcanic 

field. 
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Figure 3-11: A map showing the spatial distribution of late Cenozoic volcanic rocks in the Kurayoshi volcanic 

field. 

 

 

Figure 3-12: A map showing the spatial distribution of late Cenozoic volcanic rocks in the Northern Hyogo 

volcanic field. 
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Figure 3-13: A map showing the spatial distribution of late Cenozoic volcanic rocks in the Oki volcanic field. 

The sample localities are listed in Table 3-1. 
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Table 3-1: Sample locations (1) 

 
Samples expressed in italics have not been used in this study. 
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Table 3-1: Sample locations continued (2). 

 
Samples expressed in italics have not been used in this study. 
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Table 3-1: Sample locations continued (3). 

 
Samples expressed in italics have not been used in this study. 
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In order to accomplish the objectives for this thesis the research plan has 

followed the classical steps for petrological studies; which are: sampling collection, 

preparation of the samples, thin section and petrographic study and finally geochemical 

analyses of the whole rock. All the analyses have been conducted at the Pheasant 

Memorial Laboratory (PML), Institute for Planetary Materials (IPM), Okayama 

University (Nakamura et al., 2003). This chapter provides the details followed on each 

of the abovesteps. 

4.1.  Sample Collection 

Samples were collected between July 2013 and October 2015. The sampling was 

guided by pre-existing volcanic stratigraphy studies and geological maps of the volcanic 

fields in the study area. Samples were collected using a sledgehammer. The weathered 

outer crust was removed by crushing, and then the fresh interior was recovered. The 

latitudinal and longitudinal coordinate of the sample location was obtained by the GPS 

(global positioning system) device. A total of 186 samples were collected, in which 116 

representative samples were selected for this thesis. 

4.2.  Thin section preparation 

Rock fragments were cut using a diamond saw, followed by polishing with 

several abrasives. Then, these “slabs” were cleaned in an ultrasonic bath, and dried on 

a hotplate. Dried slabs were pasted onto glass plate with epoxy bond. After solidification 

of bond, the rock slab was sliced using diamond saw, then abraded to thickness about 

30 m. Finally, thin section was polished with alumina suspension. 

4.3.  Whole rock powder preparation 

Rock samples were crushed using a hydraulic jack and jaw crusher to obtain 

chips with 5–10 mm fragments. Fresh chips were carefully selected, and chips with 

weathered crusts and cutting planes from the diamond saw were removed. Selected 

chips were cleaned with deionized water in an ultrasonic bath repeatedly until 

supernatant of the deionized water was clean. Then, the chips were dried at 110oC in an 

oven for more than 6 hours. Dried chips were pulverized using an alumina swing mills. 
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4.4.  Major element analyses 

Whole-rock abundances of major elements, Ni and Cr, were determined by X-

ray fluorescence spectrometry (XRF) with a Philips PW2400, using lithium tetraborate 

glass beads (1:10 ratio of sample and flux). The method of major element analysis 

followed Takei (2002). The H2O+content was obtained through the gravimetric method, 

and FeO content was determined using titration (Yokoyama and Nakamura, 2002). 

Relative difference between duplicated analyses generally agreed within 1%. 

Mineral abundances of major elements were determined by scanning electron 

microscope (SEM) with a JEOL JSM-7001F, using an energy-dispersive X-ray 

spectroscopy technique (EDS). The analyses were carried out at an accelerating 

potential of 15 kV and a probe current of 3nA, using a live time of 100s for energy 

dispersive data acquisition. Thin section was made for the sample with a carbon coating 

before analyzing. All major elements were determined by the energy dispersive method.  

4.5.  Trace element analyses 

Whole-rock abundances of trace elements were determined by inductively 

coupled plasma mass spectrometry (ICP-MS) with an Agilent 7500cs. Analyses were 

made on acid-digested samples, prepared by the methods of Yokoyama et al. (1999) and 

Lu et al. (2007). Samples were split into two batches, one for B, Zr, Nb, Hf, and Ta 

(denoted as “B-HFSE method”) analyses, and another for the rest elements (denoted as 

“REE method”). When applying the B-HFSE method, samples were weighed at about 

20 mg in pre-cleaned polypropylene bottles, and decomposed with concentrated HF 

doped with the desired amount of B, Zr, and Hf spikes (Lu et al., 2007). Some samples 

(high Mg and high Ca samples, such as basalts from Tsuyama) were doped with Al 

solution to suppress HFSE precipitation during acid digestion (Tanaka et al., 2003). 

Samples were then decomposed in an ultrasonic bath, followed by evaporation on a hot 

plate (60oC) in a box filled with boron-free air (Makishima et al., 1997). Dried samples 

were re-dissolved into 0.5 M HF in a factor of 800. For applying REE method, samples 

were weighed at about 20 mg in pre-cleaned Teflon vials, and decomposed with 

concentrated HF and HClO4 doped with a Sm spike (Makishima and Nakamura, 2006). 

Samples were then decomposed in an ultrasonic bath, followed by evaporation on a hot 
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plate with stepwise heating (Yokoyama et al., 1999). To ensure the decomposition of 

fluoride, evaporated samples were digested again with HClO4 (Yokoyama et al., 1999) 

and dried again in a same manner. Dried samples were dissolved into HCl (6 M), and 

dried at 120˚C to exchange the form of samples suitable for the dissolving HNO3. Dried 

samples were dissolved into 0.5 M HNO3 in a factor of 1000. 

For determination of element abundance, the isotope-dilution internal 

standardization method was applied following Makishima and Nakamura (2006) and 

Lu et al. (2007). For the B-HFSE method, isotope dilution was applied to determination 

of B, Zr, and Hf, and internal standardization was applied to Nb and Ta in which Zr and 

Hf were used as internal standard elements. For the REE method, isotope dilution was 

applied to Sm, and the rest the elements were determined by internal standardization 

using Sm. All the analyses were duplicated, and generally the results agreed within a 

3% relative difference. 

4.6.  Isotope analyses 

Analyses were made for acid-leached samples. Leaching was applied to 

powdered samples in 6 M HCl at 100oC for 1 hour. The residues after leaching were 

multiply rinsed multiple times with de-ionized water prior to acid decomposition. 

Isotopic analyses were performed by thermal ionization mass spectrometry (TIMS) in 

static multicollection mode using Finnigan MAT 262 (Sr and Nd) and Thermo TRITON 

(Sr, Nd, and Pb). All procedures for chemical separation and instrumental analyses 

followed the methods of Yoshikawa and Nakamura (1993) for Sr, Nakamura et al. 

(2003) for Nd, and Kuritani and Nakamura (2002, 2003) for Pb. Instrumental mass 

biases (IMB) during Sr and Nd isotope analyses were corrected using 86Sr/88Sr = 0.1194 

and 146Nd/144Nd = 0.7219, respectively. The double-spike method was applied for IMB 

correction of Pb isotope analysis (Kuritani and Nakamura, 2003). The standard 

materials yielded the following values: 87Sr/86Sr = 0.710215 ± 0.000021 (2, n = 4 by 

TRITON), 0.710309 ± 0.000017 (2, n = 10 by MAT 262 “SARU”), and 0.710279 ± 

0.000004 (2, n = 7 by MAT 262 “TARO”) for NIST SRM 987; 143Nd/144Nd = 0.511734 

± 0.000003 (2, n = 2 by TRITON), 0.511750 ± 0.000019 (2, n = 9 by MAT 262 

“SARU”), and 0.511731 ± 0.000012 (2, n = 12 by MAT 262 “INU”) for the in-house 
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standard PML-Nd, which are equivalent to 143Nd/144Nd of 0.511870, 0.511886, and 

0.511867, respectively, for La Jolla (conversion factor 1.000266 [Makishima et al., 

2008]); 206Pb/204Pb = 16.9428 ± 0.0026, 207Pb/204Pb = 15.5001 ± 0.0030, and 208Pb/204Pb 

= 36.7288 ± 0.0088, respectively (2, n= 12) for NIST SRM 981, which are comparable 

to the other studies (Kuritani and Nakamura, 2003; Baker et al., 2004). All data shown 

in Table 1 and Figures 11 and 12 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. The Nd values were calculated using (143Nd/144Nd)CHUR = 0.512638 

(Jacobsen and Wasserburg, 1980) after normalization for (143Nd/144Nd)La Jolla = 

0.511860. 

4.7.  K-Ar dating 

Rock samples were examined under an optical microscope, and fresh ones 

without alteration (devitrification or formation of secondary minerals) were selected. 

Crushed samples were sieved to a grain size of 0.18 to 0.25 mm, and phenocrysts were 

removed using a magnetic separator. Determination of Ar was performed by the method 

described in Nagao et al. (1996). The isotope dilution method was employed with static-

vacuum mass spectrometry using the VG5400 system (Micromass). A sample was 

weighed at 500 mg in an alumina capsule, and placed in a vacuumed chamber. Samples 

were baked at 200˚C for more than two days to remove adsorbed gases. Argon was 

extracted by fusion at 1500˚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 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 

system (Shimadzu) (Feyissa et al., 2017). Analytical reproducibility is better than 2%. 

All the analyses were duplicated. During the course of analysis, the reference standards 

were repeatedly analyzed to evaluate reliability of obtained ages. The reference 

standards yielded ages ranging from 3 to 130 Ma, and agree with the previous studies 

within analytical uncertainty (Nagao, 1996; Nakamura et al., 1986).
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5.1.  Rock classification 

Late Cenozoic volcanic rocks from the southwest Japan are classified into two 

rock series, alkaline and sub-alkaline rock series, based on the degree of silica saturation 

(Yoder and Tilley, 1962). The alkaline series lavas yield normative nepheline, whereas 

the sub-alkaline series lavas contain normative hypersthene or quartz. Two series of 

lavas coexist in most volcanic fields in this arc, except for the Sera, Hamada, Kibi and 

Tsuyama volcanic fields where alkaline mafic lavas solely occur. This study also used 

trace-element compositions to classify different types of magma in the Chugoku district, 

consisting of OIB (ocean-island basalt), IAB (island-arc basalt), IAA (island-arc 

andesite), and ADK (adakite) (Figure 5-1).  

Two classification schemes for mafic lavas are not completely consistent with 

each other. Each rock series contain lavas classified into different magma types (Figure 

5-1a). In general, the majority of alkaline mafic lava is classified as the OIB type, and 

the majority of sub-alkaline lavas are categorized into the IAB type. By contrast, all 

intermediate lavas are classified into sub-alkaline rock series, and geochemically 

subdivided into IAA or ADK magma types (Figure 5-1b). Below, we describe 

classification criteria. 

5.1.1. Mafic lavas: OIB and IAB 

Mafic lavas (SiO2<57 wt%) are classified into two magma types, the OIB and 

IAB based on Nb enrichment in trace-element pattern diagrams (Figures 5-23 and 5-

24). The IAB lavas show negative spike of Nb (and Ta), whereas the OIB lavas do not 

have this anomaly. Trace element feature of the IABtype are similar to basaltic magmas 

from island arcs (McCulloch and Gamble, 1991; Shibata and Nakamura, 1997), and 

thus referred to as IAB. The OIBtype exhibits trace-element characteristics analogous 

to those of basalts from intraplate ocean islands (Sun and McDonough, 1989), and thus 

denoted as OIB. 

Enrichment or depletion of Nb in lavas can be quantitatively examined using 

(Nb/La)n or Nb/Nb* (≡Nbn/√(Thn ×Lan)), where subscript n denotes element abundance 

normalized to that of the primitive mantle (McDonough and Sun, 1995). There are 

systematic differences in these ratios between the OIB and IAB lavas. The OIB lavas 
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have (Nb/La)n=0.60–1.77 and Nb/Nb*=0.68–1.60, whereas the IAB lavas exhibit 

(Nb/La)n=0.06–0.71 and Nb/Nb*=0.05–0.67. Figure 5-1a illustrates the discrimination 

of the OIB and IAB mafic lavas. 

5.1.2. Intermediate lavas: ADK and IAA 

All intermediate lavas (SiO2=57–66 wt%) are classified into sub-alkaline series, 

and show trace-element patterns similar to that of IAB lavas.They are  characterized by 

enrichment of large-ion lithophile elements (LILE), such as Cs and Ba, and depletion 

of Nb and Ta (Figure 5-25). These lavas are discriminated into two magma types, 

adakite (ADK) and normal island-arc andesite (IAA) based on Sr/Y ratio (Figure 5-1b). 

The ADK lavas exhibit strong enrichment of Sr and depletion of Y, resulting in high 

Sr/Y ratio, as found in this suite of magmas first documented on Adak Island, located 

in the Aleutians Islands (Defant and Drummond, 1990). The IAA lavas have lower Sr/Y 

than those of ADK. The ADK lavas occur in Abu, Yokota, and Kurayoshi regions, 

whereas the IAA lavas occur in northern Hyogo. 

5.2.  Petrographic description 

5.2.1. Mafic lavas: OIB and IAB 

OIB 

Photomicrographic images of representative samples are shown in Figure 5-2. 

Olivine phenocrysts occur in all OIB lavas. They show euhedral to subhedral shape, up 

to 1 mm in length. Some of the samples are partially to completely altered to iddingsite. 

Clinopyroxene is a common phenocryst phase in alkaline OIB from Abu, Hamada, Kibi 

and Tsuyama. They show euhedral to subhedral prismatic shape, up to 1 mm, and often 

exhibit hourglass sector zoning (Figure 5-2d). Plagioclase phenocrysts occur as 

euhedral to subhedral shape, up to 3 mm, in less magnesian OIB (Sera, Daikonjima, 

Kurayoshi, and northern Hyogo). The groundmass consists of plagioclase, alkali 

feldspar, clinopyroxene, olivine, Fe-Ti oxides, and apatite. Phlogopite and carbonate 

occasionally occur as minor phases. 

An OIB lava from theHamada region is a nephelinite with a strong silica 

deficiency. The lava is aphyric with minor amount of olivine phenocryst (Figure 5-4b). 
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It includes holocrystalline veins (Figure 5-4c, d), consisting of carbonate, feldspar, 

apatite, clinopyroxene, and nepheline (Tatsumi et al., 1999). 

Mafic and ultramafic xenoliths are found in some of the lavas from Hamada, 

Kibi, Tsuyama, and Oki. Olivines disaggregated from these xenoliths are strained with 

undulatory extinction and kink bands (Figure 5-2e). These xenoliths are presumably 

derived from the lowermost crust (Fujiwara and Arai, 1982). 

Describing the detail of petrographic feature and the representative mineral 

chemical compositions of OIB-type lavas is revealed for each volcanic field in the study 

area as below. 

Mishima Mafic lavas exhibit variably aphyric and subporphyritic, with total 

phenocyst abundance up to ~15% (Figure 5-2a). Olivine phenocrysts are virtually 

ubiquitous, and are occasionally accompanied by rare micro-phenocrysts of 

clinopyroxene and plagioclase. The chemical compositions analyzed by SEM have 

given Mg# of 64-85 for the olivine phenocrysts (Table 5-3). Groundmass contains glass, 

micro-olivine, clinopyroxene, plagioclase, Ti-magnetite and minor phlogopite. 

Majorityof micro-olivine is in the matrix, and outer part of the olivine phenocrysts are 

partly altered to iddingsite. 

Kanmuri Mafic lavas exhibit aphyric texture, clinopyroxene phenocryst 

occupying less than 2% of the volume. Plagioclase occurs in the groundmass, and 

typically gather around clinopyroxene and micro-olivine phenocrysts forming trachyte 

characteristics (Figure 5-2b). Reaction texture is rarely observed in the lava, revealing 

the reaction between basaltic melt with crustal material (Takamura, 1967).  

Sera There are many domes of basaltic rocks, which belong mostly to the alkali 

rock series. Their petrographic feature shows aphyric texture and particularly 

porphyrictic texture, with the occurrence of hydrous mineral phases, such as amphibole 

and phlogopite as phenocrysts in the highly alkalinity lavas (SER-05). However, most 

of the hydrous mineralsare partly or completely replaced by opaque minerals. 

Phenocrysts aredominated by olivine, commonly less than 5% (Figure 5-2c). The 

groundmass contains micro-olvine, clinopyroxene, plagioclase and some minor oxides. 
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Kibi In Kibi, there are many domes of basaltic rocks, such as, basanitoid, olivine 

basalt, augite basalt and olivine augite basalt. Most samples show seriate texture, that is 

revealed by olivine and clinopyroxene, the main phenocryst phases (Figure 5-2d). There 

are commonly less than 10% of phenocrysts. However, some samples are characterized 

by the presence of abundant olivine (15-20%), titanaugite (3-5%), and anorthoclase 

(<2%). The chemical composition of these phases were analyzed by SEM showing the 

chemical compositions of the phenocrysts, olivine (Fo70-87), clinopyroxene (Wo40-51), 

and plagioclase (An4-66). Plagioclase is dominated by An50-66. 

Tsuyama Mafic lavas are porphyritic to seriate in texture and contain up to 23% 

of phenocrysts. Most of the Tsuyama basalts have phenocrysts of olivine and 

clinopyroxene (Figure 5-2f). The texture and assemblage of the groundmass is 

intersertal to pilotaxitic, and consists of olivine, clinopyroxene, plagioclase, alkali 

feldspar, opaque minerals, and apatite. Most of basalts in Tsuyama have phlogopitic 

mica, a hydrous mineral, and carbonatite in the groundmass. The chemical compositions 

of phenocrysts and micro-phenocrysts inthe groundmass reveal that the olivine contains 

a Mg-enriched end-member up to Fo89. Clinopyroxene predominantly exhibit Ca-

enriched compositions with Wo41-54, while plagioclase displays a wide range 

proportions of An-Ab-Or end-members, such as, An-poor, relatively Ab- and Or-rich, 

An-rich compositions, An3-8Ab29-45Or48-67, and An48-80Ab4-35Or0-47. 

Hamada OIB-type lavas show aphyric to subporphyric texture with main 

mineral phase of olivine in phenocryst (Figure 5-2e). Olivine have relatively large range 

of Mg-endmember compositions, Fo64-82 (Table 5-3). Olivine, clinopyroxene, and 

plagioclase occur as micro-phenocrysts in the groundmass. Most of the micro-olivine 

has beenaltered to iddingsite in the groundmass. Nephenine is foundabundanclyin the 

groundmass of a mafic lava, called nepheninlite (HAM-01). This lava contains less than 

5% of olivine in phenocryst. Clinopyroxene and plagioclase occur in groundmass with 

compositions Wo48-53 and An74-77, respectively. In addition, there are melilite, Ti-

magnetite and magnetite-ulvospinel in the groundmass. 

Abu OIB-type lavas occur and associate with IAB-type lavas in the Abu region 

(Kimura et al., 2014). The OIB-type lavas are predominated by olivine phenocrysts with 
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~10%. Clinopyroxene is occasionally found in phenocryst with amodal abundance of 

less than 3%. In the groundmass, micro-olivine and clinopyroxene occur with 

plagioclases. There are rare oxide minerals in these lavas. 

Daikonjima OIB-type lavas occurred on Daikonjima Island with small volume 

(less than 0.01 km3). These lavas exhibit porphyritic texture with phenocrysts dominated 

by olivine (8%) and plagioclases (14%) (Figure 5-2h). In addition, these lavas contain 

many voids which are commonly bigger than the phenocrysts. In the groundmass, glass 

is present along with olivine, plagioclase and clinopyroxene. Plagioclase is poor in Or-

poor and An-rich end-members in both the phenocrysts and groundmass (An48-66Ab33-

49Or0-3). Olivine contains a wide range of Mg-rich end-member in phenocrysts and 

micro-phenocryst, Fo37-80. Clinopyroxene is relatively enriched in the end-member of 

Wo in the groundmass (Wo22-40). 

Young Kurayoshi OIB-type lavas occur in small volume within the Kurayoshi 

region. These lavas show aphyric texture with less than 5% of olivine as phenocryst 

(Figure 5-2i). The olivine phenocrysts exhibit relatively low Mg-rich end-member 

compositions, up to Fo64, while plagioclase showsthe highest abundance of An-rich end-

member, An66. Clinopyroxene mainly occurs as a micro-phenocrysts within the 

groundmass asWo33-46 (Table 3-3). The groundmass contains olivine, clinopyroxene, 

Fe-Ti oxides and occationlly phologopite. The abundance of Fe-Ti oxides in these lavas 

may explain for high TiO2observed in the whole rock compositions. 

Northern Hyogo OIB lavas occur in the Kannabe volcano group, and 

occasionally in the Oginosen and Genbudo volcanoes. Aphyric texture characterizes the 

lavas in Kananbe volcano, while subaphyric to porphyritic texture is typical for the lavas 

in the Oginosen and Genbudo volcanoes. The Kannabe volcano group lavas contain less 

than 3% of olivine and rare plagioclase phenocrysts. The groundmass consists of glass, 

clinopyroxene, olivine and plagioclase. The Oginosen and Genbudo volcano 

lavasinclude olivine, clinopyroxene and plagioclase, with the total abundance of 

phenocryst being greater than 10%. The groundmass consists ofolivine, clinopyroxene, 

plagioclase and Ti-Fe oxides, occuring together with a particular phlogopite. 
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IAB 

Olivine is the most common phase, showing euhedral to subhedral shape (up to 

3 mm). Plagioclase and clinopyroxene also occur as major phenocryst or 

microphenocryst. The groundmass usually consists of plagioclase, pyroxene and Fe-Ti 

oxides, exhibiting intersertal or ophitic textures.  

IAB includes specific types of mafic rocks, namely lamprophyre, minette, and 

shoshonite. A lamprophyre occurs in the northern Sera, and includes olivine, 

clinopyroxene, phlogopite, and apatite as phenocryst (Figure 5-4a). The groundmass 

consists of clinopyroxene, phlogopite, apatite, Fe-Ti oxides, and feldspars. A minette 

from Kawamoto region contains phlogopite, apatite, Fe-Ti oxides and alkali feldspar 

(Figure 5-4f). A shoshonitic lava occurs in the Abu volcanic field. 

Matsue IAB lavas erupted approximately 11 Ma, and belong to the Matsue 

formation. The petrographic features showing are unaltered, except for some alteration 

of olivine to iddingsite along cracks of the olivine phenocrysts. The lavas show 

porphyritic texture, with a holocrystalline groundmass. It contains ~10% phenocrysts, 

of which 80% are olivine and 20% are plagioclase. The phenocrysts exhibit euhedral 

shape with crystal sizes ranging from 1-2 mm. Some plagioclase phenocrysts show a 

texture suggesting partial dissolution (Figure 5-3d). The groundmass consists of 

unoriented blocky plagioclase, subordinate granular olivine, anhedral clinopyroxene, 

and scattered opaque oxide. 

Hiba Mafic lavas contain 5-15% olivine, and less than 2% of plagioclase 

phenocrysts (Figure 5-3c). The groundmass consists mainly of olivine, clinopyroxene, 

plagioclase, opaque minerals, and glass. Phlogopite is occasionally found within the 

groundmass. The groundmass is typically unaltered, with the exception of olivine 

micro-phenocrysts to iddingsite, which is rarely observed. 

Otsu IAB in the Otsu region are aphyric to porphyritic (Figure 5-3a, b). They 

contain up to 20% of olivine phenocrysts. Olivine has mostly auhedral to euhedral 

shape, and are commonly less than 1 mm, rarely up to 2 mm, in size (Figure 5-3b). The 

olivine isoccasionally partly or completely altered to iddingsite. Olivine phenocrysts 

and micro-phenocrysts contain wide range of Mg-rich end-member, Fo65-90. 
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Clinopyroxene iscommonly found in the groundmasss with compositions of Wo43-49. 

The groundmass consists mainly of olivine, clinopyroxene, plagioclase, opaque 

minerals and rare phlogopite.  

Old Kurayoshi IAB lavas occurred in two areas, Kurayoshi and Kuroiwa, are 

aphyric to seriate in texture.They contain less than 10% of olivine phenocrysts, and 

occasional plagioclase (Figure 5-3e). The groundmass consisted of olivine, 

clinopyroxene, plagioclase, opaque minerals, apatite and glass. 

Young Kurayoshi Mafic lavas are younger than 3 Ma in this volcanic field, and 

dominantly at around 1 Ma. They show relatively differentiation in the whole rock 

compositions with the range of Mg#=40-60. The texture is mostly aphyric with less than 

5% of olivine phenocrysts and rare plagioclase (Figure 5-3i). The groundmass contains 

olivine, clinopyroxene, plagioclase, titano-magnetite, apatite and ilmenite. 

Clinopyroxene mainly occurs as micro-phenocrysts, up to ~0.3 mm, and occurs in a 

euhedral prismatic shape. 

Northern Hyogo Most of the analyzed basaltic rocks are aphyric, olivine or 

augite olivine basalts. Augite phenocrysts are usually unaltered (Figure 5-4i). Olivine 

phenocryst are occasionally altered partly or completely to iddingsite. Plagioclase 

cumulate is found in the lavas (Figure 5-3j). The groundmass commonly shows 

intergranular or intersertal texture, and contains olivine, augite, plagioclase, iron oxides, 

glass and rare phlogopite. Tatsumi and Koyaguchi (1989) reported the occurrence of 

more magnesian lava of this type, classified as absarokite. Phenocryst mainly consists 

of olivine and phlogopite, with a groundmass composed of olivine, clinopyroxene, 

phlogopite, feldspars, apatite and Fe-Ti oxides. In northern Hyogo, high-Ca and -P 

mafic rock is ocassinally occurred as lava flow. Phenocryst is dominated by 

clinopyroxene (up to 2 mm, ~5%, Figure 5-4i). Olivine occurs as iddingsite 

presudomorph (Figure 5-4j). The groundmass consists of olivine, clinopyroxene, 

feldspar, phlogopite, Fe-Ti oxides, apatite and minor glass. 

Mengame IAB-type lavas exhibit porphyritic texture with euhedral olivine 

phenocryst of 0.5-2.5 mm in length (Figure 5-3g). The Fo contents of the olivine 

phenocrysts are up to Fo91 (Zellmer et al., 2014). Groundmass minerals and 
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microphenocrysts are euhedral to subhedral feldspar, and contains olivine and iron 

oxide minerals as well as interrstitial phlogopite also occurs in the groundmass. 

Yokota IAB-type lavas are alkaline to subalkaline-olivine basalts which exhibit 

aphyric to seriate texture (Figure 5-3h). They contain up to 15% of phenocrysts which 

are composed of olivine, with dark brown spinel inclusions, and occasional 

clinopyroxene and plagioclase. The constituents of groundmass are olivine, 

clinopyroxene, plagioclase, magnetite and ulvospinel. Additionally, there are spinel 

inclusions in host olivine. Olivine shows a relatively high Fo of 74.0-88, compared to 

the basalts in other regions. Clinopyroxene dominated in groundmass with enrichment 

of Wo and En end-members (Wo37-47En42-49Fs7-15) (Table 3-3). There are few 

clinopyroxene having highly enrichment in En and depletion in Wo (Wo3-4En74-76Fs22-

23). Plagioclase contains a wide range of An-poor to An-rich plagioclases (An9-70) within 

the groundmass. 

Abu IAB-type lavas are generally aphyric to porphyritic and carry particularly 

small amounts of phenocrysts, up to 10%. The phenocrysts contain olivine, augite and 

rare plagioclase. Resorbed quartz and plagioclase phenocrysts, which have been often 

referred to collectively as “xenocrysts”, are characteristically in andesitic rocks and 

rarely in basaltic lavas. Particularly, the quartz xenocryst with reaction rim of minute 

pyroxenes is observed in the basaltic lavas (Figure 5-3f). Euhedral to subhedral 

plagioclase, clinopyroxe, magnetite, interstitial alkali feldspar and glass can be observed 

in most of the rocks as groundmass phases. Phlogopite and hornblende occur in 

shoshonitic lava as micro-phenocrysts to phenocrysts. However, most of them were 

replaced by opaque minerals (Figure 5-4g). Furthermore, a cumulate of plagioclase and 

opacitized hornblende is also found in this lava (Figure 5-4h). 

5.2.2. Intermediate lavas: ADK and IAA 

 ADK 

The ADK lavas are subdivided into aphyric and porphyritic types. The aphyric 

lavas occur in Abu and Kurayoshi, and contain phenocrysts (<7%) consisting of 

plagioclase, hornblende, clinopyroxene, orthopyroxene, and Fe-Ti oxides (Figure 5-5a, 

b). Plagioclase shows euhedral prismatic shape, typically less than 2 mm in length. 
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Hornblende occurs as euhedral prismatic crystal, and opacitized. Clinopyroxene and 

orthopyroxene occur as micro-phenocryst, typically less than 0.3 mm. Plagioclase 

exhibits a disequilibrium texture and invert chemical zoning, displayed by partly melted 

or dissolved in the core with An36, and covering by clean plagioclase with An68 in the 

rim (Figure 5-5e). The core of plagioclase is most likely felsic in composition, while the 

rim exhibits more mafic properties. In addition, clinopyroxene phenocryst also shows 

invert chemical zoning phenomenon (Figure 5-5f). Thecomposition of clinopyroxene 

phenocryst exhibits a low abundance of En end-member (En77) in the core anda high 

content of En end-member (En82) in the rim (Table 5-3). Plagioclase dominates the 

groundmass with chemical composition within the range of An38-62. 

Porphyritic lavas occur in Kurayoshi (Figure 5-5c), and contain 20% 

phenocrysts, consisting mainly of plagioclase (10–20%) with subordinate hornblende 

(<5%), clinopyroxene (<1%), orthopyroxene (<3%) and Fe-Ti oxides (<1%). 

Plagioclase shows euhedral shape (up to 3 mm) and often has adusty zone. Hornblende 

exhibits euhedral shape (up to 3 mm), and opacitized at its rim. Clinopyroxene and 

orthopyroxene show euhedral shape (~1 mm). Corroded quartz with pyroxene reaction 

rim occasionally occurs in both types.  The groundmass of both types shows fine-

grained pilotaxitic texture, consisting of plagioclase, pyroxene, silica minerals, Fe-Ti 

oxides, apatite and minor amounts of glass. 

 IAA 

The IAA lavas occur in northern Hyogo region, exhibiting porphyritic texture 

with 10–20% phenocrysts consisting of plagioclase, orthopyroxene, clinopyroxene 

(Figure 5-5d). Plagioclase, up to 2 mm, occurs euhedral to subhedral phenocryst. Some 

plagioclases have disty zone, presumably formed by partial dissolution. Orthopyroxene 

and clinopyroxene occur as euhedral to subhedral phenocrysts (0.3–1 mm), and form 

glomeroporphyritic clots with plagioclase and Fe-Ti oxides. Olivine occurs as a micro-

phenocryst (<0.5 mm), and altered to iddingsite or replaced by carbonates. The 

groundmass exhibits intergranular texture consisting of feldspar, pyroxenes, silica 

minerals, Fe-Ti oxides and minor glass. 
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5.3.  K-Ar age 

The K-Ar ages, obtained for 92 samples in this study, range from 12 to 0.06 Ma 

or younger (Table 5-5). Some lavas from Abu and northern Hyogo do not yielded 

detectable radiogenic 40Ar, consistent with the Holocene age estimated by the other 

methods (e.g., 14C or tephrochronology; Kawamoto, 1990). Figure 5-3 shows the 

longitudinal variation, plotted together with K-Ar ages by previous studies (Furuyama 

et al., 1993a, 1993b; Kakubuchi et al., 2000; Kimura et al., 2003; Morris et al., 1990, 

1997, 1999; Uto, 1990). The data obtained in this study and the previous studies 

essentially agree well with each other (Table 5-5, 5-6). Each field exhibits the duration 

of volcanic activity from 3 to 1 Myrs as suggested by Uto (1996), except for the longer 

volcanic activity in Kurayoshi (5–1 Ma, with 4 Myr interval). 

The ages are compared among the volcanic fields, a broad eastward younging is 

observed from 12 to 3 Ma.The oldest activities are recognized in Mishima and Matsue 

at 12 Ma, followed by volcanism in Otsu, Kanmuri, Sera and Hiba at 10–8 Ma, and then 

by Hamada, Kibi, Tsuyama, Kuroiwa and Kurayoshi at 8–5 Ma. Since 3–2 Ma, the 

volcanic activities have been active in volcanic districts aligned west-to-east along the 

Japan Sea coast (Abu, Mengame, Yokota, Daikonjima, Kurayoshi, and northern 

Hyogo). Mafic volcanic activity in these regions is often accompanied with eruptions 

of adakitic intermediate to felsic lavas (Tamura et al., 2000; Feineman et al., 2013; 

Kimura et al., 2014). The eruption style also exhibits temporal change. During 12 to 6 

Ma, the volcanic activity produced small-volume flows erupting from monogenetic 

volcanoes (0.01 km3) with less than 100 km3 in the volcanic field (Iwamori, 1991; Uto, 

1990). Since 5 Ma, mafic rocks have occurred as voluminous piles of lava flows. In 

particular, during the last 3 Myr, they have been associated with more voluminous 

intermediate to felsic lavas (more than 150 km3: Uto, 1990; Iwamori, 1991; Kimura et 

al., 2003). 

By combining the data from this study with those obtained in previous studies 

(Table 5-6 and reference therein), the variation within each volcanic field are described 

below. 
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5.3.1. Variations within each volcanic field 

Otsu Mafic lavas from five localities yield K-Ar ages of 9.3-8.3 Ma (Figure 5-6, 

Table 5-5), falling within the range of ages, 10.4-7.8 Ma, obtained by Uto (1990). 

Combining the ages by this study and previousstudies results in estimating a volcanic 

duration of 2.6 million years (Myrs). There is no systematic variation in the spatial 

distribution of K-Ar ages. 

Mishima Two basaltic lavas yield the ages of 11.0±0.1 and 11.0±0.2 Ma (Figure 

5-6, Table 5-5), which represents the age of lower stratigraphic unit of this island 

(Nagasaki and Nagao, 1988). The obtained ages are consistent with that obtained for a 

basalt by Toshida et al. (2002) (11.5 Ma). The younger age of 8.2 Ma was for an 

andesitic lava from the uppermost sequence (Toshida et al., 2002), and suggests that the 

volcanic duration was ~3 Myrs. 

Kanmuri K-Ar ages were obtained for two basaltic lavas and one andesitic lava 

(Figure 5-7). Relatively larger uncertainty for the oldest basaltic lava (OIB type, 

11.0±0.5 Ma) is due to high fraction (91%) of atmospheric 40Ar irrespective of its older 

age. The other two lavas with different magma types yielded significantly different ages, 

8.88 Ma for the OIB-type mafic lava and 8.09 Ma for the IAB-type differentiated lava. 

The observed relationship between age and magma type is consistent with the volcanic 

stratigraphy presented by Takamura (1967), as well as the previously obtained ages by 

Uto (1990) (8.9 Ma for basaltic lavas, and 8.2 Ma for a differentiated lava). Due to the 

paucity of available ages, the volcanic duration is poorly constrained to~3 Myrs. 

Hamada TheHamada volcanic field is defined as the mafic lavas sparsely 

distributed in the western Chugoku district (Figure 5-7). Three lavas dated in this study 

show a narrow range (0.5 Myrs) of K-Ar ages, consistent with those obtained by Kano 

and Nakano (1985) and Uto (1990) with the exception of the lavas from the 

southwestern region of the volcanic field. Uto (1990) reported the oldest age, dated at 

7.3 ± 0.3 Ma, leading to the estimation of volcanic duration of ~2 Myrs. 

Sera OIB lavas from this study show the ages ranging from 9.4-8.5 Ma (Figure 

5-8). The lamprophyre from the northern part of Sera, classified as IAB, yields the age 

of 12.0 Ma, which is significantly older than the ages of the other lavas. Uto (1990) 



92 

 

reported an older age (12.0 Ma) for a lava in the northern part of the Sera volcanic field 

as well, but it is not a lamprophyre. The peak activity of this volcanic field is the eruption 

of OIB-type alkaline mafic lavas during 10.1 to 7.7 Ma with a duration of 2.4 Myrs. 

Hiba Four lavas sparsely distributed in 20 x 20km region yielded the ages of 

10.5-9.9 Ma. These ages are essentially identical to those obtained by Uto (1990) (11.6-

9.9 Ma, except for a lava with the age of 12.3 Ma, see Figure 5-8), resulting in the 

estimation of the volcanic duration of ~2 Myrs. 

Kibi The ages range from 8.7 to 6.1 Ma, falling within the range of ages 

previously reported for lavas from this region (9.5-6.6 Ma, Uto, 1990; Kimura et al., 

2003) (Figure 5-8). Systematic spatial variation is not observed for the ages in this study 

and previous studies, suggesting that the volcanism began at about 9 Ma and ceased at 

6 Ma in whole region. 

Abu Ten lava samples were dated resulting K-Ar ages of 2.01 Ma to that younger 

than 0.1 Ma (Figure 5-9). The youngest age obtained for a basaltic lava shows large an 

uncertainty (0.06±0.09 Ma) due to large fraction (99.5-99.8%) of atmosphere-derived 

40Ar. Our K-Ar ages are consistent with those obtained by Uto (1990), Kakubuchi et 

al. (2000), and Kimura et al. (2003). We reaffirm that the volcanism is subdivided into 

two stages, as suggested by Koyaguchii (1986), ~3-1.5 Ma for the older series and 0.8 

Ma to present for the younger series. Transition of the older- to younger-stage activities 

accompanied the westward migration of volcanic locations. An adakitic andesite 

yieldsan age of 0.16±0.01 Ma, consistent with those obtained for adakites in Aonoyama 

volcanic field adjacent to Abu volcanic field (Furuyama et al., 2002) (also Pineda-

Velasco et al. submitted to JGR, 2018). 

Kawamoto The age obtained for the minette lava is 2.26±0.04 Ma (Figure 5-10). 

Matsuura and Uto (1987) obtained a K-Ar age of 2.09±0.09 Ma for lava exposed on a 

different outcrop, located about 1km north of our sample locality. The similarity of ages 

by these two studies suggests that the eruption of minette magma occurred in the short 

interval (0.2 Myrs), during the early Pleistocene. 

 Mengame K-Ar ages of 1.05±0.04 and 1.11±0.04 Ma were obtained for two 

samples collected from the flow on southeastern flank of the volcano (Figure 5-10). 
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Matsuura (1986) reported the age of 1.8±0.2 Ma for a sample collected from the lava 

flow on south flank, directly overlying the basement, which presumably represents the 

onset of Mengame volcanism. We therefore estimate the volcanic duration about 1 

Myrs. 

 Matsue K-Ar age of 11.0±0.2 Ma was obtained for a sample collected from 

basaltic lava flow occurring in the central part of the Matsue volcanic field (Figure 5-

11). Previous studies also yielded ages from 12.1-10.6 Ma for mafic lavas in this 

province (Kano and Nakano, 1985; Uto, 1990; Morris et al., 1990; Morris and Itaya, 

1997). The samples from this study are collected from the lava flow named Agenogi 

basalt by Morris and Itaya (1997), for which the K-Ar age of 11.2±0.8 Ma was 

previously reported by Morris et al. (1990). The duration of volcanic activity is 

estimated to be 1.5 Myrs, in which the systematic shift in volcanic center is not 

observed. 

 Yokota Five lavas yielded K-Ar ages of 2.0-1.2 Ma (Figure 5-11). Combined 

with the ages reported in the previous studies, we estimate the volcanic duration of 1.5 

Myrs from 2.2 to 0.7 Ma (Uto, 1990; Kano et al., 1994; Kimura et al., 2003). The older 

lavas (2.0-1.5 Ma) generally occur in the central part of this region, whereas the younger 

lavas (<1.5 Ma) occur in peripheral regions, as suggested by Kimura (2009). 

 Daikonjima Mafic lavas are distributed on two islands in Daikonjima volcanic 

field, Ejima is located in the east with a maximum elevation of 10 meters above sea 

level (masl), and Daikonjima is located in the west with maximum elevation of 42 mbsl. 

We dated a basaltic lava from Ejima, resulting in a K-Ar age of 0.10±0.04 Ma, 

consistent with the previously reported ages of0.26-0.10 Ma by Morris et al. (1999) and 

Sawada et al.(2009) (Figure 5-11). The lavas from Daikonjima yielded younger ages (< 

0.1 Ma), consistent with volcanic stratigraphy revealed by borehole drilling (Sawada et 

al., 2009). 

 Tsuyama In this study, three mafic lavas yielded K-Ar ages of 6.6-5.6 Ma 

(Figure 5-12). Uto (1990) obtained K-Ar ages of six lavas, ranging from 6.5-4.4 Ma. 

The ages for the lava from Onyama basalt are consistent with these two studies 
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(5.89±0.13 Ma by this study and 5.6±0.2 Ma by Uto (1990)). The duration of volcanic 

activity in this province is estimated to be 2 Myrs. 

 Kurayoshi Volcanic activity in Kurayoshi area is divided into two stages by a 

volcanic hiatus of 4.6-2.8 Ma (Uto, 1990, 1995). The hiatus activity is denoted here as 

the old-stage volcanism, which corresponds to the volcanism occurred in the regions 

previously referred to as Kurayoshi and Kuroiwa-Kogen provinces (Uto, 1990; 

Iwamori, 1991). Eruptive products are IAB-type mafic lavas. We obtained K-Ar ages 

for four mafic lavas, ranging from 5.4 to 4.6 Ma (Figure 5-13), consistent with those 

obtained by the previous studies (Kawai and Hirooka, 1967; Kano and Nakano, 1985; 

Uto, 1990; Kimura et al., 2003). These ages do not show systematic lateral variation in 

the volcanic field, suggesting the eruptions ubiquitously occurred in 1 Myrs.  

The young-stage volcanic activity would begin at ~3 Ma (Figure 5-14), based on 

K-Ar ages of mafic lavas underlying the voluminous intermediate lavas (Uto, 1990, this 

study). We did not find lavas with ages older than3 Ma, as reported in Kano and Nakano 

(1985). The voluminous intermediate lavas yield K-Ar ages of 1.9 to 1.0 Ma, consistent 

with ages of the closely associated mafic lavas (1.0–0.95 Ma). These intermediate lavas 

are characterized by geochemical compositions consistent with adakite (Pined-Velasco 

et al. submitted to JGR, 2018).  

 Northern Hyogo Mafic lavas from the entire region in nothern Hyogo volcanic 

field, resulting in K-Ar ages of 2.7-0.09 Ma. We estimate the duration of volcanic 

activity of about 4 Myrs by integrating our data set with previously published studies 

(Kawai and Hirooka, 1967; Uto, 1990; Furuyama et al., 1993a, 1993b). Three eruptive 

episodes are recognized (Furuyama et al., 1993a). The initial-stage activity is dated at 

8-2.5 Ma, which is characterized by eruptions of IAB mafic lavas and voluminous IAA 

intermediate lavas in the western and southern margins of this volcanic field (Figure 5-

15). In the subsequent period (second stage, 1.8-1.0 Ma), small-volume mafic lavas, 

OIB and IAB, occurred in the eastern and western margins of the volcanic field. Since 

the volcanic hiatus, during 0.9-0.7 Ma (third stage), the volcanic activity has continued 

to recent in eastern part of the volcanic field, producing OIB mafic lavas. 
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 Oki Mafic lavas are distributed across the Oki Islands, specifically Oki-Dogo 

Island and Oki-Dozen Island (Figure 5-16). This study dated a lava from the southern 

part of Oki-Dogo Island, yielding K-Ar age of 0.74±0.02 Ma. Based on the locality and 

age, this lava corresponds to Saigo basalt after Yamauchi et al. (2009). The age of this 

study is consistent with those obtained in the previous studies (0.80–0.63 Ma; Kawai 

and Hirooka, 1967; Uto et al., 1994; Kimura et al., 2003). We compiled K- Ar ages of 

late Miocene to Quaternary lavas (<6.5 Ma). The older mafic lavas, 5–4 Ma, are mainly 

exposed along the eastern and western coasts of the island, whereas the younger mafic 

lavas (<3 Ma) are exposed in the central part and northern and southern terminus of the 

island.  

The Oki-Dozen Island is interpreted to be the remnantsof a caldera wall formed 

by volcanism during 6.3-5.3 Ma (Tiba et al., 2002). A minor volume of young mafic 

lavas occurs on this island, interpreted to have cogenetic relationship with basaltic 

volcanism in Oki-Dogo (Tiba et al., 2002; Kano et al., 2014). The duration of Oki 

magmatism is estimated to be longer than 5 Myrs (Yamauchi et al., 2009). 

5.3.2. Variations among volcanic fields 

In the last 12 Myrs, the earliest volcanic activities occurred in the western and 

central Chugoku district, including Otsu, Mishima, Kanmuri, Sera, Hiba, Matsue, and 

Kibi (Figure 6-1). The volcanic rocks from these regions are dated from 12 to 8 Ma, 

except for some lavas from Kibi with ages younger than ∼6 Ma. The ensuing volcanic 

activity appears to have been shifted eastward, and produced the volcanic fields in 

Hamada, Tsuyama, Oki, and Kurayoshi. During 4–3 Ma, the volcanic activity likely 

declined, based on the paucity of available K-Ar ages, then gradated to the period of 

active eruptions of mafic lavas (∼3 Ma) and adakites (∼2 Ma) throughout the Chugoku 

district. Based on this observation, we define three episodes of volcanism in the 

Chugoku district during the late Cenozoic: (1) episode 1 from 12 to 8 Ma, (2) episode 2 

from 8 to 4 Ma, and (3) episode 3 from 4 Ma to recent. 
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5.4.  Geochemistry 

5.4.1. Major elements 

Episode 1 Major-element compositions show distinctions between OIB and IAB lavas, 

as suggested by the general correlation (Figure 5-1a, 5-17 and 5-18) between magma 

type (OIB and IAB) and rock series (alkaline and sub-alkaline series). The OIB lavas 

have lower SiO2 and Al2O3, and higher TiO2, FeOt and MnO, than those of the IAB 

lavas (Figure 5-20). It is noted that Na2O and K2O contents are similar at a given MgO 

between the OIB and IAB (i.e., alkaline and sub-alkaline series), hence the silica 

saturation dominantly controls in production of petrologically different rock series. 

Among the OIB types, the Mishima lavas have higher SiO2 and Al2O3, and lower TiO2, 

FeOt and MnO, relative to the other OIB lavas in episode 1, presumably being related 

to shallower melting condition. Among the IAB types, the Otsu lavas are different from 

Hiba and Matsue, characterized by higher TiO2, FeOt and P2O5, and lower Al2O3 at a 

given MgO. A lamprophyre from the northern part of Sera (IAB type) shows distinctly 

different compositions from other IAB lavas. This lava has marked depletion of Al2O3 

and enrichment of K2O, P2O5 and, to a lesser extent, CaO, but it shows neither depletion 

in Si nor enrichment in Na. 

Episode 2 There are clear differences in Na2O and K2O contents between the OIB and 

IAB lavas; the former has systematically higher contents of these elements than the 

latter (Figure 5-21). Consequently, all OIB lavas in episode 2 are classified into alkaline 

rock series, whereas all but one of the IAB types are classified into sub-alkaline rock 

series (KUR-17, a basalt form Kurayoshi is classified as alkaline series and IAB type). 

In contrast to lavas in episode 1, the OIB and IAB lavas show similar FeOt and MnO. 

The other elements show a similar relationship to those found in episode 1, including 

SiO2, TiO2, Al2O3, and CaO. Except for Hamada nephelinite, major-element 

compositions of the lavas from Kibi, Hamada, Tsuyama, and Oki overlap with each 

other, except for TiO2 and P2O5 showing different degrees of enrichment (high in the 

Hamada lavas and low in the Tsuyama lavas). A nephelinite from Hamada shows the 

peculiar composition, as characterized by strong deficiencies in SiO2 and Al2O3, and 

excesses in FeOt, CaO, and P2O5, when compared with the other OIB lavas. 
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Episode 3 Major-element compositions of volcanic rocks in episode 3 show large 

variations due to the concurrent occurrence of mafic and intermediate to felsic lavas 

(Figure 5-22). Although the mafic lavas show considerable variation, the OIB lavas 

generally have lower SiO2 and higher TiO2, FeOt and MnO than those of the IAB lavas. 

Among the IAB lavas, Yokota and Mengame lavas have similar features characterized 

by lower TiO2, FeOt, MnO, and higher Al2O3 and Na2O than IAB lavas from the other 

regions. The ADK from Abu and Kurayoshi and IAA lavas form northern Hyogo are 

indistinguishable in major-element compositions. Highly potassic feature is observed 

for shoshonite from Abu and minette from Kawamoto, whereas anomalously high P2O5 

concentration is found in low-Si mafic lavas from northern Hyogo and minette from 

Kawamoto. 

5.4.2. Trace elements 

Episode 1 The OIB and IAB lavas have similar concentrations of compatible and 

moderately incompatible elements (Li, Cr, Ni, and Sr) at a given MgO (Figure 5-26). 

Data of all lavas form general trends of monotonous decreases in Cr and Ni 

concentrations with decreasing MgO. Li and Sr concentrations are coherent at various 

MgO. Incompatible trace elements (Rb, Ba, La, Pb, Y, Zr, Nb, and Th) do not exhibit 

clear correlations with MgO. The OIB and IAB lavas show differences in abundances 

of these elements. The OIB lavas generally have lower abundances of Pb and Th, and 

higher abundance of Y and Nb, than the IAB lavas at a given MgO. The IAB lava from 

Sera, denoted as lamprophyre, has significantly higher concentrations of Li, Ba, La (and 

the other rare earth elements, REE), Pb, Zr (and Hf), and Th (Figure 5-24). 

Episode2 Large variations in Cr ([Cr]=100-920 g.g-1) and Ni ([Ni]=100-510 g.g-1) 

for the OIB type is due to the occurrence of magnesian lavas (Figure 5-27). The IAB 

lavas show smaller variation in Ni and Cr, but have similar concentrations to the OIB 

lavas at a given MgO. The OIB lavas are generally more enriched in incompatible 

elements than the IAB lavas, irrespective of their incompatibilities. Among the OIB 

lavas in episode 2, Hamada lavas are more enriched in incompatible elements, and in 

particular a nephelinite possesses marked enrichment in Ba, La (and the other REE), Y, 
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and Th (Figure 5-23, 5-27). Strontrium and Pb abundances are similar between the OIB 

and IAB. 

Episode 3 Compatible elements Cr and Ni show broad monotonous decreases with 

decreasing MgO in the OIB and IAB lavas (Figure 5-28). Incompatible elements Li, Sr, 

Pb, and Th are more enriched in the IAB lavas than in the OIB lavas, whereas Zr and 

Nb are generally more enriched in OIB. The Oki lavas are the most enriched in 

incompatible elements, whereas the Daikonjima lavas are the least enriched in these 

elements among the OIB lavas in episode 3. Among the IAB, the lavas from Abu, 

Mengame, and Yokota have higher Sr, Ba, and Pb concentrations than those from 

Kurayoshi and northern Hyogo. Some of mica-bearing IAB lavas show strong 

enrichment in incompatible trace elements, including shoshonite from Abu ([Rb]=150 

g.g-1, [Ba]=1500 g.g-1), minette from Kawamoto ([Sr]=3380 g.g-1, [Ba]=2860 g.g-

1, [La]=162 g.g-1, [Zr]=517 g.g-1, [Nb]=50.4 g.g-1, [Pb]=27.8 g.g-1, and [Th]=17.1 

g.g-1); and low-Si, high-P lava from northern Hyogo ([Sr]=3300 g.g-1, [Ba]=1850 

g.g-1, [La]=165 g.g-1). The ADK lavas have lower Y, Zr, and Nb concentrations than 

the associated mafic lavas, suggesting that the ADK are not derived by closed-system 

fractional crystallization from mafic lavas (Figure 5-25 and 5-28). 

5.4.3. Sr-Nd-Pb isotopes 

Episode 1 The OIB and IAB lavas exhibit different isotopic compositions. The OIB 

lavas have lower (87Sr/86Sr)i, (206Pb/204Pb)i, (207Pb/204Pb)i and (208Pb/204Pb)i, and higher 

Ndi than the IAB lavas (Figure 5-29, subscript i denotes age-corrected isotopic 

composition). Among the OIB, the Mishima lavas have the lowest (87Sr/86Sr)i, 

(206Pb/204Pb)i, (207Pb/204Pb)i and (208Pb/204Pb)i, and the highest Ndi. The Kanmuri OIB 

lavas have higher (208Pb/204Pb)i for a given (206Pb/204Pb)i, than the Sera and Kibi OIB 

lavas. The IAB lavas show smaller isotopic variations. In  (87Sr/86Sr)i-Ndi and 

(206Pb/204Pb)i - (207Pb/204Pb)i plots (Figure 5-29a, c), the OIB and IAB lavas fall on 

common linear trends, whereas in the (206Pb/204Pb)i - (87Sr/86Sr)i and (206Pb/204Pb)i - 

(208Pb/204Pb)i diagrams (Figure 5-29b, d), these two types of lavas define distinct linear 

arrays. Both OIB and IAB lavas do not show the clear correlation with MgO within each 

volcanic field (Figure 6-2). 
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Episode 2 The lavas of episode 2 show the correlations among Sr, Nd, and Pb isotope 

compositions similar to those observed in episode 1 (Figure 5-30). The (87Sr/86Sr)i, 

(206Pb/204Pb)i, (207Pb/204Pb)i and (208Pb/204Pb)i of the OIB lavas is lower than those of 

IAB lavas, and Ndi of the OIB lavas is higher than that of the IAB lavas. Two OIB 

lavas (HAM-03 from Hamada and OKI-02 from Oki) deviate from the common Pb-

isotope linear array formed by the other lavas (Figure 5-30c, d). The OIB lavas from 

Kibi and Tsuyama volcanic fields exhibit a positive correlation between MgO and Pb 

isotopic ratios (206Pb/204Pb)i and (208Pb/204Pb)i (Figure 6-3). 

Episode 3 The lavas in episode 3 show larger variation in Sr and Nd isotopic 

compositions and smaller variations in Pb isotopic compositions than those of the lavas 

in episode 1 and 2 (Figure 5-31). The compositions of the OIB and IAB lavas largely 

overlap each other, except for the OIB lavas from Daikonjima and Oki volcanic fields. 

These OIB lavas have higher (207Pb/204Pb)i and (208Pb/204Pb)i for a given (206Pb/204Pb)i  

than the other OIB and IAB lavas in episode 3, a feature is similar to the Hamada (HAM-

03) and Oki (OKI-03) lavas in episode 2. Isotopic compositions of the IAB lavas show 

lateral variations: the lavas of western Chugoku (Abu) have lower (87Sr/86Sr)i, 

(206Pb/204Pb)i, (207Pb/204Pb)i and (208Pb/204Pb)i and higher Ndi, while the IAB lavas from 

Kurayoshi and northern Hyogo have higher (87Sr/86Sr)i, (206Pb/204Pb)i, (207Pb/204Pb)i and 

(208Pb/204Pb)i and lower Ndi. The Mengame and Yokota IAB lavas have intermediate 

compositions. The observed lateral variation in isotopic compositions are similar to 

those of late Cenozoic adakites in the Chugoku district (Pineda-velasco et al., 2015, 

Pineda-Velasco et al. [submitted in 2018]). The ADK has lower(87Sr/86Sr)i, 

(206Pb/204Pb)i, (207Pb/204Pb)i and (208Pb/204Pb)i and higher Ndi than the IAA. The Sr, Nd 

and Pb isotopic compositions of each type of lava in each volcanic field show neither 

significant positive correlations nor negative correlations with MgO (Figure 6-4). 
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Figure 5-1: Geochemical discrimination of late Cenozoic volcanic rocks in Chugoku district. (a) Classification of 

mafic lavas: oceanic island basalt (OIB) and island arc basalt (IAB) types, based on Nb, La, and Th concentrations 

normalized to the primivitive mantle (McDonough and Sun, 1995). Nb/Nb*= 𝑁𝑏𝑛/ √𝑇ℎ𝑛 ∗ 𝐿𝑎𝑛 . (b) 

Classification of sub-alkaline intermediate lavas. Adakitic (ADK) and normal island-arc andesitic (IAA) suites, 

based on Sr and Y concentrations. Compositional fields in each diagram are arbitrarily defined in this study. 

(a) (b) 
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Figure 5-2: Photomicrographic images of OIB-type lavas. (a) Mishima (ABU-28), (b) Kanmuri (KAN-01), (c) 

Sera (SER-09), (d) Kibi (KIB-05), (e) Hamada (HAM-03), (f) Tsuyama (MY-01), (g) Abu (ABU-16), (h) 

Daikonjima (DAIK-02), (i) young Kurayoshi (KURA-03), and (j) the northern Hyogo (HYO-11). Rock series are 

denoted as ALK (alkaline series) or SAB (sub-alkaline series). Mineral abbreviation; ol, olivine (id, iddingsite); 

cpx, clinopyroxene; pl, plagioclase. 
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Figure 5-3: Photomicrographic images of IAB-type lavas. (a) Otsu (OTS-01), (b) Otsu (OTS-10), (c) Hiba (HIB-

07), (d) Matsue (MAT-04), (e) old Kurayoshi (KRW-02), (f) Abu (ABU-11), (g) Mengame (MEN-02), (h) Yokota 

(YOK-03), (i) young Kurayoshi (MIS-04), and (j) northern Hyogo (HYO-03). Rock series are denoted as ALK 

(alkaline series) or SAB (sub-alkaline series). Mineral abbreviations: ol, olivine (id, iddingsite); cpx, 

clinopyroxene; pl, plagioclase; qz, quartz. 
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Figure 5-4: Photomicrographic images of highly-alkaline lavas. (a) Sera lamprophyre (SER-11), (b) olivine in 

Hamada nephelinite (HAM-01), (c) boundary of ‘compacted’ and ‘veined’ regions (Tatsumi et al., 1999) in 

Hamada nephelinite, (d) the veined region in Hamada nephelinite consisting mainly of nepheline with feldspar, 

clinopyroxene, apatite, and carbonate, (e)–(f) Kawamoto minette (KAW-03), (g)–(h) Abu shoshonite (ABU-23), 

and (i)–(j) high-Ca, -P lava from Genbudo area, Northern Hyogo. Rock series are denoted as ALK (alkaline series) 

or SAB (sub-alkaline series), and magma types are denoted as OIB (ocean-island basalt type) and IAB (island-arc 

basalt type), respectively. Mineral abbreviations: phl, phlogopite; ol, olivine (id, iddingsite); cpx, clinopyroxene; 

pl, plagioclase; hb, hornblende. 
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Figure 5-5: Photomicrographic and SEM images of intermediate lavas. (a) aphyric adakite (ADK) from Abu 

(ABU-10), (b) aphyric ADK from Kurayoshi (young series), (c) porphyritic ADK from Kurayoshi (young series), 

and (d) porphyritic island-arc type andesite (IAA) from northern Hyogo (OGI-10), (e) aphyric ADK from 

Kurayoshi (young series, KUR-01), (f) aphyric ADK from Kurayoshi (young series, KURA-02). 
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Figure 5-6: A map showing the spatial distribution of late Cenozoic volcanic rocks from Otsu and Mishima 

volcanic fields. Also shown are the locality of samples from this study and previous studies with K-Ar dating (age 

in Ma; normal face, this study; italic, the previous studies). The ages and locality of samples from the previous 

studies are listed in Table 5-6. 
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Figure 5-7: A map showing the spatial distribution of late Cenozoic lavas from Kanmuri and Hamada volcanic 

fields. Also shown are the locality of samples from this study and previous studies for K-Ar dating (age in Ma; 

normal face, this study; italic, the previous studies). The ages and locality of samples from the previous studies 

are listed in Table 5-6. 
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Figure 5-8: A map showing the spatial distribution of late Cenozoic lavas from Sera, Kibi, and Hiba volcanic 

fields. Also shown are the locality of samples from this study and previous studies for K-Ar dating (age in Ma; 

normal face, this study; italic, the previous studies). The ages and locality of samples from the previous studies 

are listed in Table 5-6. 
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Figure 5-9: A map showing the spatial distribution of late Cenozoic lavas from Abu volcanic field. Also shown 

are the locality of samples from this study and previous studies for K-Ar dating (age in Ma; normal face, this 

study; italic, the previous studies). The ages and locality of samples from the previous studies are listed in Table 

5-6. 
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Figure 5-10: A map showing the spatial distribution of late Cenozoic lavas from Kawamoto and Mengame 

volcanic fields. Also shown are the locality of samples from this study and previous studies for K-Ar dating (age 

in Ma; normal face, this study; italic, the previous studies). The ages and locality of samples from the previous 

studies are listed in Table 5-6. 
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Figure 5-11: A map showing the spatial distribution of late Cenozoic lavas from Matsue, Daikonjima, Yokota, 

and Daisen volcanic fields. Also shown are the locality of samples from this study and previous studies for K-Ar 

dating (age in Ma; normal face, this study; italic, the previous studies). The ages and locality of samples from the 

previous studies are listed in Table 5-6 and also compiled in Pineda-Velasco et al. (2018, submitted). 
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Figure 5-12: A map showing the spatial distribution of late Cenozoic lavas from Tsuyama volcanic field. Also 

shown are the locality of samples from this study and the previous studies for K-Ar dating (age in Ma; normal 

face, this study; italic, the previous studies). The ages and locality of samples from the previous studies are listed 

in Table 5-6. 
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Figure 5-13: A map showing the spatial distribution of mafic lavas from Kurayoshi volcanic field formed during 

5.9–4.6 Ma (denoted as ‘old Kurayoshi’). Also shown are the locality of samples from this study and previous 

studies for K-Ar dating (age in Ma; normal face, this study; italic, the previous studies). The ages and locality of 

samples from the previous studies are listed in Table 5-6. 
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Figure 5-14: A map showing the spatial distribution of late Cenozoic lavas from Kurayoshi volcanic field, which 

formed during ∼3–1 Ma (denoted as ‘young Kurayoshi’). Also shown are the locality of samples from this study 

and previous studies for K-Ar dating (age in Ma; normal face, this study; italic, the previous studies). The ages 

and locality of samples frome previous studies are listed in Table 5-6. 
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Figure 5-15: A map showing the spatial distribution of late Cenozoic lavas from northern Hyogo volcanic field. 

Also shown are the locality of samples from this study and previous studies for K-Ar dating (age in Ma; normal 

face, this study; italic, the previous studies). The ages and locality of samples from the previous studies are listed 

in Table 5-6. 
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Figure 5-16: A map showing the spatial distribution of late Cenozoic mafic lavas (younger than 7 Ma) from Oki 

volcanic field. Also shown are the locality of samples from this study and previous studies for K-Ar dating (age 

in Ma; normal face, this study; italic, the previous studies). The ages and locality of samples from the previous 

studies are listed in Table 5-6. 

 

 

 

 

 

 



116 

 

 

Figure 5-17: Total alkali-silica diagram for classification of the OIB-type mafic lavas from the late Cenozoic 

volcanic fields in the Chugoku district. 

 



117 

 

 

Figure 5-18: Total alkali-silica diagram for classification of the IAB-type mafic lavas from the late Cenozoic 

volcanic fields in the Chugoku district. 
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Figure 5-19: Total alkali-silica diagram for classification of the intermediate lavas from the late Cenozoic volcanic 

fields in the Chugoku district. The ADK denotes adakitic magma type, whereas the IAA denotes normal-island 

arc andesitic magma type. 

 

 



119 

 

 

Figure 5-20: Major-element variation diagrams for volcanic rocks erupted during episode 1 (12-8 Ma). 

 

 

Figure 5-21: Major-element variation diagrams for volcanic rocks erupted during episode 2 (8-4 Ma). Red and 

blue dash lines are the variations of OIB-type and IAB-type lavas in episode 1. 
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Figure 5-22: Major-element variation diagrams for volcanic rocks erupted during episode 3 (4-0 Ma). Red and 

blue dash lines are the variations of OIB-type and IAB-type lavas in episode 2. 
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Figure 5-23: Primitive-mantle normalized trace-element patterns of the OIB-type mafic lavas from the late 

Cenozoic volcanic fields in Chugoku district. Thegray line is the mean composition of alkaline oceanic basalts 

(Sun and McDonough, 1995). 
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Figure 5-24: Primitive-mantle normalized trace-element patterns of the IAB-type mafic lavas from the late 

Cenozoic fields in Chugoku district (shown by blue line with open circle, except for lamprophyre from Sera, 

shoshonites from Abu, minette from Kawamoto, and low-Si, high-Ca, -P lava from northern Hyogo, shown by 

dotted line with filled symbol). The gray line is the mean composition of basalts from the Cascades, a typical 

intracontinental island arc (Schmidt and Jagoutz, 2017). 
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Figure 5-25: Primitive-mantle normalized trace-element patterns of the intermediate lavas from the late Cenozoic 

volcanic fields in Chugoku district. The ADK denotes adakitic magma type, whereas the IAA denotes normal-

island arc andesitic magma type. The black and gray lines are the patterns of the compositions of adakitic dacite 

from Daisen volcano, SW Japan and normal-island arc andesite from Akagi volcano, NE Japan, respectively. 
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Figure 5-26: Selected trace element concentrations (g.g-1) plotted against MgO concentration (wt%) for the 

volcanic rocks erupted during episode 1 (12-8 Ma). 
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Figure 5-27: Selected trace element concentrations (g.g-1) plotted against MgO concentration (wt%) for the 

volcanic rocks erupted during episode 2 (8-4 Ma). 
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Figure 5-28: Selected trace element concentrations (g.g-1) plotted against MgO concentration (wt%) for the 

volcanic rocks erupted during episode 3 (4-0 Ma). 
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Figure 5-29: Correlations between age-corrected 87Sr/86Sr, eNd, 206Pb/204Pb, and 208Pb/204Pb for the volcanic rocks 

erupted during episode 1 (12-8 Ma). Analytical uncertainty (2) is shown as an error bar in the lower-left corner. 

The NHRL (Northern Hemisphere Reference Line) is after Hart (1984). 
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Figure 5-30: Correlations between age-corrected 87Sr/86Sr, eNd, 206Pb/204Pb, and 208Pb/204Pb for the volcanic rocks 

erupted during episode 2 (8-4 Ma). Analytical uncertainty (2) is shown as an error bar in the lower-left corner. 

Red and blue dash lines are the variations of OIB-type and IAB-type lavas in episode 1. The NHRL (Northern 

Hemisphere Reference Line) is after Hart (1984). 
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Figure 5-31: Correlations between age-corrected 87Sr/86Sr, eNd, 206Pb/204Pb, and 208Pb/204Pb for the volcanic rocks 

erupted during episode 3 (4-0 Ma). Analytical uncertainty (2) is shown as an error bar in the lower-left corner. 

Red and blue dash lines are the variations of OIB-type and IAB-type lavas in episode 2. The NHRL (Northern 

Hemisphere Reference Line) is after Hart (1984). 
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Table 5-1: CIPW normative mineral compositions of the studied lavas. 
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Table 5-1: Continued. 

 
Mineral abbreviations: Qz, quartz; Crn, corundum; Or, orthoclase; Ab, albite; An, anorthite; Nph, nepheline; Di, 

Diopside; Hyp, hyperthene; ol, olivine; Mag, magnetite; Ilm, ilmenite; Ap, apatite; Lct, leucite; Cs, Ca-disilicate 

Rock series: ALK, alkaline series (Nph normative); SAB, sub-alkaline series (absence of normative Nph) 

Trace, less than 0.1 % 

The Fe3+/Fe ratio (molar) of 0.1 was used for calculation. 
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Table 5-2: Phenocryst assemblage of representative samples. 

 
Rock series: ALK, alkaline series; SAB, sub-alkaline series 

Magma type: IAB, island-arc basalt; OIB, ocean-island basalt; ADK, adakitic intermediate suite; IAA, island-arc 

andesite suite 

Mineral abbreviations: Ol, olivine; Pl, plagioclase; Cpx, clinopyroxene; Opx, orthopyroxene; Ox, Fe-Ti oxides; 

Hb, hornblende; Phl, phlogopite 

Mineral abundance: ++, abundant; + common; -, rare 
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Table 5-3: Representative chemical compositions of mineral phases (1). 

 
FeO* total iron as FeO. Cation numbers are calculated on the basis of 24 oxygens. Abbreviations: IAB, island arc basalt; OIB, ocean island basalt; AB, alkaline basalt; SAB, 

subalkaline basalt; IAA, island arc andesite; ol, olivine; cpx, clinopyroxene; plag, plagioclase; mag, magnetite; me, melilite; ilm, ilmenite; phl, phlogopite; qtz, quartz; ru, rutite; 

mag-sp, magnetite-ulvospinel; phe, phenocryst; GM, groundmass (microphenocryst). 
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Table 5-3: Representative chemical compositions of mineral phases (2). 

 
FeO* total iron as FeO. Cation numbers are calculated on the basis of 24 oxygens. Abbreviations: IAB, island arc basalt; OIB, ocean island basalt; AB, alkaline basalt; SAB, 

subalkaline basalt; IAA, island arc andesite; ol, olivine; cpx, clinopyroxene; plag, plagioclase; mag, magnetite; me, melilite; ilm, ilmenite; phl, phlogopite; qtz, quartz; ru, rutite; 

mag-sp, magnetite-ulvospinel; phe, phenocryst; xen, xenolith; GM, groundmass (microphenocryst). 
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Table 5-3: Representative chemical compositions of mineral phases (3). 

 
FeO* total iron as FeO. Cation numbers are calculated on the basis of 24 oxygens. Abbreviations: IAB, island arc basalt; OIB, ocean island basalt; AB, alkaline basalt; SAB, 

subalkaline basalt; IAA, island arc andesite; ol, olivine; cpx, clinopyroxene; plag, plagioclase; mag, magnetite; me, melilite; ilm, ilmenite; phl, phlogopite; qtz, quartz; ru, rutite; 

mag-sp, magnetite-ulvospinel; phe, phenocryst; GM, groundmass (microphenocryst). 
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Table 5-3: Representative chemical compositions of mineral phases (4). 

 
FeO* total iron as FeO. Cation numbers are calculated on the basis of 24 oxygens. Abbreviations: IAB, island arc basalt; OIB, ocean island basalt; AB, alkaline basalt; SAB, 

subalkaline basalt; IAA, island arc andesite; ol, olivine; cpx, clinopyroxene; plag, plagioclase; mag, magnetite; me, melilite; ilm, ilmenite; phl, phlogopite; qtz, quartz; ru, rutite; 

mag-sp, magnetite-ulvospinel; phe, phenocryst; re, reaction zone, GM, groundmass (microphenocryst). 
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Table 5-4: Locality, major- and trace-element concentrations, and Sr-Nd-Pb isotopic compositions of late Cenozoic volcanic rocks from SW Japan (1). 

 
Rock series: ALK, alkaline series; SAB, sub-alkaline series. Magma type: IAB, island-arc basalt; OIB, ocean-island basalt. Analyses denoted as “n.a.” indicate non-available. 

The Ndi is calculated using the CHUR Sm/Nd of 0.196 and 143Nd/144Nd of 0.512630 (Bouvier et al., 2008). 
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Table 5-4: Locality, major- and trace-element concentrations, and Sr-Nd-Pb isotopic compositions of late Cenozoic volcanic rocks from SW Japan (2). 

 
Rock series: ALK, alkaline series; SAB, sub-alkaline series. Magma type: IAB, island-arc basalt; OIB, ocean-island basalt. Analyses denoted as “n.a.” indicate non-available. 

The Ndi is calculated using the CHUR Sm/Nd of 0.196 and 143Nd/144Nd of 0.512630 (Bouvier et al., 2008). K-Ar age expressed in italic is inferred age, used to calculate initial isotope ratios 
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Table 5-4: Locality, major- and trace-element concentrations, and Sr-Nd-Pb isotopic compositions of late Cenozoic volcanic rocks from SW Japan (3). 

 
Rock series: ALK, alkaline series; SAB, sub-alkaline series. Magma type: IAB, island-arc basalt; OIB, ocean-island basalt. Analyses denoted as “n.a.” indicate non-available. 

The Ndi is calculated using the CHUR Sm/Nd of 0.196 and 143Nd/144Nd of 0.512630 (Bouvier et al., 2008). K-Ar age expressed in italic is inferred age, used to calculate initial isotope ratios 
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Table 5-4: Locality, major- and trace-element concentrations, and Sr-Nd-Pb isotopic compositions of late Cenozoic volcanic rocks from SW Japan (4). 

 
Rock series: ALK, alkaline series; SAB, sub-alkaline series. Magma type: IAB, island-arc basalt; OIB, ocean-island basalt. Analyses denoted as “n.a.” indicate non-available. 

The Ndi is calculated using the CHUR Sm/Nd of 0.196 and 143Nd/144Nd of 0.512630 (Bouvier et al., 2008). K-Ar age expressed in italic is inferred age, used to calculate initial isotope ratios 
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Table 5-4: Locality, major- and trace-element concentrations, and Sr-Nd-Pb isotopic compositions of late Cenozoic volcanic rocks from SW Japan (5). 

 
Rock series: ALK, alkaline series; SAB, sub-alkaline series. Magma type: IAB, island-arc basalt; OIB, ocean-island basalt. Analyses denoted as “n.a.” indicate non-available. 

The Ndi is calculated using the CHUR Sm/Nd of 0.196 and 143Nd/144Nd of 0.512630 (Bouvier et al., 2008). K-Ar age expressed in italic is inferred age, used to calculate initial isotope ratios 
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Table 5-4: Locality, major- and trace-element concentrations, and Sr-Nd-Pb isotopic compositions of late Cenozoic volcanic rocks from SW Japan (6). 

 
Rock series: ALK, alkaline series; SAB, sub-alkaline series. Magma type: IAB, island-arc basalt; OIB, ocean-island basalt. Analyses denoted as “n.a.” indicate non-available. 

The Ndi is calculated using the CHUR Sm/Nd of 0.196 and 143Nd/144Nd of 0.512630 (Bouvier et al., 2008). K-Ar age expressed in italic is inferred age, used to calculate initial isotope ratios
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Table 5-5: Results from K-Ar dating for the volcanic rocks from Chugoku district, SW Japan (1). 
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Table 5-5: Results from K-Ar dating for the volcanic rocks from Chugoku district, SW Japan (2). 
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Table 5-5: Results from K-Ar dating for the volcanic rocks from Chugoku district, SW Japan (3). 

 



146 
 

Table 5-5: Results from K-Ar dating for the volcanic rocks from Chugoku district, SW Japan (4). 

 
(40Arrad), Abundance of radiogenic 40Ar 
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Table 5-6: Compilation of K-Ar ages for the volcanic rocks from SW Japan (1). 
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Table 5-6: Compilation of K-Ar ages for the volcanic rocks from SW Japan (2). 
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Table 5-6: Compilation of K-Ar ages for the volcanic rocks from SW Japan (3). 
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Table 5-6: Compilation of K-Ar ages for the volcanic rocks from SW Japan (4). 
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Table 5-6: Compilation of K-Ar ages for the volcanic rocks from SW Japan (5). 

 
Geographic coordinates of samples are estimated from the map or local area names 

Rock type (mineral abbreviations): ol, olivine; cpx, clinopyroxene; hb, horblende; bt, biotite 

** 40Ar/39Ar age 

* Non-detectable radiogenic 40Ar 
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6.1.  Volcanic history reconstructed by K-Ar ages 

6.1.1.  Volcanic activity in episode 1 

Volcanic activity in episode 1 occurred in seven volcanic fields including Otsu, 

Mishima, Kanmuri, Sera, Hiba, Matsue, and Kibi, from west to east (Figure 6-1). The 

volcanism in Kibi began at the latter quarter of episode 1 (9 Ma), and continued into the 

early period of episode 2. Except for the Kanmuri and Sera volcanic fields, OIB and 

IAB lavas do not coexist in individual volcanic regions (it is also noted that the IAB 

lava in Sera occurs at the location adjacent to Hiba). In general, IAB lavas occur in the 

rear-arc region (Otsu, Hiba, and Matsue volcanic fields), whereas OIB lavas occur in 

the fore-arc region (Kanmuri, Sera, and Kibi), except for Mishima. 

6.1.2.  Volcanic activity in episode 2 

Mafic lavas formed in episode 2 are distributed in five volcanic fields, the 

Hamada, Oki, Kibi, Tsuyama, and Kurayoshi fields (denoted as old Kurayoshi volcanic 

activity). For Oki volcanism, we focus only on basaltic eruptions that occurred in the 

last 6 Myrs, yet it has a prolonged history of 20 Myrs (Kimura et al., 2005; Yamauchi 

et al., 2009; Kano et al., 2014). Volcanic activity in this period is dominated by eruptions 

of OIB lavas, and IAB activity is confined in the eastern part of the Chugoku district 

(Kurayoshi volcanic field) in the latter quarter of episode 2 (∼5 Ma). 

6.1.3.  Volcanic activity in episode 3 

Volcanic activity in episode 3 is characterized by (1) widespread eruptions of 

mafic lavas throughout the entire Chugoku district and (2) voluminous emplacements 

of adakitic intermediate to felsic lavas in association with monogenetic mafic eruptions 

(Feineman et al., 2013, Pineda-Velasco et al., 2017 (submitted)). Figure 6-1 shows the 

longitudinal variation in K-Ar ages, plotted together with the ages obtained by the 

previous studies. The ages obtained in this study are essentially identical to those 

obtained in previous studies. Volcanic activities in each field show a duration of 1–4 

Myrs, except for the prolonged activity in the Oki volcanic field (6.4 to 0.55 Ma) and 

the shorter activities (< 1 Myrs) in the Mishima, Matsue, Kawamoto, Mengame, and 

Daikonjima volcanic fields. 
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The oldest activities occurred in the central to western regions in the Chugoku 

district. Eruptions of mafic lavas began at 12–11 Ma in the Mishima, Kanmuri, Sera, 

Hiba, and Matsue volcanic fields, and at 10–9 Ma in the Otsu and Kibi volcanic fields. 

The volcanism during 12–9 Ma produced both the OIB and IAB lavas. The OIB lavas 

occur in the Mishima, Kanmuri, Sera, and Kibi volcanic fields, whereas the IAB lavas 

occur in the Otsu, Kanmuri, Hiba, and Matsue volcanic fields. Except for in the 

Kanmuri, two magma types do not coexist in each volcanic field. 

Eruptions of the mafic lavas in the other regions began at 8–6 Ma, including the 

Hamada, Oki, and Tsuyama volcanic fields. These activities were coincident in time 

with middle to late stage activity of the Kibi volcanic field. All the lavas are classified 

into the OIB type, and include nephelinite from the Hamada region. Kimura et al. (2005) 

also reported the OIB-type signature for the lavas in this period from the Oki volcanic 

field. In the ensuing period (<6 Ma), the IAB magmatism became active in the coastal 

region of the Sea of Japan; Abu at ∼3 Ma, Kurayoshi at ∼6 Ma and ∼3 Ma, Yokota at 

∼2.5 Ma, and the northern Hyogo at ∼4 Ma. The mafic lavas in these regions include 

both the OIB and IAB types. 

Since 3 Ma, the volcanic activities have been dominated by eruptions of adakitic 

intermediate to felsic lavas (Tamura et al., 2000; Feineman et al., 2013; Kimura et al., 

2014). A small volume of mafic eruptions occurred in Kawamoto (2.2–2.1 Ma), 

Mengame (1.8–1.1 Ma), and Daikonjima (0.26–0.1 Ma). The IAA type andesites also 

occurred in the northern Hyogo (3–2 Ma). 

6.2.  Post-melting processes 

6.2.1. Fractional crystallization 

The volcanic rocks from the Chugoku district show a wide variation in MgO, 

ranging from 15 to 2 wt%. Positive correlations of MgO–CaO, MgO–Cr, and MgO-Ni 

suggest that fractioanl crystallization (or accumulation) of clinopyroxene and olivine (± 

spinel) from primary melts can account for elemental variation (Figures 5-20, 21, 22 

and 5-26, 27, 28). A broad negative correlation of Al2O3 and MgO may suggest that 

plagioclase is a minor phase crystallized from or preferentially retains in mafic magmas 

due to its low density. Crystallized phase assemblage based on major element variations 
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are generally consistent with the occurrences of phenocrysts, except for clinopyroxene 

(Table 5-2). Olivine is the most common phase, particularly in less differentiated mafic 

lavas, whereas plagioclase shows various abundances irrespective of whole-rock MgO 

(Figures 5-2, 3, 4, 5). In contrast to these two phases, clinopyroxene mostly occurs as 

microphenocryst and in relatively minor amounts. The difference between modal-based 

and chemistry-based estimates for the extent of clinopyroxene crystallization is known 

as ‘cryptic clinopyroxene fractionation’ (Thompson, 1972). 

To further examine the role of fractional crystallization, whole-rock 

compositions are projected onto a normative olivine (Ol)-diopside (Di)-hyperthene 

(Hyp)-nepheline (Nph)-quartz (Qz) plot, shown in Figures 6-5, 6, 7. On this plot, the 

cotectic boundaries at various pressures are also shown after Thompson et al. (2007). It 

is clearly shown that with increasing pressure, the cotectic boundary moves away from 

the Di apex. This suggests that clinopyroxene crystallizes earlier under higher pressure. 

Our data for mafic lavas mostly plot below the 1-atm cotectic line, but show the trend 

sub-parallel to this cotectic line (except for highly alkaline lavas in episode 2). These 

observed trends are interpreted as a result of polybaric fractional crystallization of 

clinopyroxene associated with olivine. The OIB lavas in episodes 1 and 2 plot close to 

the Ol-Di plane, which acts as a thermal divide (Yoder Jr and Tilley, 1962), and extend 

toward Nph apex. This trend is also consistent with fractional crystallization of olivine 

and clinopyroxene at various depths. The intermediate to felsic lavas in episode 3 plot 

in Di-Qz-Hyp planes (Figure 6-7). Plot shows compositional change toward Qz apex, 

suggesting the possible involvement of orthopyroxene crystallization in magma 

evolution, consistent with the modal occurrence of orthopyroxene in these lavas (Table 

5-2). Summarizing these observations, we conclude that fractional crystallization plays 

a major role for producing major-element variations among lavas within each volcanic 

field. 

6.2.2. Crustal contamination 

This study argued in the preceding section that major-element variation is largely 

attributed to fractional crystallization. However, this process cannot solely explain 

trace-element and Sr-Nd-Pb isotope compositions, showing considerable variations 
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among the lavas collected from a single volcanic field (Figures 6-2, 3, 4). Such 

geochemical variability implies that fractional crystallization is accompanied with 

open-system processes such as mixing of melts from heterogeneous sources or 

contamination of crustal materials. 

Mafic magmas emplaced beneath the Chugoku district would have temperature 

as high as 1200oC, based on thermodynamic considerations (Zellmer et al., 2015). The 

estimated magma temperature is significantly higher than the solidus for crustal rocks; 

the melting points of granite is ∼950oC (Grove et al., 1988) and the melting point of the 

mafic lower crust is ∼1000oC (Springer and Seck, 1997). Hence, mafic magmas can in 

principle ingest crustal rocks during ascent. Such reactions likely occurs in crustal 

magma chambers, particularly at the interface of magma and chamber walls (i.e., 

boundary layer). In the boundary layer, the magma would be cooled by the crust and 

crystallized to form mushy zones, while latent heat generated by crystallization could 

facilitate ingestion of crustal rocks (Grove et al., 1988; Kuritani et al., 2005). Combined 

effects of crystallization and assimilation would produce geochemical covariations 

between differentiation indices (SiO2 or MgO) and source tracers (trace-element and 

isotopic ratios). Late Cenozoic mafic lavas commonly occur as monogenetic lava flows. 

Such occurrence suggests that the lavas are likely to have been derived from individual 

conduits, and thus the lavas from different outcrops do not necessarily have a co-

magmatic relationship. Nonetheless, the crustal assimilation may result in board but 

significant correlations between differentiation indices and trace-element or isotopic 

ratios due to large differences in geochemical characteristics. 

Based on petrologic and seismic investigations, the crust beneath the Chugoku 

district hasa layered structure consisting of mafic lithology in the lower part and felsic 

lithology in the upper part (Takahashi, 1978; Zhao et al., 1992). Experimental studies 

have documented that partial melts of these lithologies are more siliceous and less 

magnesian (Springer and Seck, 1997; Qian and Hermann, 2013), and accordingly a large 

crustal contribution is anticipated for less magnesian lavas compared with their 

magnesian parental magmas. In Figures 6-2, 3, 4, the possible compositions of crustal 

components are shown for examining the relationship between the differentiation index 
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and source tracers (Moriyama, 2006; Feineman et al., 2013). Significant correlations are 

observed between MgO - (206Pb/ 204Pb)i and MgO-(208Pb/ 204Pb)i for the OIB lavas in 

episode 2 (Figure 6-3), and MgO - (87Sr/ 86Sr)i and MgO - Nd for the IAB and OIB 

lavas in episode 3 (Figure 6-4), in which apparent trends likely to point towards the 

crustal rocks (upper crust for the OIB lavas in episode 2, and both upper and lower 

crusts for the mafic lavas in episode 3). However, the other plots do not show such 

compositional trends (e.g., MgO-(87Sr/ 86Sr)i plot for episode 2, and MgO-(206Pb/ 204Pb)i 

plot for episode 3). 

This study also examines the effects of crustal assimilation using trace-element 

compositions (Figure 6-8). The lower-crustal rocks are found as xenoliths in mafic lavas 

from Oki-Dogoisland, which mainly consists of gabbro and pyroxenite (Takahashi, 

1978; Moriyama, 2006). These two rocks shows similar trace element patterns, except 

for Ba, K, and Sr which are strongly enriched in gabbros owing to high abundance of 

plagioclase. The upper crust beneath the Chugoku district isdominantly composed of 

granitic rocks (Jahn, 2010), which show strong enrichments in Cs, Rb, Th, U, K, and Pb 

and depletions in Nb, Ta, Sr, P, Eu, and Ti.On the melting of gabbro, plagioclase 

incongruently melts above the supra-solidus condition, resulting in the formation of 

plagiogranitic melts (Huang and Wyllie, 1986; Otamendi et al., 2009; Wolff et al., 

2013). The (Sr/Nd)n is thus considered as an appropriate tracer for detecting lower-crust 

assimilation. For evaluation of upper crustal assimilation, we choose (U/Nb)n as tracer 

because granitic rocks in the Chugoku district have a pronounced U enrichment. In 

Figure 6-8, the mafic lavas do not show significant correlations of MgO with (Sr/Nd)n 

or (U/Nb)n , and thus we conclude that trace-elements and isotopic variations are mainly 

produced by the processes other than crustal assimilation. 

6.3.  Melting condition 

Melting experiments on peridotite demonstrated that temperature (T) and 

pressure (P) condition affects the major-element compositions of primary magmas 

(Hirose and Kushiro, 1993; Kushiro, 2001). This in turn suggests that compositions of 

primary magmas can be used to estimate P-T condition of melting region in the mantle. 

It is well known than water has a strong affect on mantle melting (Hirose, 1997; 
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Dasgupta et al., 2007). Hence we first discuss the water content of mafic magmas, and 

then examine the P-T condition of melting. 

6.3.1. Water content in primary magmas and their sources 

Iwamori (1991) first evaluated the effect of water in the production of primary 

basalt magmas in the Chugoku district. He employed melting experiments on least 

differentiated mafic lavas (OIB lavas from Tsuyama, and IAB lavas from Matsue and 

old Kurayoshi), and the equilibration with mantle lithology with <1.5 wt% H2O in 

primary magmas. Zellmer et al. (2014) estimated similar but more various H2O contents 

in primary magmas, ranging from 0.2 to 3 wt%, irrespective of magma types (IAB from 

Mengame and Yokota, and OIB from northern Hyogo), using the plagioclase-melt 

hygrometer (Lange et al., 2009) and thermodynamic crystallization model 

(alphaMELTS; Smith and Asimow, 2005). Large variation in Zellmer’s estimate may 

be due to the uncertainty of the plagioclase crystallization pressure (P=0.1–1 GPa). If 

most plagioclases wereformed in the upper crust (P=0.1–0.2 GPa) as suggested by 

Zellmer et al. (2014), then the reasonable estimate of H2O would be as low as 0.3 wt%. 

Recently, Takahashi et al. (2017) also obtained the similar estimates for H2O abundance 

(1–2 wt%) in primary magmas for OIB basalts in northern Hyogo volcanic field 

(Quaternary Kannabe volcano). These H2O contents estimated for the primary magmas 

in the Chugoku district are significantly lower than those for the NE-Japan magmas (3–

5 wt%; Ushioda et al., 2014), highlighting the anhydrous feature of the primary magmas 

of this volcanic arc. 

Water is thought to behave as an incompatible element during melting, and thus 

H2O abundance in the mantle can be roughly estimated following the procedure of 

Kelley and Cottrell (2009). We used the bulk partition coefficient between mantle and 

melt estimated in Kelley and Cottrell (2009) and assumed the degree of melting of the 

mantle (F < 20%, see below), resulting in the mantle H2O content to be 0.4 wt% or 

lower. This water abundance is significantly lower than those estimated for the other 

‘cold’ subduction zone (e.g., 0.5–0.8 wt% for Mariana arc mantle; Kelley and Cottrell, 

2009). We thus consider that the sub-arc mantle beneath the Chugoku district is 

relatively anhydrous, as previously suggested by Zellmer et al. (2012). 
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6.3.2. Estimation of melting P and T 

This study applied the following approaches to examine the pressure-temperature 

(P–T) condition of the mantlemelting: (1) estimation of major-element compositions of 

the primary magmas in equilibrium with the mantle; (2) comparison of primary magma 

compositions with experimental peridotite melts produced at various P; and (3) 

application of MgO-in-melt thermometry. The ferric-ferrous ratio (expressed here as 

molar Fe3+/ΣFe) in primary magmas is estimated to be 0.15 following Kelley and 

Cottrell (2009) with the assumption of a low water content in primary magmas (average 

H2O content ~1 wt%) discussed in the preceding section. 

Approach 1 involves the incremental addition (or subtraction) of olivine to obtain 

magma composition in equilibrium with the mantle, following the procedure of Tamura 

et al. (2000). We select appropriate lavas (in which olivine is only a crystallized phase), 

using Mg# versus the CaO/Al2O3 diagram (Figures 6-9, 6-10, 9-11 and 6-12). If olivine 

solely crystallizes from or accumulates in primary magmas, the CaO/Al2O3 ratio of 

lavas does not significantly change with varying Mg#, while crystallization of 

clinopyroxene and plagioclase causes variation in CaO/Al2O3; the ratio is elevated by 

plagioclase fractionation, while it is decreased by clinopyroxene fractionation (vice 

versa for accumulation of these phases). Approach 1 also requires the selection of Fo 

content (≡100×Mg/(Mg+Fe2+)) of mantle olivine, as Fe-Mg partitioning is used to 

examine equilibration between the mantle and primary magma. It is well known that 

mantle olivine have variation in Fo content, due to various extents of melt extraction in 

the past (Shukuno and Arai, 1999). We assumed that the Fo content of mantle olivine is 

the same as (1) that of the most magnesian phenocrysts in mafic lavas, or (2) that 

predicted by Shukuno and Arai (1999) using the Fo-Cr# relationship of olivine and 

spinel between the mantle and mafic volcanic rocks (Cr#≡100×Cr/(Cr + Al)). The 

estimated Fo contents based on these assumptions fall in a narrow range from 89 to 90 

(Table 6-2), except for high Fo content (= 91) found in olivine phenocrysts in Mengame 

lavas (Zellmer et al., 2014) and low Fo content (=86) in olivine phenocrysts in the 

Northern Hyogo lavas (Takahashi et al., 2017). The lower Fo content in Northern Hyogo 

lavas is probably due to post-melting differentiation through crystallization, this 

inference is supported by the absence of primitive lavas (Mg#< 62 for OIB type) in this 
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field (Figure 6-12). The high-Fo olivine (Fo=91) in the Mengame lavas would be due 

to post-crystallization oxidation (Blondes et al., 2012), this inference is supported by 

enrichments of hydrogen and aluminium in amorphized rims of Mengame olivine 

phenocrysts, interpreted as a result of the interaction with groundwater (Zellmer et al., 

2015). Based on these observations, we use theFo content of 89 for the mantle olivine 

in the modelling, irrespective of magma types. Calculated primary magma compositions 

are summarized in Table 6-3. 

For approach 2, this study employed ‘melt-composition’ barometers calibrated 

by Hirose and Kushiro (1993), Sakuyama et al. (2014) and Mitchell and Grove (2015). 

First, we assume the anhydrous melting to obtain P (denoted as Pdry), then the effect of 

volatiles on estimated P is examined. In the use of the former two barometers, 

compositions of calculated primary magmas are projected onto compositional planes 

(represented as normative minerals, Figures6-13 to 6-26), and compared with isobaric 

contours to estimate P dry (𝑃1
𝑑𝑟𝑦

by Hirose and Kushiro (1993)’s barometer and 𝑃2
𝑑𝑟𝑦

, 

by Sakuyama et al. (2014)’s barometer, see Table 6-6). The barometer of Mitchell and 

Grove (2015) utilizes multiple linear functions to mutually approximate melt 

compositions as well as the P and T of melting experiments (calculated results are 

denoted as 𝑃3
𝑑𝑟𝑦

in Table 6-6). Comparisons of 𝑃1
𝑑𝑟𝑦

, 𝑃2
𝑑𝑟𝑦

, and 𝑃3
𝑑𝑟𝑦

 are given in Figures 

6-27,28,29. These P agree well to each other for primary IAB magmas with variations 

less than 0.3 GPa (∆P) in the range of P=0.7–2.0 GPa (Figures 6-27, 28, 29). By contrast, 

the primary OIB lavas yield a larger ∆P of 0.3–0.8 GPa in the range of P=1.4–2.2 GPa 

(Table 6-6, Figures 6-27, 28, 29). The large discrepancy is partly due to the applicability 

of Hirose and Kushiro (1993)’s projection for highly alkaline OIB magmas in the 

Chugoku district, primary magmas estimated for such lava plot far from the contour 

lines, leading to inaccurate P estimates (Figures6-15, 17, 19, 20, 25). The inference is 

supported by better agreement of 𝑃2
𝑑𝑟𝑦

and 𝑃3
𝑑𝑟𝑦

, mostly less than ±0.4 GPa. 

Previous studies also give the estimates of P for the generation of primary 

magmas of mafic lavas in the Chugoku district using various approaches (Takahashi, 

1980; Nagasaki and Nagao, 1988; Iwamori, 1991; Tamura et al., 2000; Kimura et al., 

2014). Nagasaki and Nagao (1988) and Tamura et al. (2000) applied the similar 
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approach to the OIB lavas from Mishima volcanic field and IAB lavas from Yokota 

volcanic field, respectively (Figures 6-27 and 6-29). They assumed anhydrous melting, 

and thus their results are essentially identical to our Pdry. Contrary to this, P given by 

Takahashi (1980) and Iwamori (1991) are significantly lower than Pdry of this study, 

particularly P for OIB magma production (1.7–1.9 GPa for Tsuyama and 1.5 GPa for 

Oki). They estimated P as the condition of multiple-phase saturation postulated to be 

involved in magma genesis (e.g., olivine, orthopyroxene, clinopyroxene, spinel, garnet). 

It should be noted that their melting experiments were conducted with various extents 

of volatile saturation (H2O and CO2). Below, we address the effect of volatiles in 

estimation the melting P. 

Water would be the dominant volatile, and present at various abundances in 

mafic magmas from the Chugoku district, irrespective of magma types. This inference 

is supported by the occurrence of a hydrous phase (mica and primary zeolites) in the 

groundmass and cavities found in both the OIB and IAB lavas (Iwamori, 1991, 1992, 

this study). The presence of CO2 in mafic magmas is also suggested by the occurrence 

of carbonates, which are dominantly found in OIB lavas (Iwamori, 1991; Tatsumi et al., 

1999, this study), but are also found in low-Si, high-Ca and -P sub-alkaline IAB (HYO-

15) from northern Hyogo (GenbudoReserarch Group, 1989). We thus presume that the 

major volatile in IAB primary magmas iswater, whereas the OIB primary magmas 

contain certain amounts of CO2 and H2O (Iwamori, 1991). 

Water expands the liquidus volumes of olivine relative to orthopyroxene 

(Kushiro, 1972, 1974; Hirose and Kawamoto, 1995), while the CO2 has the opposite 

effect; it shrinks olivine stability relative to orthopyroxene (Kushiro, 1975; Hirose, 

1997; Dasgupta et al., 2007). Consequently, the melt composition barometry assuming 

anhydrous condition may lead to an underestimate P for H2O-bearing magmas, whereas 

the same assumption may lead to an overestimate P for CO2-bearing magmas. The effect 

of H2O on melting P was empirically formulated by Sakuyama et al. (2014), based on 

the melting experiment of Tatsumi et al. (1983), and Mitchell and Grove (2015) as 

implementation of thermobarometry. Applications of these empirical formulas result in 

positive ∆P (denoted as ∆PH2O−corr) up to ±0.3 GPawithmaximum H2O of 2 wt % in 

primary magmas (Table 6-6). However, the application of ∆PH2O−corr cannot account for 
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the deviation inour estimated P for OIB lavas from that obtained by melting 

experiments, because the former yields higher P than that obtained by the latter. The 

effect of water cannot account for the P difference in the Yokota and Abu IAB between 

our study (<2 GPa) and Kimura et al. (2014) (maximum ∼2.4 GPa). The higher P in 

Kimura et al. (2014) is presumably due to highly magnesian compositions estimated in 

their study, which are equilibrated with the mantle having extremely high-Fo olivine 

(Fo92−94). 

The effect of CO2 on melting P was experimentally examined in Iwamori (1991). 

Thelinear approximation of his experimental data on the Tsuyama OIB lava (CO2–free 

experiment for MBR-HU and 0.5 wt% CO2 addition for MBR-HCU) yields 

∆PCO2 −corr =  
−0.3

0.5
 x 𝐶𝐶𝑂2 (𝑤𝑡%)

𝑚𝑒𝑙𝑡 (1) 

Where 𝐶𝐶𝑂2 (𝑤𝑡%)

𝑚𝑒𝑙𝑡 is the CO2 abundance of primary magmas. Dasgupta et al. (2007) gave 

the relationship between CO2 and SiO2 of partial melts from carbonate-bearing 

peridotites under P=2.98–8 GPa as 

𝐶𝑆𝑖𝑂2 (𝑤𝑡%)

𝑚𝑒𝑙𝑡 = 46.2 – 0.98 x 𝐶𝐶𝑂2 (𝑤𝑡%)

𝑚𝑒𝑙𝑡 (2) 

Where 𝐶𝑆𝑖𝑂2 (𝑤𝑡%)

𝑚𝑒𝑙𝑡 SiO2 concentration in the primary magmas is (note that it is weight 

concentration and not normalized on a volatile-free basis). The least weathered lavas 

among least-differentiated 77OIBs (equilibrated with Fo>87) have a measured SiO2of 

45.0–45.1 wt% (MAS-01 from Hamada, KIB-01 from Kibi, and MY-03 from 

Tsuyama). Applying the equation (2) results in 𝐶𝐶𝑂2 (𝑤𝑡%)

𝑚𝑒𝑙𝑡  of 1.2–1.3 wt%. The calculated 

CO2 contents are consistent with the estimation by Iwamori (1991) (0.5–1 wt%). 

Assuming a 0.5–1 wt% CO2 in primary OIB magmas, we obtain a ∆PCO2 −corr of −0.6 to 

−0.3 GPa using equation (1), resulting in a P of ∼1.5–2 GPa which fall within the Ps 

obtained by melting experiments (Takahashi, 1980; Iwamori, 1991). Results of the 

pressure estimation discussed above are summarized in Table 6-6. It is noted that such 

elastic correction introduces large uncertainty in theestimated P, but it is possible to 

evaluate that OIB-type parental magmas could be derived from greater depth in the 

mantle compared to the IAB magmas. 
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For Approach 3, this study uses MgO-in-liquid thermometers calibrated by Lee 

and Chin (2014), Sakuyama et al. (2014), and Herzberg and Asimow (2015) based on 

different compilations of melting experimental data sets. The thermometers of 

Sakuyama et al. (2014) and Herzberg and Asimow (2015) do not include the correction 

factor for water. Sakuyama et al. (2014) therefore applied the liquidus depression model 

of Médard and Grove (2008). The Herzberg and Asimow (2015) thermometer was 

revised by Putirka (2016) who introduce the correction factor forwater content (Table 

6-7). The addition of water in peridotite, which results in 1 wt% H2O in primary 

magmas, drops melting T by 20–40oC (Till et al., 2012; Mallik et al., 2016). Thesethree 

thermometers yield a melting T consistent with each other within 40oC for a given P 

and H2O content. The temperature differences among them are largely due to different 

correction schemes applied of the effect of water (Table 6-7, Figures 6-33, 34, 35). 

Estimated melting conditions are shown in Figure 6-36, in which the estimated 

P and T mostly plot on the dry solidus of mantle peridotite (Hirschmann, 2000). The 

potential mantle temperature can be estimated by extrapolation of the estimated T along 

the adiabatic path of a solid peridotite (20o C.GPa−1McKenzie, 1984). The OIB magmas 

could have been derived from a hotter compared to the IAB magmas (Table 6-8). The 

mantle potential temperature (Tp) for OIB magma is 1250–1380oC whereas that for IAB 

magma is 1170–1300oC. The maximum Tp for OIB magma is higher than that estimated 

by Iwamori (1991), ranging from 1280–1340oC. This difference could be attributed to 

volatile abundance in these models (our maximum Tp is obtained for the case of 

anhydrous melting). In contrast, Sakuyama et al. (2014) obtained a significantly higher 

Tp of 1450oC for late Cenozoic mafic lavas from northern Kyushu. A higher Tp for the 

northern Kyushu region is seemingly consistent with voluminous lava eruptions (200 

km3; Nakada and Kamata (1991)) compared OIB lavas in the Chugoku district with 

smaller volume (∼1–10 km3 for each volcanic field; Iwamori (1991)). 

6.3.3. Progressive melt extraction and source depletion-refertilization 

The melting conditions for the OIB and IAB parental magmas forms a 

continuous P-T trajectory (Figure 6-36), suggesting that both magmas were extracted 

from the continuously upwelled mantle (Sakuyama et al., 2014). Such process can be 
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modeled using elemental compositions of magmas by applying the decompressional 

critical melting model (Sobolev and Shimizu, 1992; Gurenko and Chaussidon, 1995; 

Sakuyama et al., 2009) described as 
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where l

iC and o

iC are concentrations of element i in primary magma (l) and magma 

source (o), o

iD is the bulk distribution coefficient of the magma source in a solid state, Pi 

is the weighted bulk distribution coefficient for which the melting reaction is taken into 

consideration, F is the degreeof melting, and α is the amount of critical (retained) melt. 

This studyassumes that traceelement compositions of the upwelling mantle ( o

iC ) is the 

same as the primitive upper mantle (PUM) of Sun and McDonough (1989) (c.f. 

Sakuyama et al., 2014). Kimura et al. (2014) also argued that the mantle beneath the 

Chugoku district initially had the PUM-like composition and experienced about 10 wt% 

melt extraction to form the uppermost region in the wedge mantle. The mineralogy of 

the source would vary depending on the pressure. As the melting occurred in the depth 

interval of 100 to ∼30–20 km, these depths are corresponding to the garnet-spinel 

transition to spinel stability field (Walter et al., 1995). This studyuses the same initial 

source mineralogy as the primitive mantle estimated by McDonough and Rudnick 

(1998) and the same trace element composition asSun and McDonough (1989). With 

the assumptions of source mineralogy, the o

iD  and Pi are obtained by using partition 

coefficients as 
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Where k is the phases in magma source (k=1, 2,…k), and k

oM and k

lM  are phase 

abundance in the source and to formmelts, respectively, with a closure condition of  
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For estimation of Pi, the melting mode of Gurenko and Chaussidon (1995) is used. The 

is assumed to be 0.025 for the garnet-facies source and 0.030 for the spinel-facies 

source (Gurenko and Chaussidon, 1995), consistent with the mantle porosity of 2–4% 

(Spiegelman and McKenzie, 1987). These parameters are summarized in Tables 6-9 and 

6-10. 

The results of modeling are summarized in Table 6-11 and shown in Figures 6-

37 to 6-39. The trace-element compositions obtained by the modeling for the OIB lavas 

are consistent with the observed compositions. The extent of heavy REE depletion in 

these lavas is generally consistent with the estimated P (Figure 6-36). The Mishima OIB 

lavas exhibit the pattern without heavy-REE depletion, and they also show the lower 

estimated P (<2 GPa). The other OIB lavas with P >2 GPa show patterns with heavy-

REE depletion consistent with the melting of the source at the depth of the garnet-spinel 

facies transition. By contrast, the modeling does not reproduce trace-element patterns 

of IAB lavas with highly fractionated abundance ratios of elements with similar 

incompatibilities (e.g., U/Nb, K/Ta). Such element ratios are generally attributed to 

addition of “mobile” elements (e.g., Rb, Ba, U, and Sr) to a magma source via fluid 

influx from the subducting slab (Sakuyama and Nesbitt, 1986; Ishikawa and Nakamura, 

1994). Hence, the source of IAB lavas are suggested to have been refertilized prior to 

melting. The characteristics and contributions of theinflux components are discussed in 

the next section based largely on Sr-Nd-Pb isotopic compositions. 

The degree of melting (F) is estimated using elements less affected by the 

contributions from influx fluids (“immobile” elements, Nb, Y, middle–heavy REE). The 

effect of post-melting processes (fractional crystallization and selective retention of 

phenocryts) can be canceled followingAllègre and Minster (1978) as 

o

i
i

C
C

f
 and

o

j

j

C
C

f
               (6) 

Where f is the degree of crystallization, and i and j are Nb, Y, or middle-heavy REE 

(Sm, Yb). The equation (6) results in the combined product 

o

i i

o

j j

C C

C C
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Figure 6-40 shows the possible trajectory of melt compositions formed by melting of 

the mantle at various F in different facies (i.e. depth of melting). Most lavas plot between 

the trajectories of melting in the garnet/spinel transitional facies and spinel facies. It is 

difficult to obtain the single trajectory to reproduce the observed trace-element 

compositions of the lavas due to difficulty ofconstraining the compositions and 

mineralogy of magma source as well as the uncertainty on factors affecting the modeling 

(e.g., Di and porosity of mantle). Nevertheless, I would like to emphasize that the IAB 

parental magmas would have been formed by a larger extent of melting than that for the 

OIB parental magmas. The geochemical signature of IAB magmas suggested that the 

magma source had a contribution of influx fluids possibly derived from the subducting 

slab. The addition of aqueous fluids can increase the extent of melting by lowering 

solidus (Kushiro, 1972), seemingly consistent with the result of this modeling. 

6.4.  Source characteristics 

The variations in Sr-Nd-Pb isotopic compositions of the mafic lavas in Chugoku 

district suggest that the melting regions in the mantle are chemically heterogeneous. In 

particular, thePb isotopic compositions of OIB and IAB lavas have very little overlap; 

the former type has alower 206Pb/204Pb than the latter type, except for the lavas of these 

two types from Abu andnorthern Hyogo volcanic fields that occurred in episode 3. The 

OIB and IAB lavas from Abu and northern Hyogo have similar Sr-Nd-Pb isotopic 

compositions (Figures 6-41, 6-42 and 6-43). However,it is noted that some of the OIB 

lavas in northern Hyogo show the small but significant difference in isotopic 

compositions from the IAB and the other OIB lavas in the same volcanic field. The 

difference in isotopic compositions between the OIB and IAB lavas, in conjunction with 

different P-T conditions of melting (Figure 6-36), suggests that the parental magmas of 

these two types were tapped from the different magma sources, commonly referred to 

as “end-member components”, in the mantle beneath the Chugoku district.  

It is widely accepted that island-arcs magmas are derived by melting of the sub-

arc mantle hydrated by fluids released from subducting oceanic crust and sediment 

(Sakuyama and Nesbitt, 1986; Hawkesworth et al., 1993; Ishikawa and Nakamura, 

1994). Broad linear arrays formed by the IAB lavas in Figures 6-41– 6-43 are consistent 
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with the addition of fluids from the subducting slab (basaltic crust and overlying 

sediment) to the IAB source in the overlying mantle. The intermediate lavas (IAA and 

ADK) in eposide 3 also follow these isotope trends, suggesting that IAA and ADK 

magmas were also derived from the magma source influenced by the subducting oceanic 

crust and sediment. The involvement of the other magma source is clearly suggested by 

OIB lavas which show the deviations of Sr-Nd-Pb isotopic compositions of the OIB 

from the arrays formed by the IAB-IAA-ADK lavas (Figures 6-41– 6-43). Below, we 

first discuss the origin of IAB magma source, in particular, the influx materials, 

probably fluids, from the subducting slab. 

6.4.1. Slab-derived fluids: the origin and temporal variation 

It has been discussed that the fluids influxed from the subducting slab play 

important roles inthe genesis of island-arc magmas (McCulloch and Gamble, 1991; 

Shibata and Nakamura, 1997; Tatsumi and Hanyu, 2003). Numerous experimental 

studies have been undertaken in an attempt to constrain the extent of slab-derived fluid 

influx in production of the island-arc geochemical “flavor” found in the volcanic rocks 

(Brenan et al., 1995; Kogiso et al., 1997; Stalder et al., 1998; Ayers, 1998; Johnson and 

Plank, 2000; Kessel et al., 2005). These studies quantitatively defined the elemental 

mobility which show large variations related to the variety of materials consisting of 

slab (crust, sediment, or their metamorphosed rocks) and fluidproperty (water with 

various abundance of solute components).  

Dissolved solute concentration generally increases with rising temperatures. The 

solubility of volatiles (e.g., CO2) may be enhanced with increasing pressure. 

Accordingly, the property of fluids released from the slab is expected to be variable 

owing to change in physical condition of the subducting slab (T and P; Manning, 2004). 

For example, Kawamoto et al. (2012) experimentally demonstrated that supercritical 

fluids are formed from both sediment and basaltic crust sections in the subducting slab 

at the depth as deep as 83–92 km. Production of sediment melts are also documented by 

P-T experiments with the condition accommodated with that predicted by numerical 

experiments for the subduction zone (Nichols et al., 1994). 
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Slab-derived fluids with different properties have different solubility for different 

elements. Kessel et al. (2005) experimentally determined trace-element solubility of 

fluids released from basaltic eclogite (mid-ocean ridge type). The experiments revealed 

an elevation in partition coefficients (defined as D fluid/solid ) of elements such as Ba, 

Th, Sr, REE, and Y with change of fluids from aqueous solution to melt or supercritical 

fluids, in association with rising temperature. In contrast, the elements B, Cs, Rb and 

Pb, which are generally thought to be highly soluble into fluids, do not show significant 

changes in D fluid/solid with changing fluid properties. Hence, the use of element ratios, 

such as Ba/Rb or Th/Rb, would give the insight on the compositional variation of fluids 

(Tables 6-12 and 6-13). For example, a lower Ba/Rb ratio in lavas can be regarded as 

melting of the magma sources contributed from slab-derived fluids enriched in aqueous 

fluids. In contrast, the lavas with higher Ba/Rb ratio are regarded as products of melting 

by the source metasomatized by slab-derived fluids enriched in hydrous melts or 

supercritical fluids. It should be noted that these element ratios are less sensitive to the 

magmatic processes, i.e., partial melting and fractional crystallization. 

To see temporal variation in slab-derived fluids, trace element compositions of 

IAB lavas are examined in details, since they have geochemical characteristics 

suggestive of melts from the magma source with influxed fluids (e.g., Nb-Ta depletion 

relative to LILE). Figure 6-44 shows covariations of Rb–Ba and Rb–Th abundances in 

the IAB lavas, plotted individually for the IAB lavas in episodes 1 to 3. These plots 

clearly display the differences in Ba/Rb and Th/Rb ratios between the lavas of eposide 

1 (12–8 Ma) and lavas of episodes 2–3 (6 Ma to present). The experiments of Kessel et 

al. (2005) demonstrated that the mobility of Ba and Th relative to Rb increases with 

rising temperature which results in higher solute components (e.g., SiO2) and lower H2O 

content into fluids. Using the Kessel et al. (2005) element mobility and mean trace-

element composition of the Shikoku Basin basalts, trace-element compositions of fluids 

influxed from the subducting slab are calculated as a function of temperature (Table 6-

12). Results of this calculation demonstrate that increases in Ba/Rb and Th/Rb ratios 

can account for the elevation of slab temperature. It should be noted that the discrepancy 

in calculated and observed Ba/Rb and Th/Rb ratios can be attributed to the other factors 

such as involvement of sediment-derived fluids or melts and chemical modification of 
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the subducting slab by fore-arc dehydration. Involvements of sediment-derived fluids 

are expected to elevate Ba/Rb and Th/Rb ratios as observed in the IAB lavas. This 

inference is supported by the modeling for trace element compositions of fluids from 

sediments using the element mobility (Aizawa et al., 1999) and composition of 

sediments (Plank and Langmuir, 1998) (see Table 6-13). The fore-arc dehydration is 

known to occur at the slab depth of 30–40 km in the SW Japan arc (Obara, 2002). At 

the depth, the slab-surface temperature would be as low as 400–500oC (Figure 6-45), 

and the released fluids are considered to be dominated by an aqueous solution. 

Interesting features observed in the experiments of Kessel et al. (2005) are, rising 

temperature, that partition coefficients of Cs and Rb become smaller whereas partition 

coefficients of Sr, Ba, and Pb become larger. This observation suggests that  fore-arc 

dehydration causes preferential depletion of Cs and Rb, and the residual slab acquires 

higher Ba/Rb and Th/Rb ratios beneath the rear-arc region. Our model is therefore 

considered to estimate minimum enrichment of Ba and Th relative to Rb in the slab-

derived fluids. In summary, the influxed fluids from the subducting slab varied with 

time and became more enriched in silicate-melt components. 

Below, this study uses trace-element and isotopic compositions to estimate 

relative role of sediment and oceanic crust in the formation of slab-derived fluid. With 

the composition of subducting oceanic crust, we assume two types of natural materials, 

one is the mean composition of the Shikoku Basin basalts compiled in Pineda-Velasco 

et al., 2018 and anotheris the altered oceanic crust estimated by Tatsumi and Hanyu 

(2003). The sediment composition is estimated from the compilation of Nankai 

sediment in Pineda-Velasco et al. (2018). The Sr-Nd-Pb isotopic compositions are 

shown in Table 6-14.  

The next step is to choose elemental mobility during dehydration of the oceanic 

crust and sediment. Since the slab-derived fluid is suggested to be different in episode 

1 and episodes 2–3 from the IAB lava compositions, we use the two different values of 

mobility obtained for trace elements byKessel et al. (2005) to estimate trace element 

compositions (Table 6-15). The mobility obtained at 800oC (at 4 GPa) for the lavas in 

episodes3 (Figure 6-45), and the mobility obtained at lower temperatures (i.e., 700oC) 

was used for the lavas in episode 1. For the mobility of sediments, we applied the fixed 
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element mobility, estimated by Aizawa et al. (1999), obtained by an experiment 

conducted at 900oC. The validity of the use of fixed element mobility for sediment 

dehydration is supported by Feineman et al. (2013) who first suggested different depth 

of fluid releases from sediment (at shallow level) and oceanic crust (at deep level) based 

on the geochemical investigation of volcanic rocks from the Quaternary Daisen volcanic 

field. They ascribedeater contribution from sediments in production of slab-derived 

andesite and dacite magmas to sediments detachment from the subducting slab at 

shallower depth (<75 km). The slab-surface temperature is a dominant factor controlling 

sediment detachment, and Behn et al. (2011) estimate that 500–850oC is needed for 

generation of sediment diapir. This estimated temperature will be attained by subduction 

to the depth of 60 km (Figure 6-45), based on the slab P-T trajectory (Syracuse et al., 

2010), providing the two-stage model of fluid release (sediment at shallower and 

oceanic crust at deeper) by Feineman et al. (2013). In the wedge mantle, sediment diapir 

would be heated and dehydrated at temperature highers than 900oC (Peacock and Wang, 

1999).  

Several studies have proposed the serpentinites in the subducting slab are also 

amajor source for slab-derived fluids (Ulmer and Trommsdorff, 1995; Spandler and 

Pirard, 2013). The fluids from dehydration of serpentinite would have low Sr abundance 

due to low abundance of serpentinite itself and lower D fluid/solid Sr (∼10; Tenthorey 

and Hermann, 2004). Yogodzinski et al. (2017) advocated that low 87Sr/ 86Sr ratios of 

volcanic rocks in the Aleutian arc (0.7025–0.7039) are consistent with melting of wedge 

mantle metasomatized by fluids dominantly released from serpentized section of the 

subducting slab. It is however unlikely that the same process acts on the production of 

island-arc magmas in the Chugoku district. Large contributions of radiogenic Sr from 

slab-derived fluids is suggested by high 87Sr/ 86Sr (0.7045–0.7068) ratiosin the volcanic 

rocks in the Chugoku district. Thus we assume the oceanic crust and overlying sediment 

as sources of fluids released from the subducting slab. 

6.4.2. Deep asthenosphere origin of geochemical heterogeneity in OIB lavas 

The OIB lavas from the Chugoku district show isotopic compositions which are 

distinctly different from the IAB lavas, suggesting the involvement of additional end-
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member components. Since the OIB parental magmas are inferred to be derived from 

agreater depth, the isotopic characteristics are inherited from the deeper magma sources. 

We can identify at least two different end-member components in the OIB lavas, 

denoted here as C1 and C2 components (Figure 6-46). It is important to note that C1 

and C2 components also contribute to the late Cenozoic basalts in wide areas in eastern 

Asia, including China, the Korean Peninsula, and the northern Kyushu. Beneath these 

regions, large scale seismic low-V anomalies are observed (Zhao et al., 2012), 

consistent with the asthenospheric upwelling which deliver the magma source 

components for OIB parental magmas. 

The C1 component is characterized particularly by a higher 208Pb/204Pb at a given 

206Pb/204Pb. This Pb isotopic feature isfound in the Kanmuri OIB and Kita-Matsuura 

(northern Kyushu) basaltic rocks (Sakuyama et al., 2014), as well as basalts from 

Liancourt Rocks (Tatsumoto and Nakamura, 1991). Sakuyama et al. (2014) suggested 

that this source represents a mantle material with acomposition similar to the primitive 

mantle (Sun and McDonough, 1989), presumably originating from the mantle transition 

zone. However, the primitive-mantle origin for this source is ruled out for the following 

observation; 3He/4He of C1 (17 Ra; Sumino et al., 2000) is not as high as 37–50 Ra 

found in hotspots (Hilton et al., 1999; Stuart et al., 2003; Starkeyet al., 2009). In 

addition, higher-than-MORB-like 3He/4He is attributed to cosmogenic contribution, and 

not inherited from the magma source (Yokochi et al., 2005). 

Neither recycling of oceanic crust nor sediment account for C1 because it has 

distinctly higher 208Pb/204Pb but lower 207Pb/204Pb at a relatively low 206Pb/204Pb. Young 

recycling age is inferred for this source from its less radiogenic 206Pb/204Pb (18.2). 

Sakuyama et al. (2014) attributed the source of Fe-rich alkaline magma in NE China 

(Shandong) to recycling of subducting oceanic lithosphere of the Pacific Plate without 

long-term aging. However, the Shandong basalts exhibit a 208Pb/204Pb ratio higher than 

Pacific MORB with the ration 206Pb/204Pb, a feature is similar to this proposed end-

member component. We agree with that the origin of the source is related to recycling 

of subducting lithology as porposed by Sakuyama et al. (2014), but the recycling of the 

slab of Pacific Plate cannot be the source of the magma. We note that the isotopic 

composition estimated for C1 is similar to the Pitcairn island and nearby seamounts in 
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the South Pacific (Woodhead, 1989; Woodhead et al., 1993a, 1993b; Eiler et al., 1995; 

Eisele et al., 2002; Garapi´c et al., 2015). Several researchers argued that subducting 

oceanic ridges/islands could be an important source of hot-spot alkaline magmas with 

significant trace-element enrichments (Morgan and Morgan, 1999; Gasperini et al., 

2000; McKenzie et al., 2004). 

The C2 component is characterized by EM1-like isotopic signatures (Zindler and 

Hart, 1986). This component contributed largely to the OIB lavas from the Mishima, 

Hamada, Oki, and Daikonjima volcanic fields. It should be noted that these volcanic 

fields are located in the reararc region in the southwest Japan arc. The EM1-like isotopic 

signature suggests the source with addition of fluid-mobile elements (such Ba and Pb) 

in the protolith at ancient time. Kuritani et al. (2011) and Kuritani et al. (2013) argued 

that the EM1-like magma source which contributes to alkaline basalts in NE China, can 

be attributed to the upwelling of a hydrated transition zone mantle, as inferred by 

measurements of electrical conductivity (Ichiki et al., 2006). Following Kuritani et al. 

(2011), the formation age of the C2 reservoir is estimated using a twostage Pb-isotope 

evolution model (Stacey and Kramers, 1975). In the model, we use µ(≡238U/204Pb = 

9.74) and κ(≡232Th/238U=3.78) for the first-stage evolution (4.57–3.7 Ga), which are the 

same as Stacey and Kramers (1975), and the second-stage (3.7–0 Ga) we use (µ=2.0, 

κ=6.3) from Rehkämper and Hofmann (1997). The age of C2 source is estimated to be 

about 1.3 Ga, consistent with Kuritani et al. (2011). 

Isotopic variations are consistent with the existence of lithological heterogeneity 

within the source of late Cenozoic basaltic magmas in the Chugoku district and northern 

Kyushu. One has an EM-1 like isotopic signature and occurs in the Chugoku district. It 

could have originated from the mantle transition zone with the stagnant slab of  the 

Pacific Plate. Another type of OIB magma source is characterized by a isotopic 

composition similar to the Pitcarin hotspot, suggesting that the source of magma could 

be derived from subducted seamount on dehydrated oceanic lithosphere. 

Sakuyama et al. (2014) suggested that the source of magma for the Kita-

Matsuura ALK was derived from the mantle transition zone through the rupture on 

stagnant slab of the Pacific Plate. The presence of the rupture on the stagnant slab is 
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demonstrated seismically, and is attributed to subduction of plate through the cusp of 

trench-trench junction (Obayashi et al., 2009). The formation of trench cusp is generally 

attributed to the collision of a seamount ridge with the trench (Vogt, 1973). Toda et al. 

(2008) documented that the seamount chains (Kashima-Daiichi and Japanese 

seamounts) are subducting at the cups of the Japan-Izu trench system. 

The plate reconstruction model predicts that the seamount chains subducting in 

the Japan-Izu trench have migrated from South Pacific hotspots (Gripp and Gordon, 

2002; Koppers et al., 2003; Wessel et al., 2006; Miyazaki et al., 2015). The South Pacific 

hotspots consist of volcanic islands and seamounts with variable isotopic signature as 

EM1 (e.g., Pitcairn), EM2 (e.g., Samoa), and HIMU (Rurutu) end-member components 

(e.g., Chauvel et al., 1992; Woodhead et al., 1993a; Eisele et al., 2002; Workman et al., 

2004). Koppers et al. (2003) revealed that the northwesternward migrating seamount 

chains (120–40 Ma) share isotopic characteristics of South Pacific hotspots. We infer 

that the source of OIB parental magmas in Chugokutrict and northern Kyushu originated 

from the subducted seamount migrated from the South Pacific region.  

Motoki and Ballmer (2015) demonstrated that the stagnant slab in the mantle 

transition zone becomes thermally unstable, and ultimately upwells by entrainment into 

ambient mantle flow. The convective layer involves fertile lithologies (eclogite and 

hydrated peridotite) that enhance the melting at the base of the continental lithosphere. 

The model predicts disintegration of the slab into lithologies with different density. The 

systematic difference in boron isotopic compositions between two alkaline series 

supports that the compositionally distinct components were formed in the deep mantle. 

6.5.  Origin of intermediate magmas 

6.5.1. Fractional crystallization of basalt 

High-pressure experiments (Müntener and Ulmer, 2006; Alonso-Perez et al., 

2009) demonstrated that sub-alkaline basaltic to andesitic melts have garnet as a 

liquidus phase under P = 0.8−1.5 GPa, corresponding to lower-crustal depth in SW 

Japan (∼30–40 km; Katsumata, 2010; Yamane et al., 2012). The high-Sr andesite to 

dacite magmas with “garnet signature”) can be produced by fractional crystallization of 

parental mafic magmas at the base of the crust (Zellmer et al., 2012). However, it is 
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unlikely that this process is solely responsible for the genesis of adakites in SW Japan, 

for the following reasons: (1) crystallization of the other phases observed in 

experimental and natural samples (olivine, clinopyroxene, spinel, hornblende and 

plagioclase) produces differentiated magmas with higher light REE abundances and 

lower heavy REE abundances compared to those of mafic lavas as quantitatively 

demonstrated in Kimura et al. (2014); however such features are not documented by the 

patterns shown in Figure 6-44; and (2) Pb isotopic compositions of high-Sr andesites 

and dacites and associated mafic lavas show significant variations, also suggesting an 

open-system behavior for the mafic-felsic magma association, rather than a scenario of 

closed system fractional crystallization (Figure 6-43). 

6.5.2. Lower crust melting 

Magmatic underplating is considered to be a major process in the formation of 

the lower crust. Mantle-derived magmas intrude into the mantle-crust boundary and 

crystallize to form mafic lower crust (Arndt and Goldstein, 1989). Melting experiments 

demonstrated that andesite to dacite magmas can be produced by melting mafic lower 

crust (at 1.0–1.5 GPa and 800–1000oC; Springer and Seck, 1997; Qian and Hermann, 

2013), thus, the P-T condition at the depth of the lower crust (0.8–1.5 GPa, 800–1050oC) 

can lead to melting mafic rocks (Takahashi, 1978; Nozaka, 1997). The possible 

contribution of lower crust to the lavas studied here was examined using Pb isotope 

compositions of mafic xenoliths (gabbro and pyroxenite) from Oki-Dogo (Moriyama, 

2006) located 90 km north of Daisen. The Pb isotope compositions of the high-Sr 

andesites and dacites form a linear array in206Pb/204Pb-207Pb/ 204Pb and 206Pb/204Pb-

208Pb/204Pb plots (Figure 6-43). If the lower crust is a major melt source, it plots on the 

extension of Pb-isotope trend of adakite. Our data clearly indicates that this is not the 

case in SW Japan; lower crustal rocks shown an low 206Pb/204Pb, but a relatively high 

207Pb/204 and 208Pb/204Pb. These isotopic variations deviate significantly from the Pb-

isotope array of high-Sr andesite and dacite (Pineda-Velasco et al., 2018, (submitted)). 

This study, therefore, eliminates the possibility of lower crust melting to produce the 

high-Sr andesites and dacites. 
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6.5.3. Slab melting 

High-Sr andesites and dacites in SW Japan arc show geochemical features 

consistent with adakitec as defined by Defant and Drummond (1990): high SiO2 (≥ 56 

wt.%) and Al2O3 (≥ 15 wt.%), and low MgO (< 3 wt.%). The slab-melt origin is also 

supported by spatial distribution of volcanoes; they are well aligned along the 80–100 

km contours of subducting Shikoku Basin plate (Figure 1-6). At that depth, the igneous 

layer of the slab metamorphoses to eclogite-facies rocks consisting dominantly of 

clinopyroxene and garnet (Poli and Schmidt, 2002). Melting experiments documented 

that, at that depth, eclogitic rocks can form intermediate to felsic melts, while leaving 

garnet-bearing residues under both hydrous and anhydrous conditions (Pertermann and 

Hirschmann, 2003; Rapp et al., 2003). To summarize, the occurrence and geochemical 

characteristics of high-Sr andesites and dacites in Chugoku district, SW Japan are best 

explained by the melting of the subducting Shikoku Basin plate. 

6.5.4. Crustal assimilation 

The87Sr/86Sr ratios of the SW Japan high-Sr andesite and dacites range from 

0.7034 to 0.7060 (Figure 6-43), and are generally more radiogenic than those for 

adakites (< 0.7040; Defant and Drummond, 1990). Such a feature could be attributed to 

(1) crustal assimilation during magma ascent (Kimura et al., 2014) or (2) sediment 

contribution to magma sources (Feineman et al., 2013). The assimilation of crustal 

materials is unlikely to explain radiogenic87Sr/86Sr becausethe magmatic temperature 

(∼900oC; Tsukui et al., 1985; Tamura et al., 2003) is likely to have been too low to 

result in ingestion of granitic country rocks (melting points ∼ 950oC; Grove et al., 1988). 

The insignificant role of crustal assimilation is also evident on the 207Pb/204Pb-

206Pb/204Pb and 208Pb/204Pb-206Pb/204Pb plots (Figure 6-43). The linear array in the plots 

point towards two end-member components, distinct in composition from the upper and 

lower crustal material. Thus, this study concludes that crustal assimilation did not play 

a major role in the genesis of high-Sr andesites and dacites in SW Japan. Instead, we 

propose that the radiogenic Pb isotopic composition can be attributed to the involvement 

of sediment, as was first proposed by Feineman et al. (2013). 
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6.6.  Slab-mantle interaction during the last 12 Ma 

The sources of IAB primary magmas received contributions of fluids released 

from subducting slab. The IAB lavas erupted in the older activity during 12–8 Ma are 

enriched in Rb and Th, whereas those in the younger activity (8 Ma to recent) are 

particularly enriched in Ba and Sr (Figures 6-37, 38 39). As discussed in the above 

section, such feature is attributed to change in fluid properties which affects on 

solubility of elements into fluids [Kessel et al., 2005]. 

The addition of fluids lowers solidus of the mantle and induces melting. This 

process involves the modification of mantle composition and simultaneous melting. The 

change in mantle composition is expressed as 

' * *(1 )o fld fld o fld

i i iC C f C f        (8) 

Where 'o

iC , fld

iC  and o

iC  are concentration of element i in hybrid mantle source, 

slab-derived fluid, and unmetasomatized mantle, respectively. The ffld is a mass fraction 

of slab-derived fluid relative to unmetasomatized mantle. 

Slab-derived fluid is assumed as a component released from the altered oceanic 

basalts (AOC) from Shikoku Basin as referred in Pineda-Velasco et al. (2018, 

submitted) and sediment (SED) which has chemical compositions similar to the Nankai 

sediment (Pineda-Velasco et al., 2018 submitted). The flux fluid interacts with the 

wedge mantle, which is proposed that its trace element compositions similar to a 

depleted MORB mantle (DMM) (Workman and Hart, 2005), forming a metasomatized 

mantle with the fluid fraction of 0.15 relative to the original DMM source, ffld : fDMM=15 

: 85. By application of the batch melting model, which is proposed by Shaw (1970), for 

the hybrid mantle with a melting extent (F) within the range of 1-4 %, we obtain the 

melt compositions which are similar to IAB magma in episode 1, 12-8 Ma (Figure 6-

48a).  

This study also performs trace-element forward modeling to examine the 

interaction between slab melt and wedge mantle. In the first step, slab melt is mixed in 

various proportions (f = 5%) with the wedge mantle to produce a hybrid source: 

Cmix = Cmelt f +Cmantle (1 − f)                             (9) 
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where trace element abundances of hybrid source, slab melt and mantle are denoted as 

Cmix , Cmelt , and Cmantle , respectively. It was assumed that the wedge mantle has the 

trace element composition of DMM (Workman and Hart, 2005), and the slab melt is 

represented by Oe-Takayama high-Sr dacite, which shows only a minimal effect of 

peridotite assimilation highest SiO2 and LRE/HREE (Pineda-Velasco et al., 2018 

submitted). In the second step, a hypothetical primary melt is calculated for a scenario 

of modal batch melting (Shaw, 1970). The partition coefficients between melt and 

residual phases are taken from the compilation in Kelemen et al. (2003). Modal 

abundances of the residual phases and degree of partial melting (F mantle) are taken 

from Iwamori (1992); Molivine : Morthopyroxene : Mclinopyroxene = 0.65 : 0.29 : 0.06 and F 

mantle = 4-8 %. 

The result of the slab-derived melt model is shown in Figure 6-48b. Trace 

element patterns of the observed samples, IAB lavas in episode 2 and 3 (8-0 Ma), are 

reproduced well by melting of the metasomatized mantle consisting of 95% DMM and 

5% slab melt. 

It is implied that high-Sr andesite to dacites in the Chugoku district is 

characterized as the slab melting products (Defant and Drummond, 1990; Feineman et 

al., 2013; Kimura et al., 2014; Morris, 1995; Pineda-Velasco et al., 2018 submitted). 

The enrichment of Sr in IAB magmas plays as an indicator for the slab melting reaction 

with the wedge mantle as discussed above. Figure 6-49 shows obviously that IAB 

magma is suddenly enriched in Sr, having high Sr*=[Sr/(Pr+Nd)]n in which n denotes 

for the primitive mantle normalized compositions, at ~ 5 Ma in the period of 12-5 Ma. 

The Sr-enriched magma has been occurring from ~5 Ma up to the recent time. 

Therefore, we conclude that the PHS slab has been started to melt at approximately 5 

Ma, and become to be extensively melted in younger than 2 Ma. Pineda-Velasco et al. 

(2018, submitted) suggest that the PHS slab was possibly melted in the slab tears due to 

flattening from the bottom up of the hot mantle upwelling. Therefore, this study further 

implies that the slab has been possibly experienced tearing and melting at ~5 Ma by the 

occurrence of Sr-enriched IAB lavas.  
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6.7.  Implications for mantle geodynamics and the evolution of the slab 

morphology 

6.7.1. Mantle geodynamics during late Cenozoic 

In episode 1, 12-8 Ma, asthenospheric mantle upwelling is believed to be active 

in the southwest part of the Chugoku district, Mishima and Kanmuri regions, at ~11 Ma. 

Subsequently, the ascending mantle migrates eastward to Sera and Kibi regions in the 

center of the Chugoku district, forming an OIB volcanic zone (Figure 6-50a, b). The 

migration of OIB magmatic activity is considered to be related to the eastward migration 

of plate boundary between the PHS and PAC plates (Figure 6-50c). Based on the 

tectonic reconstruction for the PHS and PAC plates by Seno et al. (1996) and Wei and 

Seno (1998), the depth of the PAC slab was ~200 km and was close to the PHS slab 

beneath the Chugoku district during episode 1 (Figure 6-51). It implies that the active 

mantle upwelling was initially limited in the southwest part of the study area by the 

presence of the PAC slab. Subsequently, due to the sinking of the PAC slab into the 

deeper mantle and the eastward migration of the PAC slab over time (Figure 6-52), it 

allows the deep mantle, which may be derived from the mantle transition zone as 

implicated in sub-section of 6.4.2, to upwell in the east part of the Chugoku district as a 

diapir. Finally, the mantle diapir is partially melted when it rises to ~100 km with 

relatively high temperature, ~1450oC, to produce OIB type magmas in the Sera and Kibi 

regions at the end of episode 1 (Figure 6-51). 

In episode 2, 8-4 Ma, the appearance of OIB lava creates another OIB volcanic 

zone, which is shifted to the northeast side relative to the OIB volcanic zone in episode 

1, that may represent the active mantle migration further to the northeast side due to  the 

movement of the PAC slab in this episode (Figure 6-50). The PAC slab descends the 

depth of mantle at ~400 km, enlarging the space between two subducting slabs, PHS 

and PAC. This circumstance allows the mantle diapir to further move to the east part 

and bottom-up the PHS, and finally flattening the slab (Figure 6-52). This process may 

cause shallower and distort the subducting PHS slab, and then induce slab melting. The 

slab melting is proved by the appearance of IAB lavas which is considered to be formed 

by melt from the PHS slab interacting with the upwelling mantle by this study. Pineda-
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Velasco et al., (2018, submitted) was also suggested that slab melting might occur in 

the propagating slab tears due to reacting with hot mantle upwelling to form adakitic 

felsic lavas in younger than 2 Ma. However, this study further suggests that the PHS 

slab may be flattened and torn apart and finally started to melt at ~5 Ma (Figure 6-52). 

 In episode 3, 4-0 Ma, the deep mantle continuously upwell, forming an OIB 

volcanic zone in the further back-arc region, along the coast of the Sea of Japan (Figure 

6-50). The migration of the OIB magmatic zone might be explained by the shallower 

subduction of the PHS in this stage (Pineda-Velasco et al., 2018 submitted). The 

shallower subduction is further explained by the hot and deep mantle upwelling, ~1300-

1400oC, which induces tears of the PHS slab. As a consequence, the propagating slab 

tear allows a larger hot mantle ascending and interacting with the slab surface, forming 

a huge amount of adakic magma, which is present for the slab melting products, as well 

as OIB and IAB magmas at closely each other. 

6.7.2. The evolution of the slab morphology 

The interaction of mantle and subducting slab at its tears is supported by a spatial 

and temporal coincidence of high-Sr andesites and dacites and basalt volcanism above 

the seismic discontinuity of the slab (Pineda-Velasco et al. 2018, submitted). This study 

provides a conceptual model for the formation of slab tear and production of high-Sr 

andesite and dacite magmas and mantle upwelling flows interacting with the subducting 

slab to generate two types of basaltic magmas (OIB and IAB) (Figure 6-52, 6-53).  

Two prominent ridges are observed on the Shikoku Basin plate, the Kyushu-

Palau Ridge (KPR) and the Shikoku Basin Spreading Center (SBSC). The KPR and 

SBSC formed by subduction of the Pacific plate beneath the Philippine Sea plate, and 

migrated to the northeast during the period of 10–6 Ma (Mahony et al., 2011). During 

episode 1 (12-8 Ma) the Philippine Sea plate subducted beneath SW Japan arc, with a 

relatively deep and steep angle compared to the recent time (Figure 6-51 and 6-53). In 

the second episode (8-4 Ma), asthenospheric mantle upwells and reacts with the slab. 

Subsequently, these reaction processes bottom-up the slab leading to a gentle and 

shallower angle than the previous stage (Figure 6-51). Around 6–5 Ma, the plate 

kinematics of the Philippine Sea plate changed, and KPR and SBSC had been located 
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in the south of Cape Ashizuri and Kii Peninsula, respectively. The collision of the KPR 

and SBSC could have formed the arcuate trench at the Nankai Trough (Mason et al., 

2010). Subsequent subduction resulted lateral tension on the slab, which eventually was 

torn apart at the leading edge (Cao et al., 2014). With time, the subduction angle would 

shallow due to dynamic support from a hot and buoyant mantle. This may also facilitate 

propagation of the slab tear (Figure 6-53). Since 2 Ma, the interaction of the mantle and 

slab have been enhanced, presumably related to widening of the slab tear (Figure 6-53). 

The vigorous upwelling of hot and buoyant mantle could have allowed silica-saturated 

slab melts to infiltrate without solidification, leading to the production of basaltic 

volcanoes adjacent to the eruptions of high-Sr andesite and dacite magmas.  
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Figure 6-1: Spatial variations in the magma types and K-Ar ages of the late Cenozoic volcanic rocks in the 

Chugoku district, southwest Japan: (a) distribution of the lavas with different geochemical characteristics (OIB, 

ocean-island-basalt type; IAB, island-arc basalt type; IAA, island-arc andesite type; ADK, adakitic type); and (b) 

longitudinal variation in K-Ar ages of the volcanic rocks. Large colored circles denote the localities and K-Ar 

ages of the studied lavas. Small green circles denote the localities and K-Ar ages of ADK lavas from Aonoyama, 

Oe-Takayama, Sambe, and Wakurayama volcanic fields (Pineda-Velasco et al., submitted in 2017). The localities 

and K-Ar ages for the late Cenozoic lavas in the previous studies are shown (by +) for comparison (see Table S12: 

Kawai and Hirooka, 1967; Kaneoka et al., 1977; Kano and Nakano, 1985; Tsukui et al., 1985; Matsuura, 1986; 

Fujimaki et al., 1989; Uto, 1990; Wada et al., 1990; Furuyama et al., 1993a, 1993b; Uto et al., 1994; Kagami et 

al., 1996; Kakubuchi et al., 2000; Kimura et al., 2003; Morris et al., 1990; Furuyama et al., 1993a, 1993b; Morris 

et al., 1997; Kaneko and Tiba, 1998; Morris et al., 1999; Tiba et al., 2002; Toshida et al., 2002; Kitani and 

Iwamoto, 2004; Sawada et al., 2006, 2008; Kano et al., 2014). The volcanic activity in the last 12 Myrs 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 

recent (see the text for explanation). 
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Figure 6-2: Age-corrected 87Sr/ 86Sr, Nd, 206Pb/ 204Pb, and 208Pb/ 204Pb plotted against MgO for the volcanic 

rocks erupted during episode 1 (12–8 Ma). Analytical uncertainty (2 σm) is shown as error bar in the lower-

left corner. The ranges of isotopic compositions of basement granites and mafic rocks (xenoliths) are shown 

as light gray and dark gray bars, respectively. 
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Figure 6-3: Age-corrected 87Sr/ 86Sr, Nd, 206Pb/ 204Pb, and 208Pb/ 204Pb plotted against MgO for the volcanic 

rocks erupted during episode 2 (8–4 Ma). Analytical uncertainty (2 σm) is shown as error bar in the lower-

left corner. The ranges of isotopic compositions of basement granites and mafic rocks (xenoliths) are shown 

as light gray and dark gray bars, respectively. 
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Figure 6-4: Age-corrected 87Sr/ 86Sr, Nd, 206Pb/ 204Pb, and 208Pb/ 204Pb plotted against MgO for the volcanic 

rocks erupted during episode 3 (4–0 Ma). Analytical uncertainty (2 σm) is shown as error bar in the lower-

left corner. The ranges of isotopic compositions of basement granites and mafic rocks (xenoliths) are shown 

as light gray and dark gray bars, respectively. 
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Figure 6-5: CIPW normative olivine (Ol), diopside (Di), hyperthene (Hyp), nepheline (Nph), and quartz 

(Qz) compositions of the volcanic rocks erupted during episode 1 (12–8 Ma). The cotectic boundaries at 

various pressures are after Thompson et al. (2007). 

 

 

Figure 6-6: CIPW normative olivine (Ol), diopside (Di), hyperthene (Hyp), nepheline (Nph), and quartz 

(Qz) compositions of the volcanic rocks erupted during episode 2 (8–4 Ma). The cotectic boundaries at 

various pressures are after Thompson et al. (2007). 
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Figure 6-7: CIPW normative olivine (Ol), diopside (Di), hyperthene (Hyp), nepheline (Nph), and quartz (Qz) 

compositions of the volcanic rocks erupted during episode 3 (4–0 Ma). The cotectic boundaries at various 

pressures are after Thompson et al. (2007). 

 

 

Figure 6-8: (U/Nb)n and (Sr/Nd)n ratios of late Cenozoic volcanic rocks from Chugoku district plotted against 

MgO (subscript n denote primitive mantle normalization). The ranges of trace element ratios of the upper crustal 

granites and lower crustal gabbros are shown as light gray and dark gray bars, respectively. 
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Figure 6-9: CaO/Al2O3 of mafic to intermediate lavas plotted against Mg# (≡ 100 × Mg/(Mg + Fe2+) where 

Fe2+/ΣFe = 0.85): (1) episode 1 (12–8 Ma). Data for lamprophyre in Sera is excluded. Assuming that primary 

magmas have Mg# within the range of 68.8-77.5 due to equilibrium with mantle olivine within the range of Fo88-

92. 
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Figure 6-10: CaO/Al2O3 of mafic to intermediate lavas plotted against Mg# (≡ 100 × Mg/(Mg + Fe2+) where 

Fe2+/ΣFe = 0.85): (2) episode 2 (8–4 Ma). Assuming that primary magmas have Mg# within the range of 68.8-

77.5 due to equilibrium with mantle olivine within the range of Fo88-92. 
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Figure 6-11: CaO/Al2O3 of mafic to intermediate lavas plotted against Mg# (≡ 100 × Mg/(Mg + Fe2+) where 

Fe2+/ΣFe = 0.85): (3) episode 3 (4 Ma to recent). Assuming that primary magmas have Mg# within the range of 

68.8-77.5 due to equilibrium with mantle olivine within the range of Fo88-92. 

 
Figure 6-12: CaO/Al2O3 of mafic to intermediate lavas plotted against Mg# (≡ 100 × Mg/(Mg + Fe2+) where 

Fe2+/ΣFe = 0.85): (3) episode 3 (4 Ma to recent). Assuming that primary magmas have Mg# within the range of 

68.8-77.5 due to equilibrium with mantle olivine within the range of Fo88-92. 
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Figure 6-13: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Otsu volcanic field (IAB type). Projection schemes are after (a) Walker et al. 

(1979), and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite are after 

(a) Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 

 

 

Figure 6-14: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Mishima volcanic field (OIB type). Projection schemes are after (a) Walker et al. 

(1979), and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite are after 

(a) Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 
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Figure 6-15: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Sera volcanic field (OIB type). Projection schemes are after (a) Walker et al. (1979), 

and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite are after (a) 

Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 

 

 

Figure 6-16: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Hiba volcanic field (IAB type). Projection schemes are after (a) Walker et al. 

(1979), and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite are after 

(a) Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 
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Figure 6-17: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Kibi volcanic field (OIB type). Projection schemes are after (a) Walker et al. (1979), 

and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite are after (a) 

Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 

 

 

Figure 6-18: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Matsue volcanic field (IAB type). Projection schemes are after (a) Walker et al. 

(1979), and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite are after 

(a) Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 
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Figure 6-19: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Hamada volcanic field (OIB type). Projection schemes are after (a) Walker et al. 

(1979), and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite are after 

(a) Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 

 

 

Figure 6- 20: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Tsuyama volcanic field (OIB type). Projection schemes are after (a) Walker et al. 

(1979), and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite are after 

(a) Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 
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Figure 6-21: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Old Kurayoshi volcanic field (IAB type). Projection schemes are (a) Walker et al. 

(1979), and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite are after 

(a) Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 

 

 

Figure 6-22: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Abu volcanic field (OIB type). Projection schemes are after (a) Walker et al. (1979), 

and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite are after (a) 

Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 
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Figure 6- 23: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Mengame volcanic field (IAB type). Projection schemes are after (a) Walker et al. 

(1979), and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite are after 

(a) Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 

 

 

Figure 6-24: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Yokota volcanic field (IAB type). Projection schemes are after (a) Walker et al. 

(1979), and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite are after 

(a) Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 
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Figure 6- 25: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Oki volcanic field (OIB type, younger serires). Projection schemes are (a) Walker 

et al. (1979), and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite 

are after (a) Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 

 

 

Figure 6-26: Ternary plots of (a) normative olivine-plagioclase-quartz and (b) normative Ol*-Ne*-Q* of 

calculated primary magmas of Northern Hyogo volcanic field (IAB type). Projection schemes are after (a) Walker 

et al. (1979), and (b) Irvine and Baragar (1971). Isobaric contours (in GPa) for melting of anhydrous peridotite 

are after (a) Hirose and Kushiro (1993) and (b) Sakuyama et al. (2014). 
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Figure 6-27: Comparison of estimated P for melting of the anhydrous mantle source using the melt-composition 

barometers calibrated by Hirose and Kushiro (1993) (𝑃1
𝑑𝑟𝑦

), by Sakuyama et al. (2014) (𝑃2
𝑑𝑟𝑦

) and by Mitchell 

and Grove (2015) (𝑃3
𝑑𝑟𝑦

). Also shown is the 1:1 line (gray) with ±0.25-GPa bands (gray broken line). The P 

estimates in the previous studies are from: Mishima by Nagasaki and Nagao (1988) using melt-composition 

barometer of O’Hara (1968) (anhydrous); Matsue by Iwamori (1991) based on melting experiments on primitive 

basalts (0.8–1.5 wt.% H2O and 0 wt.% to saturated CO2). 

 

 

Figure 6-28: Comparison of estimated P for melting of the anhydrous mantle source using the melt-composition 

barometers calibrated by Hirose and Kushiro (1993) (𝑃1
𝑑𝑟𝑦

), by Sakuyama et al. (2014) (𝑃2
𝑑𝑟𝑦

) and by Mitchell 

and Grove (2015) (𝑃3
𝑑𝑟𝑦

). Also shown is the 1:1 line (gray) with ±0.25-GPa bands (gray broken line). The P 

estimates in the previous studies are taken from: Old Kurayoshi, and Tsuyama by Iwamori (1991) based on melting 

experiments on primitive basalts (0.8–1.5 wt.% H2O and 0 wt.% to saturated CO2). 
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Figure 6-29: Comparison of estimated P for melting of the anhydrous mantle source using the melt-composition 

barometers calibrated by Hirose and Kushiro (1993) (𝑃1
𝑑𝑟𝑦

), by Sakuyama et al. (2014) (𝑃2
𝑑𝑟𝑦

) and by Mitchell 

and Grove (2015) (𝑃3
𝑑𝑟𝑦

). Also shown is the 1:1 line (gray) with ±0.25-GPa bands (gray broken line). The P is 

estimated in the previous studies: Oki by Takahashi (1980) based on melting experiments of primitive lavas; 

Yokota by Tamura et al. (2000) using melt-composition barometer of Hirose and Kushiro (1993) (anhydrous); 

Abu and Yokota by Kimura et al. (2014) using melt-composition barometer of Herzberg (2011). 

 

 

Figure 6-30: Comparison of estimated P for melting of under anhydrous and hydrous condition (dry, 0 wt.% H2O; 

wet, 2 wt.% H2O, in primary magmas). 𝑃2
𝑑𝑟𝑦

and 𝑃2
𝑤𝑒𝑡are estimated by the procedure of Sakuyama et al. (2014) 

combined with Médard and Grove (2008), while 𝑃3
𝑑𝑟𝑦

and 𝑃3
𝑤𝑒𝑡are estimated by the procedure of Mitchell and 

Grove (2015). Also shown is the 1:1 line (gray) with ±0.3 and ±0.2-GPa bands (gray broken line). The P estimates 

in the previous studies are shown in this figure. 
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Figure 6-31: Comparison of estimated P for melting of under anhydrous and hydrous condition (dry, 0 wt.% H2O; 

wet, 2 wt.% H2O, in primary magmas). 𝑃2
𝑑𝑟𝑦

and 𝑃2
𝑤𝑒𝑡are estimated by the procedure of Sakuyama et al. (2014) 

combined with Médard and Grove (2008), while 𝑃3
𝑑𝑟𝑦

and 𝑃3
𝑤𝑒𝑡are estimated by the procedure of Mitchell and 

Grove (2015). Also shown ise the 1:1 line (gray) with ±0.3 and ±0.2-GPa bands (gray broken line). The P estimates 

in the previous studies are shown in this figure. 

 

 

Figure 6-32: Comparison of estimated P for melting of under anhydrous and hydrous condition (dry, 0 wt % H2O; 

wet, 2 wt% H2O, in primary magmas). 𝑃2
𝑑𝑟𝑦

and 𝑃2
𝑤𝑒𝑡are estimated by the procedure of Sakuyama et al. (2014) 

combined with Médard and Grove (2008), while 𝑃3
𝑑𝑟𝑦

and 𝑃3
𝑤𝑒𝑡are estimated by the procedure of Mitchell and 

Grove (2015). Also shown is the 1:1 line (gray) with ±0.3 and ±0.2-GPa bands (gray broken line). The P estimates 

in the previous studies are shown in this figure. 
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Figure 6-33: Comparison of minimum and maximum melting temperature (Tmin, Tmax see Table 6-7) estimated by 

MgO-in-melt thermometers calibrated by Lee and Chin (2014) (TLee), Sakuyama et al. (2014) (TSak), and Herzberg 

and Asimow (2015) (THerz) in episode, 12-8 Ma. 
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Figure 6-34: Comparison of minimum and maximum melting temperature (Tmin, Tmax see Table 6-7) estimated by 

MgO-in-melt thermometers calibrated by Lee and Chin (2014) (TLee), Sakuyama et al. (2014) (TSak), and Herzberg 

and Asimow (2015) (THerz) in episode 2, 8-4 Ma. 
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Figure 6-35: Comparison of minimum and maximum melting temperature (Tmin, Tmax see Table 6-7) estimated by 

MgO-in-melt thermometers calibrated by Lee and Chin (2014) (TLee), Sakuyama et al. (2014) (TSak), and Herzberg 

and Asimow (2015) (THerz) in episode 3, 4-0 Ma. 
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Figure 6-36: Melting depth and temperature in the genesis of primary magmas of late Cenozoic mafic lavas. The 

dry solidus of mantle peridotite is after Hirschmann (2000), and solidus depression under hydrous condition 

(H2O=50–1000 µg.g−1) is after Aubaud et al. (2004). Red and blue dotted lines indicate adiabatic path of solid 

peridotite (20oC·GPa−1; McKenzie, 1984) to estimate minimum and maximum estimates of mantle potential 

temperature (blue for IAB and red for OIB). 
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Figure 6-37: Comparison of the results of trace-element modeling of partial melts with various degree of 

melting (F) and trace-element compositions of the observed lavas, including OIB- type in red and IAB- type 

in blue, in episode 1: 12-8 Ma;  (a) melting of the garnet-spinel transitional facies source; (b) melting of the 

spinel facies source. The details of the model parameters are displayed in Tables 6-9 to 6-11. 
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Figure 6-38:Comparison of the results of trace-element modeling of partial melts with various degree of 

melting (F) and trace-element compositions of the observed lavas, including OIB- type in red and IAB- type 

in blue, in episode 2: 8-4 Ma;  (a) melting of the garnet-spinel transitional facies source; (b) melting of the 

spinel facies source. The details of the model parameters are displayed in Tables 6-9 to 6-11. 
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Figure 6-39:Comparison of the results of trace-element modeling of partial melts with various degree of 

melting (F) and trace-element compositions of the observed lavas, including OIB- type in red and IAB- type 

in blue, in episode 3: 4-0 Ma;  (a) melting of the garnet-spinel transitional facies source; (b) melting of the 

spinel facies source. The details of the model parameters are displayed in Tables 6-9 to 6-11. 
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Figure 6-40: (Nb/Yb)n vs. (Sm/Yb)n diagram for the late Cenozoic mafic lavas from the Chugoku district. (a) 

episode 1 (12-8 Ma), (b) episode 2 (8-4 Ma), (c) episode 3 (4-0 Ma). Also shown are melting trajectories of the 

mantle (primitive mantle McDonough and Sun, 1995) of garnet/spinel transitional facies and spinel facies. The 

parameters used in the modeling are summarized in Table 6-9 to 6-11. 
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Figure 6-41: Correlations between age-corrected 87Sr/86Sr, Ndi, 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb for the 

volcanic rocks erupted during episode 1 (12-8 Ma). Analytical uncertainty (2m) is shown as error bar in the lower-

left corner. Isotope data for Shikoku Basin basalts and Nankai sediments are from Pineda-Velasco et al. (2018, 

submitted and reference therein). The NHRL (Northern Hemisphere Reference Line) is after Hart (1984). Gray 

cross: Data for late Cenozoic basalts from eastern China (Basu et al., 1991; Brenna et al., 2012a, 2012b; Choi et 

al., 2006; Guo et al., 2016; Ho et al., 2008, 2013; Kuritani et al., 2009, 2011; Sakuyama et al., 2013, 2014b; Song 

et al., 1990; Sun et al., 2014; Tatsumoto and Nakamura, 1991; Wang et al., 2011; Xu et al., 2005; Zhang et al., 

1995, 2012; Zhao et al., 2014; Zou et al., 2000, 2003). 
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Figure 6-42: Correlations between age-corrected 87Sr/86Sr, Ndi, 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb for the 

volcanic rocks erupted during episode 2 (8-4 Ma). Analytical uncertainty (2m) is shown as error bar in the lower-

left corner. Isotope data for Shikoku Basin basalts and Nankai sediments are from Pineda-Velasco et al. (2018, 

submitted and reference therein). The NHRL (Northern Hemisphere Reference Line) is after Hart (1984). Gray 

cross: Data for late Cenozoic basalts from eastern China (Basu et al., 1991; Brenna et al., 2012a, 2012b; Choi et 

al., 2006; Guo et al., 2016; Ho et al., 2008, 2013; Kuritani et al., 2009, 2011; Sakuyama et al., 2013, 2014b; Song 

et al., 1990; Sun et al., 2014; Tatsumoto and Nakamura, 1991; Wang et al., 2011; Xu et al., 2005; Zhang et al., 

1995, 2012; Zhao et al., 2014; Zou et al., 2000, 2003). 
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Figure 6-43: Correlations between age-corrected 87Sr/86Sr, Ndi, 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb for the 

volcanic rocks erupted during episode 3 (4-0 Ma). Analytical uncertainty (2m) is shown as error bar in the lower-

left corner. Isotope data for Shikoku Basin basalts and Nankai sediments are from Pineda-Velasco et al. (2018, 

submitted and reference therein). The NHRL (Northern Hemisphere Reference Line) is after Hart (1984). Gray 

cross: Data for late Cenozoic basalts from eastern China (Basu et al., 1991; Brenna et al., 2012a, 2012b; Choi et 

al., 2006; Guo et al., 2016; Ho et al., 2008, 2013; Kuritani et al., 2009, 2011; Sakuyama et al., 2013, 2014b; Song 

et al., 1990; Sun et al., 2014; Tatsumoto and Nakamura, 1991; Wang et al., 2011; Xu et al., 2005; Zhang et al., 

1995, 2012; Zhao et al., 2014; Zou et al., 2000, 2003). 
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Figure 6-44: Ba and Th abundances of the IAB lavas plotted against Rb abundance. (a and d) IAB lavas in the 

episode 1 (12-8 Ma), (b and e) IAB lavas in episode 2 (8-4 Ma), (c and f) IAB lavas in episode 3, 4 Ma to recent. 

Two black lines in each plot corresponds to the minimum and maximum ratios of Rb and Ba or Rb and Th. The 

red line indicate the change in compositions of slab-derived fluids as a function of temperature, whereas green 

lines indicate composition of sediment-derived fluid. 
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Figure 6-45: The pressure and temperature condition inferred for detachment of sediment from the subducting 

slab and dehydration and melting of oceanic crust. Sediment detachment depth is estimated using temperature to 

form sediment diapirs (Behn et al., 2011) and P-T path of the subducting PHS (Syracuse et al., 2010) (D80 and 

T550 models are based on partial-to-full viscous coupling between the slab and mantle, depending on depth and 

temperature respectively). Dark gray region indicates the possible P-T range for forming sediment diapir, while 

pale gray region indicates the possible P-T range for slab dehydration and melting. The sediment detachment 

occurs at significantly shallower depth (∼50 km), suggesting that sediment geochemical “flavor” would be 

imprinted to the melting region in the uppermost mantle wedge. 
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Figure 6-46: Sr-Nd-Pb isotopic compositions of the end-member components contributed to the OIB parental 

magmas, postuated to be derived from deep asthenospheric matle. We presume the origins are recycled fragments 

of stagnant Pacific plate; C1 from the crustal section forming oceanic ridge or seamount (like Pitcairn) and C2 

from  mantle transition zone (MTZ) metasomatized subducted ancient sediments (1–2 Ga; see Kuritani et al. 

[2011] for details about Pb-isotope evolution of sediment component in MTZ). Reference data: Pacific MORB 

(Janney and Castillo, 1997); Shikoku Basin basalts (Hickey-Vargas, 1991; 1998); Pacific seamounts (Woodhead 

and Devey, 1993); Late Cenozoic basalts from eastern China (Basu et al., 1991; Brenna et al., 2012a, 2012b; Choi 

et al., 2006; Guo et al., 2016; Ho et al., 2008, 2013; Kuritani et al., 2009, 2011; Sakuyama et al., 2013, 2014b; 

Song et al., 1990; Sun et al., 2014; Tatsumoto and Nakamura, 1991; Wang et al., 2011; Xu et al., 2005; Zhang et 

al., 1995, 2012; Zhao et al., 2014; Zou et al., 2000, 2003). 
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Figure 6-47: Chondrite-normalized rare-earth element abundances of andesites and dacites and associated basalts. 

Reference data for Daisen dacite and NE Japan andesite are from Feineman et al. (2013) and Kobayashi et al. 

(2001), respectively. 
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Figure 6-48: Results of trace-element forward modeling for melting of wedge mantle metasomatized by (a) slab-

derived fluid and (b) slab-derived melt. Trace element abundances of wedge mantle are taken from DMM 

(Workman and Hart, 2005). Slab fluid is estimated from altered oceanic basalt (AOC) and sediment (SED) on the 

PHS slab. Trace element compositions of the AOC and SED are shown in Table 6-15, 16. Average trace-element 

abundances of Oe-Takayama high-Sr dacites (adakite) are used as the compositions of “pure” slab melt. The DMM 

and slab fluid are mixed with a proportion of 85:15 to produce a hybrid source in model (a). The DMM and slab 

melt are mixed with a proportion of 95:5 to produce a hybrid source in model (b). Primary basalt magma 

compositions are calculated by a modal batch melting (Shaw, 1970) with various of melting extents and Dbulk 

for the residual phase assemblage consisting of 65 % olivine, 29 % clinopyroxene (Iwamori, 1992). Partition 

cefficients between mafic melt and mantle residue are taken from the compilation by Kelemen et al. (2003). 

 

Figure 6-49: Age variation versus Sr* of IAB lavas in the Chugoku district during the last 12 Ma. N denotes a 

primitive mantle-normalized trace element composition. 
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Figure 6-50: Spatial and temporal variations in the magma types and plate boundaries around the Chugoku district 

in late Cenozoic. (a) distribution of the lavas with different geochemical characteristics (OIB, IAB, IAA and 

ADK); (b) longitudinal variation in K-Ar ages of the volcanic rocks; (c) temporal and spatial variations of plate 

boundary between the Philippine Sea plate (PHS) and the Pacific plate (PAC) after Mahony et al. (2011) and 

Sdrolias et al. (2004). 
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Figure 6-51: Model showing the mantle geodynamic, as well as the evolution of the subducting slab morphology 

in episode 1 (12-8 Ma). OIB- and IAB- type lavas are expressed in red and blue triangle. The PAC-PHS triple 

junction position is extracted from the reconstruction by Mahony et al. (2011) and Sdrolias et al. (2004). Depth 

contours of the PAC slab are estimated based on the tectonic reconstruction from Savov et al. (2007), Seno et al. 

(1996) and Wei and Seno (1998). 

 
Figure 6-52: Model showing the mantle geodynamic, as well as the evolution of the subducting slab morphology 

in episode 2 (8-4 Ma). OIB- and IAB- type lavas are expressed in red and blue triangles. The PAC-PHS triple 

junction position is extracted from the reconstruction by Mahony et al. (2011) and Sdrolias et al. (2004). Depth 

contours of the PAC slab are estimated based on the tectonic reconstruction from Savov et al. (2007), Seno et al. 

(1996) and Wei and Seno (1998). 

 

 

 

 

 

 



218 
 

 

Figure 6-53: Model showing the mantle geodynamic, as well as the evolution of the subducting slab morphology 

in episode 3 (4-0 Ma). OIB-type, IAB- type and adakitic lavas are expressed in red, blue and green triangles. The 

PAC-PHS triple junction position is extracted from the reconstruction by Mahony et al. (2011) and Sdrolias et al. 

(2004). Depth contours of the PAC slab are estimated based on the tectonic reconstruction from Savov et al. 

(2007), Seno et al. (1996) and Wei and Seno (1998). 
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Table 6- 1: Compiled major-element compositions of mafic to intermediate lavas from Chugoku district, SW Japan (1). 

 

*, lavas used to estimate primary magma composition 

Major-element abundance is normalized to 100 % (volatile free)  



220 
 

Table 6-1: Compiled major-element compositions of mafic to intermediate lavas from Chugoku district, SW Japan (2). 

 
*, lavas used to estimate primary magma composition 

Major-element abundance is normalized to 100 % (volatile free) 
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Table 6-1: Compiled major-element compositions of mafic to intermediate lavas from Chugoku district, SW Japan (3). 

 

*, lavas used to estimate primary magma composition 

Major-element abundance is normalized to 100 % (volatile free) 
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Table 6-1: Compiled major-element compositions of mafic to intermediate lavas from Chugoku district, SW Japan (4).

 

*, lavas used to estimate primary magma composition 

Major-element abundance is normalized to 100 % (volatile free) 
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Table 6-1: Compiled major-element compositions of mafic to intermediate lavas from Chugoku district, SW Japan (5).

 
*, lavas used to estimate primary magma composition 

Major-element abundance is normalized to 100 % (volatile free) 
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Table 6-1: Compiled major-element compositions of mafic to intermediate lavas from Chugoku district, SW Japan (6).

 

*, lavas used to estimate primary magma composition 

Major-element abundance is normalized to 100 % (volatile free) 
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Table 6-1: Compiled major-element compositions of mafic to intermediate lavas from Chugoku district, SW Japan (7).

 
*, lavas used to estimate primary magma composition 

Major-element abundance is normalized to 100 % (volatile free) 
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Table 6-1: Compiled major-element compositions of mafic to intermediate lavas from Chugoku district, SW Japan (8).

 
*, lavas used to estimate primary magma composition 

Major-element abundance is normalized to 100 % (volatile free) 
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Table 6-1: Compiled major-element compositions of mafic to intermediate lavas from Chugoku district, SW Japan (9).

 
*, lavas used to estimate primary magma composition 

Major-element abundance is normalized to 100 % (volatile free) 
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Table 6-1: Compiled major-element compositions of mafic to intermediate lavas from Chugoku district, SW Japan (10).

 
*, lavas used to estimate primary magma composition 

Major-element abundance is normalized to 100 % (volatile free) 
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Table 6-1: Compiled major-element compositions of mafic to intermediate lavas from Chugoku district, SW Japan (11).

 
*, lavas used to estimate primary magma composition 

Major-element abundance is normalized to 100 % (volatile free) 
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Table 6-1: Compiled major-element compositions of mafic to intermediate lavas from Chugoku district, SW Japan (12).

 
*, lavas used to estimate primary magma composition 

Major-element abundance is normalized to 100 % (volatile free)  
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Table 6-2: Fo of olivine possibly equilibrated with primary magmas. 
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Table 6-3: Major-element compositions (wt.%) of primary magmas equilibrated the mantle (with Fo89 olivine). 

 
Fe2O3 and FeO abundances are calculated using molar Fe2+/∑ Fetotal = 0.15. Mol, total weight fraction of olivine in percentage. 

Lavas with addition or subtraction of >11 wt.% olivine are excluded. 
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Table 6-4: Walker’s normative mineral compositions of calculated primary magmas. 
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Table 6-4: Continued. 

 

Walker’s normative mineral compositions are calculated using molar oxide proportions following 

Walker et al. (1979): 

Plagioclase, Al2O3 + Na2O + K2O; 

Diopside, CaO – Al2O3 + Na2O + K2O; 

Olivine, (FeO + MgO + MnO + 2Fe2O3 + Al2O3 – CaO – Na2O – K2O)/2; and 

Quartz, SiO2 – (Al2O3 + FeO + MgO + MnO + 3CaO +11Na2O + 11K2O + 2Fe2O3)/2. 
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Table 6-5: CIPW normative compositions of calculated primary magmas. 
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Table 6-5: Continued. 
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Table 6-6: Estimated pressure (in GPa) for the formation of primary magmas (anhydrous and hydrous (2 wt% 

H2O). 
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Table 6-6: Continued. 

 
P1

anhyrous
, pressure estimated using isobaric contours for anhydrous peridotite melting calibrated by Hirose and 

Kushiro (1993) (Figures 6-13a to 6-26a). 

P2
anhyrous

, pressure estimated using isobaric contours for anhydrous peridotite melting calibrated by Sakuyama 

et al. (2014) (Figures 6-13b to 6-26b). 

P1
hyrous

and P2
hyrous

 are pressure of peridotite melting under hydrous condition estimated as: 

Phydrous= Panhydrous + (H2O (wt%)) x
0.5

3
 (Sakuyama et al., 2014). 

P3
anhyrous

and P3
hyrous

 are estimated by barometry of Mitchell and Grove (2015). 

Ppreferred is preferred to estimate barometry in this study with the correction of the effects of H2O and CO2 in 

primary magmas (see text in details). 
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Table 6-7: Estimated melting T for primary magmas of mafic lavas in the Chugoku district. 
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Table 6-7: Continued. 

 
Thermometers used are denoted as T Lee (Lee and Chin, 2014), T Sak (Sakuyama et al., 2014a) (with the 

correction of water following Médard and Grove (2008)), and T Herz (Herzberg and Asimow, 2015) (with the 

correction of water following Putirka (2016)), respectively; 

TLee = 1070 + 14.93MgO + 72.23P − 3.249P2 − 18.53H2O; 

TSak = 1080.7 + 54.75(−0.27074P2 + 2.21634P − 0.99731) + 15.08MgO − 40.4H2O + 2.97(H2O)2 − 

0.0761(H2O)3; and THerz = 1020 + 24.4MgO − 0.161(MgO)2 + 54P − 2P2 − 19.93H2O 

where MgO and H 2 O contents of primary magma are in wt% and P is melting pressure in GPa. 

Tmin and Tmax are the minimum and maximum temperatures for which the effects of pressure of melting and 

volatile abundance in melting region are taken into account (see the text for details). 
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Table 6-8: Mantle potential temperature (Tp) estimated from melting T and P. 
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Table 6-8: Continued. 

 
Adiabatic gradient of -20 oC.GPa-1 (McKenzie, 1984) is used for estimation of Tp from melting P. 
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Table 6-9: Parameters used in melting model (1): trace-element composition of the magma source, modal 

abundances of phases in the solid-state source and which enter into melt, and partition coefficients between 

individual phases and primary magma. 

 
Mineral abbreviations: ol, olivine; opx, orthopyroxene; cpx, clinopyroxene; sp, spinel; gar, garnet. 

1, Gurenko and Chaussidon (1995); 2, Fram et al. (1998); 3, McDonough and Sun (1995); 4, Kelemen et al. (2003) 

(𝐷j
k/l

 for K is the same as Rb, 𝐷j
k/l

 for Ta is the same as Nb, 𝐷j
k/l

 for Tm is interpolated from those for Er and 

Yb). The  values (critical melt fraction) are assumed to be 2.5% for the source at the garnet-spinel transition 

(mantle porosity,  = 2.6%) and 3% for spinel-facies source (mantle porosity,  = 3.1%) where  = / (+1). 
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Table 6-10: Parameters used in melting model (2): bulk partition coefficients of trace elements (Di and Pi) for 

melting of the sources in the garnet-spinel transitional facies and spinel facies. 

 
Facies (mantle lithology): gar/sp, garnet-spinel transitional facies; sp, spinel facies 

D, bulk distribution coefficient of phases in the solid source; P, bulk distribution coefficient of phases which 

enter in melt. 
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Table 6-11: Results of trace-element modeling for critical melting of magma sources (F is degree of melting and 

elemental abundances in g.g-1). 
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Table 6-12: Element mobility and composition of slab-derived fluids. 

 
Mobility (%) of trace elements, M, (experiment under 4 GPa, Kessel et al., 2005); Concentration (in g.g-1) of 

trace elements in fluids, C, and original solid (subducting Shikoku Basin slab, SBB). The SBB is from Pineda-

Velasco et al. (2018) (submitted). 

Fluid fraction (f) was estimated by the relationship between element mobility and partition coefficient (D) as 

f=M/[D(1-M)+M]. 
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Table 6- 13: Element mobility and concentration of sediment-derived fluids. 

 
Mobility (%) of trace elements, M, (experiment under 5.5 GPa, Aizawa et al., 1999); Concentration (in g.g-1) of 

trace elements in fluids, C, and original solid (subducting Nankai sediments). Fluid fraction is from (Aizawa et 

al., 1999). The Nankai sediment is from Plank and Languir (1998). 

Table 6-14: Sr-Nd-Pb isotopic composition of the possible magma sources 

 
Unaltered oceanic crust, Shikoku Basin basalts and Nankai sediment (Pineda-Velasco et al., 2018 (submitted))
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Table 6-15: Parameters and estimated trace element compositions of metasomatized wedge mantle by slab-derived fluid, trace element compositions of partial melts from the 

metasomatized wedge mantle, and observed sample compositions from this study. 
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Table 6-16: Parameters and estimated trace element compositions of metasomatized wedge mantle by slab-derived melt, trace element compositions of partial melts from the 

metasomatized wedge mantle, and observed sample compositions from this study. 
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Conclusions of this study are summarized as follows: 

1. This study provides the first comprehensive data sets for geochronological, 

petrological and geochemical properties of late Cenozoic volcanic rocks, with a focus 

on the basaltic rocks in the Chugoku district, southwest Japan. K-Ar age data sets are 

combined with previously published data set, providing an overview for the volcanic 

activity in this region during the last 12 Myrs. Three volcanic episodes are recognized 

denoted in my study as episode 1 (12–8 Ma), episode 2 (8–4 Ma), and episode 3 (4–0 

Ma). Episode 1 is characterized by the occurrence of alkaline and sub-alkaline rocks; 

the former tends to occur in the fore-arc (Kanmuri, Sera, Kibi), and the latter tends to 

occur in the back-arc side (Matsue, Hiba). Episode 2 is characterized by less voluminous 

eruptions, for which magmatic activity was confined to Hamada, Kibi, Tsuyama, and 

Kurayoshi (denoted as old Kurayoshi). The majority of the lavas are alkaline rocks 

including nephelinite. The eruption of sub-alkaline type is confined to Kurayoshi and 

occurred in the quarter half of episode 2. Episode 3 is characterized by eruptions of 

basaltic magmas associated with voluminous andesite and dacite with the geochemical 

signature suggestive of slab melting. Basaltic rocks in this period are closely associated 

with andesites and dacites; Abu (basalt) and Aonoyama (andesite and dacite), Mengame 

(basalt) and Oe-Takayama and Sambe (andesite and dacite), Yokota (basalt) and 

Wakurayama (dacite), and Daisen (andesite dacite) and Kurayoshi (young period, 

andesite and basalt). 

2. Geochemical data revealed that these volcanic rocks are classified into two 

different rock series, alkaline series and sub-alkaline series. Basaltic rocks include both 

series, whereas andesitic to dacitic lavas are dominated by the sub-alkaline series. 

Geochemically, basaltic lavas are classified into two types, ocean-island basalt (OIB) 

and island-arc basalt (IAB). The OIB lavas are dominated by alkaline series, whereas 

the IAB lavas include both alkaline and sub-alkaline series. Andesite and dacites are 

most commonly sub-alkaline and have similar geochemical characteristics to IAB (thus 

denoted as IAA, island-arc andesite). 

3. Major-element variations of the IAB and OIB lavas within each region are 

primarily controlled by fractional crystallization of olivine and clinopyroxene with 
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minor orthopyroxene and plagioclase. Among them, the least differentiated lavas 

suggest that only olivine would have been in a crystallization phase, allowing this study 

to estimate primary magma compositions and their genetic condition. The P and T 

conditions of parental magma generation are clearly different between the IAB and OIB, 

irrespective of the eruption ages (i.e., eposide). The IAB parental magmas were 

generated at lower T and P in the range of 1150–1380 ˚C, whereas the OIB parental 

magmas were derived by melting at T between 1300–1450 ˚C.  

4. The P-T estimate gives mantle potential temperature (MPT) for the IAB and OIB 

magma sources; MPT for IAB is 1150–1350oC, and that for OIB is 1250–1420oC. Large 

uncertainty is due to difficulty in constraining the volatile contents in the mantle, as well 

as the source composition (such as Fo content in mantle olivine). Nevertheless, the IAB 

and OIB show systematically different melting condition, and more importantly, they 

form a P-T trajectory with a gradient suggestive of adiabatic upwelling of partially 

molten mantle. It was interpreted that this path is due to progressive extraction of partial 

melts of the upwelling asthenospheric mantle from depths greater than 100 km. 

5. Trace-element compositions suggest that the magma source is likely to have a 

composition similar to the hypothetical primitive mantle or enriched-type depleted 

MORB-source mantle, rather than the depleted MORB-source mantle often assumed as 

the source of island-arc mgmas. This inference is consistent with a deep origin of the 

magma sources estimated by P-T condition of melting. Trace-element modeling can 

reproduce the OIB and IAB melts by polybaric extraction of melts from progressively 

upwelled and melt-depleted mantle. 

6. Isotopic compositions suggest that IAB magma source received a contribution 

from the subducted Philippine Sea plate, which released the fluid with an elemental and 

isotopic composition between oceanic crustal part and overlying sediments. This 

signature, combined with polybaric generation of major- and trace-element signature, 

suggests that the deep asthenosphere upwelled forming OIB in a deep and less fluid-

fluxed slab, and formed the IAB in shallower with more fluid-fluxed from the slab. 

Thus, it is not necessary to consider the different magma sources for the genesis of IAB 

and OIB. 
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7. The slab-fluxed fluid shows temporal change in composition. The IAB in episode 

1 shows the signature is consistent with aqueous-fluid dominant influx, such as Rb 

enrichment in primitive-mantle normalized trace-element patterns. By contrast, the IAB 

in eposides 2 and 3 have a pronounced anomaly of Sr and Ba, interpreted as the addition 

of slab-derived fluid dominated by silicate melt. Trace-element modeling for melting of 

the mantle added with aqueous fluid versus silicate melt reproduce the observed 

difference in geochemical characteristics of these two types of IAB. The formation of 

melt-dominant slab-derived fluid may indicates an increase of intra-slab temperature or 

shallow subduction. This inference is consistent with the current state of the PHS slab, 

for which the seismic tomography revealed the shallow subduction beneath the 

Chugoku district. 

8. Based on the above discussion, this study proposes a model for the evolution of 

volcanism in the Chugoku district and subducting PHS plate during the last 12 Myr. 

During the onset of the late Cenozoic volcanism, the PHS subducted at deeper angle 

than it does at the present-day. The wide mantle wedge allowed the upwell of 

asthenospheric mantle material beneath the volcanic field. The mantle continuously 

extracted melts, and formed the OIB magmas in deeper than the IAB magma, which 

formed at much shallower depths. The IAB melting involved the reaction with slab-

influxed fluid dominated by aqueous fluid. The subsequent reaction built up the heat of 

PHS plate. Consequently, the PHS began to subduct at a shallower angle. This change, 

accompanied with decline in deep-asthenospheric injection, resulted in a decline of 

magmatic activity during episode 2. The shallow subduction of the PHS caused lateral 

tensile within the PHS slab with combined effect of subduction of seamount and 

spreading center (Kinan Seamounts and Shikoku Basin center) as well as slab bottom-

up by asthenospheric flow. Eventually, the slab may have been torn apart, as currently 

observed by seismic tomography. This slab distortion resulted in the formation of slab 

melting, resulting in metasomatism by silicate-melt dominant fluid. The subsequent 

subduction and interaction with the mantle propagated the tears on the slab.
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