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Abstract 
Duan, H. 2022. Magma generation and formation of continental crust in the Izu arc. Digital 
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and 
Technology 2101. 71 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1361-0. 

The Izu oceanic arc is produced by the subduction of the Pacific Sea Plate beneath the Philippine 
Sea Plate. The proto-Izu oceanic arc was initially formed at ca. 50 Ma, then it was separated into 
the Kyushu-Palau and Izu arc by the extension of the Shikoku basin from ca. 25 Ma. After the 
formation of the Shikoku basin, volcanism initiated in the Izu rear-arc at ca. 17 Ma. Nowadays, 
arc volcanism has built up a thick crust observed by seismic velocities that extends from the 
Izu fore-arc to rear-arc and the upper crust has felsic compositions. The bimodal mafic-felsic 
volcanism in the Izu arc-front displays depleted light rare earth elements whereas in the Izu rear-
arc the volcanic rocks display enriched light rare earth elements. International Ocean Discovery 
Program (IODP) Site U1437 is the first scientific drill site in the Izu rear-arc, which drilled 
1.8 km into the volcaniclastic successions between the Manzi and Enpo seamount chains. Site 
U1437 is divided into seven stratigraphic units that range in age from 0 to ca. 16 Ma. This thesis 
aims to investigate the magma generation and the formation of continental crust in the Izu rear-
arc using boron (δ11B) and oxygen (δ18O) isotopes. 

The felsic melt inclusions from Unit II and Unit IV show that felsic volcanic rocks are formed 
by partial melting of the pre-existing altered and fresh oceanic crust. Meanwhile, fractional 
crystallization of mafic magmas affects the diverse compositions of the oceanic crust protolith. 
Therefore, partial melting of oceanic crust and fractional crystallization of mantle-derived mafic 
magmas both influence the formation of felsic continental crust in the Izu rear-arc. These 
findings indicate that extensional settings, like the Izu rear-arc, should be considered as potential 
locations for the formation of continental crust in the Phanerozoic, Archean and even in the 
Hadean. 

The basaltic melt inclusions in Unit VII show that the mafic volcanic rocks in the Izu rear-arc 
are not derived from the mantle wedge that is metasomatized by slab-derived fluids. Instead, 
primary magmas in the Izu rear-arc are formed by mélange diapirs ascending into the mantle 
wedge. This could explain the across arc mantle heterogeneity observed in the Izu arc, with the 
arc front volcanic rocks are associated with slab-derived fluids and the Izu rear-arc compositions 
are influenced by mélange. Mélange compositions generated in the rear-arc may be recycled 
into the upper mantle forming the upper mantle heterogeneity observed in MORB globally. 
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1. Introduction 

1.1 Subduction zones and volcanic arcs 

Subduction zones are important factories for mass transfer between the crust 
and mantle on Earth, which influences the mantle heterogeneity worldwide 
(Eiler et al., 1998; Grove et al., 2009; Marschall and Schumacher, 2012; 
Zheng and Chen, 2016). In subduction zones, cold subducted plates sink into 
the hot upper mantle and induce hydrous melting of the mantle wedge, which 
cause natural hazards, such as earthquakes and volcanic eruptions (e.g., 
Rouwet et al., 2014; Waldman et al., 2020; Zhang et al., 2019). Additionally, 
the subducted plate gets recycled by mantle convection and sampled as mantle 
heterogeneity by intraplate volcanoes, such as ocean islands (Zindler and Hart, 
1986; Hofmann, 1997; Jackson and Dasgupta, 2008; Niu et al., 2011). 
Therefore, subduction zones not only cause volcanic arcs but also influence 
the recycling of materials inside the Earth on a wide range of temporal and 
spatial scales. 

A series of volcanoes form parallel to the subduction zone on the 
overriding plate, which is known as the volcanic arc (Fig. 1). There are two 
different types of volcanic arcs at convergent boundaries, Andean-type and 
Intra-oceanic arcs (e.g., Niu et al., 2013). The Andean-type arc is built on the 
continental crust formed by subduction of an oceanic plate beneath a 
continental plate, such as the Andean arc and California arc (e.g., Jones et al., 
2014; Romer et al., 2014). In contrast, intra-oceanic arcs are formed by an 
oceanic plate subducting beneath another oceanic plate, like the Izu and 
Mariana arcs (e.g., Tamura et al., 2009; Straub et al., 2010; Ishizuka et al., 
2018). Compared with the Andean-type arc formed in a thick continental crust 
with felsic compositions, intra-oceanic arcs have no pre-existing felsic 
components (e.g., Tamura et al., 2009, 2010; Niu et al., 2013; Jones et al., 
2014). A volcanic arc is conventionally composed of a fore-arc, arc-front 
volcanoes, a rear-arc area, and a back-arc basin. The fore-arc is the region  
between the trench and arc-front, the latter hosts volcanoes along the arc. 
Volcanoes behind the arc-front are known as rear-arc volcanoes. Meanwhile, 
due to rifting and spreading, a back-arc basin may be formed behind the arc-
front (Chase, 1978). 
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Figure 1. Schematic diagram of plate tectonics. Volcanic arcs form paralleled 
volcanoes to the trench induced by subduction. Oceanic arcs are located on the 
oceanic crust caused by one oceanic plate subducting beneath another oceanic plate. 
In contrast, continental arcs are located on the continental crust produced by one 
oceanic plate subducting beneath a continental plate. 

Volcanic arcs are characterized by higher concentrations of large ion 
lithophile element (LILE) and light rare earth elements (LREE) than mantle-
derived magmas at mid-ocean ridges, which has been ascribed to the 
contribution of subducted components (Hawkesworth et al., 1993). For 
example, Ba and La in the Aleutian arc is ca. 60 and 3 times than in the mid-
ocean ridge basalts (MORB; Hawkesworth et al., 1993). Subducted oceanic 
plates contain hydrous minerals formed by water-rock interaction at the 
seafloor and metamorphic reactions occurring during subduction, such as 
amphibole, chloritoid, tourmaline, serpentine and phengite, which would be 
completely decomposed by depths of ca. 200 km (Reynard, 2013; De Hoog 
and Savov, 2018). For example, amphibole dehydrates in solid-state to form 
pyroxenes at pressures of ca. 2 kbars and temperatures of ca. 950 °C (Mazzone 
et al., 1987). Therefore, the slab components carried by slab-derived fluids are 
released from the subducted plate first (e.g., Martin et al., 2016). During slab 
dehydration, fluid-mobile elements (e.g., B, Ba, and Sr) are preferentially 
enriched in slab-derived fluids. Meanwhile, magmas in the subduction zone 
are formed by flux melting of the metasomatized mantle induced by the slab-
derived fluids (Grove et al., 2009). Therefore, volcanic arcs are enriched in 
fluid-mobile elements relative to MORB (e.g., Leeman et al., 2004; Tamura 
et al., 2005; Marschall et al., 2007; Tollstrup et al., 2010; Wu et al., 2020). 
Meanwhile, slab-derived melts could fertilize the mantle wedge to produce 
volcanic rocks with high LREE relative to MORB (e.g., Tollstrup et al., 2010; 
Zheng and Hermann, 2014). 

Due to the progressive dehydration of subducted slabs, volcanic rocks 
conventionally show systematic variations in geochemical compositions with 
distances from the trench (e.g., Hochstaedter et al., 2000, 2001; Ishizuka et al., 
2003; Tamura et al., 2005; Straub et al., 2010; Tollstrup et al., 2010). For 
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example, volcanic rocks in the Izu arc-front display K2O of ca. < 1 wt.% and 
11B from +4.5 to +12.0‰, whereas in the rear-arc show higher K2O of ca. 1 
to 4 wt.% and lower 11B from +7.0 to +1.2‰ (Ishikawa and Nakamura, 1994; 
Taylor and Nesbitt, 1998; Hochstaedter et al., 2001, 2000; Straub and Layne, 
2002; Ishizuka et al., 2003; Tani et al., 2015). This observation is closely 
related to the dehydration of hydrous minerals in the subducted slab (e.g., 
Hochstaedter et al., 2001; Tamura et al., 2005; Tollstrup et al., 2010). Boron 
is a fluid-mobile element and boron isotopes fractionate significantly during 
slab dehydration (e.g., Chaussidon and Marty, 1995; Marschall et al., 2007; 
Kowalski et al., 2013). Meanwhile, boron isotopes display different 
characteristics between crustal and mantle reservoirs on the Earth (e.g., Grew, 
2017; Marschall et al., 2017; Palmer, 2017). Therefore, boron is a powerful 
tool to trace the influence of these processes beneath subduction zones. For 
example, boron concentration ([B], µg/g) and boron isotopes (11B) display 
positive correlations in volcanic arc rocks, which has been ascribed to the 
contribution of slab-derived fluids, such as in the Central American, Izu-Bonin 
and South Sandwich arcs (e.g., Straub and Layne, 2002; Tonarini et al., 2007, 
2011). Meanwhile, in volcanic arc rocks, boron isotopes (11B) decreases by 
progressive dehydration, with the distance from the trench, such as in the 
Central Andes, Kurile, and Kamchatka arcs (e.g., Ishikawa and Tera, 1997; 
Ishikawa et al., 2001; Rosner et al., 2003). This indicates that the [B] and the 
heavy boron isotope (11B) is released in the shallow mantle wedge, which 
leads to the decreasing [B] and 11B in the subducted slab (e.g., Ishikawa and 
Nakamura, 1994; Marschall et al., 2007). 

Except for slab-derived fluids, the subducted slab components are also 
carried by slab-derived melts or mélange diapirs beneath the subduction zone 
(e.g., Grove et al., 2009; Marschall and Schumacher, 2012; Nielsen and 
Marschall, 2017; Codillo et al., 2018; Wu et al., 2020). If the temperature of 
the slab-mantle interface is higher than the melting point of some components, 
such as subducted sediments, sediment can melt and fertilize the mantle wedge 
(e.g., Eiler et al., 1998; Grove et al., 2009; Wu et al., 2020). The melts are 
enriched in incompatible elements (e.g., Ba, Rb, Sr, Th and LREE). Therefore, 
volcanic arcs that contain different incompatible elements could be explained 
by the addition of slab-derived melts (e.g., Hochstaedter et al., 2001; Tollstrup 
et al., 2010; Wu et al., 2020). This hypothesis has been observed in volcanic 
arcs, such as in the Tonga-Kermadec arc, that Th/Yb up to ca. 0.9 in the 
volcanic rocks indicates the addition of slab-derived melts (Wu et al., 2020). 
Furthermore, mélange is composed of the subducted sediments, altered 
oceanic crust (AOC), serpentinites and mantle peridotite produced by the 
physical mixing at the slab-mantle wedge interface (Marschall and 
Schumacher, 2012; Nielsen and Marschall, 2017). The mélange compositions 
form diapirs because of a low density of serpentinites (ca. 2.6 g/cm3) 
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compared with mantle peridotites (ca. 3.3 g/cm3) and ascend into the hotter 
mantle wedge, which induces partial melting of the mélange (Marschall and 
Schumacher, 2012). The difference between fluid and melt metasomatized 
mantle wedge and mélange is indistinguishable in geochemical signatures 
because they only differ in the order of partial melting and mixing (Nielsen 
and Marschall, 2017; Wu et al., 2020). However, the wide range of Hf/Nd 
with a limited variation of 143Nd/144Nd in some volcanic arcs is proposed to 
indicate that partial melting of subducted components occurs after physical 
mixing of mélange (Nielsen and Marschall, 2017). Therefore, the geochemical 
variation in volcanic rocks across arcs may also be linked to the different 
recycled components by different carriers.  

Beneath volcanic arcs, the subarc mantle wedge is metasomatized by 
subducted components that affect the compositions of volcanic arcs and the 
upper mantle (e.g., Tamura et al., 2007; Grove et al., 2009; Tollstrup et al., 
2010). The deep recycling of crustal materials, transported from subduction 
zones into the lower mantle and sampled by mantle plumes contribute 
geochemical heterogeneity to the mantle (e.g., Hofmann, 1997; Elliott et al., 
2006; Turner et al., 2007; Nebel et al., 2013). Therefore, subduction not only 
recycles crustal materials back into the mantle, but arc magmas also record 
the recycling of subducted materials and the crust-mantle interaction (e.g., 
Scambelluri and Tonarini, 2012; Martin et al., 2016; Pagé et al., 2018; 
Tomanikova et al., 2019). Conventionally, the upper mantle is depleted by 
melt extraction at mid-ocean ridges (e.g., Tamura et al., 2007; Arevalo and 
McDonough, 2010; Straub et al., 2010). Hence, the subarc upper mantle 
enriched by slab components during subduction is an important mechanism 
for the formation of the enriched mantle (e.g., Zindler and Hart, 1986; 
Hofmann, 1997; Tamura et al., 2007; Jackson and Dasgupta, 2008; Tollstrup 
et al., 2010). 

1.2 Izu oceanic arc 

The Izu oceanic arc lies along the boundary between the Philippine Sea Plate 
and the Pacific Sea Plate and extends from the Izu Peninsula of Honshu to 
Lot's Wife Island over ca. 300 km (Fig. 2). The Izu oceanic arc is formed by 
subduction of the Pacific Sea Plate beneath the Philippine Sea Plate that 
started at ca. 50 Ma (e.g., Tamura et al., 2010; Ishizuka et al., 2018). Then 
volcanism in the Izu rear-arc initiated at ca. 17 Ma after the extension of the 
Shikoku basin (Ishizuka et al., 2011). The rear-arc and back-arc basin are 
formed in an extensional setting behind the Izu arc-front where compression 
occurs. The Izu oceanic arc is built upon basaltic ocean crust from the 
Philippine Sea Plate (e.g., Pearcy et al., 1990; Niu et al., 2013; Gazel et al., 
2015). However, nowadays the Izu arc displays a thick crust (ca. 30 km) 
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containing a felsic upper crust which extends from the Izu fore-arc to rear-arc 
(Fig. 2; Kodaira et al., 2007; Suyehiro et al., 1996). The subduction rate of the 
Pacific Plate is ca. 10 cm/y with a slab dip of ca. 50° (Zhang et al., 2019). 
Meanwhile, the slab depth beneath the Izu rear-arc is ca. 230 km, where the 
conventional hydrous minerals, such as amphibole, phlogopite, serpentine, 
tourmaline and chlorite, in the subducted slabs have dehydrated (De Hoog and 
Savov, 2018; Zhang et al., 2019). 
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Figure 2. Bathymetric map and cross-section of the Izu arc crust. The Izu arc is 
formed by the subduction of the Pacific plate beneath the Philippine Sea Plate. The 
Izu arc is divided into the fore-arc, volcanic front and rear-arc. International Ocean 
Discovery Program (IODP) Site U1437 is located in the Izu rear-arc. Bathymetric 
and topographic data are from GeoMapAPP (http://www.geomapapp.org; Ryan et 
al., 2009). The upper and lower crust in the Izu arc is identified by seismic velocities 
(Kodaira et al., 2007). The cross-section is modified after Tamura et al. (2015). 

The felsic upper crust in the Izu arc is composed of tonalite and 
granodiorite (e.g., Tani et al., 2015). The felsic upper crust in the Izu arc-front 
is composed of tonalite that are depleted LREE, whereas the Izu rear-arc is  
composed of tonalite and granodiorite that are enriched LREE (e.g., Tamura 
and Tatsumi, 2002; Tamura et al., 2009, 2007; Rudnick and Gao, 2014; Tani 
et al., 2015; Haraguchi et al., 2017; Heywood et al., 2020; Miyazaki et al., 
2020). The Izu arc magma compositions are bimodal that is mafic to felsic. 
The basaltic volcanic rocks in the Izu arc also show LREE depletion in the 
arc-front and LREE enrichment in the rear-arc (e.g., Tamura et al., 2005). 
Meanwhile, the volcanic rocks in the Izu arc-front display K2O  of ca. < 1  
wt.%, whereas the rear-arc show high K2O of ca. 1 to 4 wt.%; The Izu arc-
front shows La/Yb of ca. 0 to 2 and high Ba/La of ca. 20 to 70, whereas in the 
rear-arc displays La/Yb of ca. 2 to 6, and Ba/La of ca. 0 to 20 (e.g., Taylor and 
Nesbitt, 1998; Hochstaedter et al., 2000, 2001; Ishizuka et al., 2003; Tollstrup 
et al., 2010; Tani et al., 2015). 

Furthermore, volcanic rocks in the Izu arc-front display 143Nd/144Nd of ca. 
0.51305 to 0.51312, whereas volcanic rocks in the Izu rear-arc display 
143Nd/144Nd of ca. 0.51300 to 0.51306 (e.g., Hickey-Vargas, 1991; Taylor and 
Nesbitt, 1998; Hochstaedter et al., 2001, 2000; Ishikawa and Nakamura, 1994; 
Straub et al., 2004; Tamura et al., 2007; Tollstrup et al., 2010). Different 
geochemical characteristics have been identified and linked to the recycling 
of slab-derived fluids in the Izu arc-front and slab-derived melts beneath the 
rear-arc (Hochstaedter et al., 2001; Straub et al., 2010; Tollstrup et al., 2010). 
Therefore, across the Izu arc, the slab-derived components change from slab-
derived fluids to slab-derived melts with increasing slab depth. 

1.3 Continental crust 

Earth is a unique and mysterious planet relative to others in the solar system. 
The Earth not only contains a diverse ecosystem but also has a felsic 
continental crust. The evolution of continental crust is closely tied to the 
evolution of terrestrial life, however, growth rates and formation mechanism 
of continental crust remain debated (e.g., Cheng, 2017; Dhuime et al., 2012, 
2017; Hawkesworth et al., 2017; Iizuka et al., 2017; Puetz et al., 2017; Spencer 
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et al., 2017; Smithies et al., 2003; Dhuime et al., 2012, 2017; Iizuka et al.,  
2017; Rozel et al., 2017; Hagen-Peter and Cottle, 2018). Therefore, the 
formation of continental crust is a fundamental issue to understand the 
geological history, geodynamics and evolution of the Earth (e.g, Deng et al., 
2019; Smit et al., 2019; Tang et al., 2020). 

The continental crust appeared at ca. 4.4 Ga (e.g., Wilde et al., 2001). 
Archean continental crust is comprised of sodic compositions associated with 
tonalite-trondhjemite-granodiorite series rocks (TTG; K2O/Na2O < 0.6; Jahn 
et al., 1981; Nagel et al., 2012; Halla et al., 2017; Smithies et al., 2019). In 
contrast, Phanerozoic continental crust is composed of granodiorite to granite 
with calc-alkaline compositions (K2O/Na2O > 0.6; Martin, 1993; 
Hawkesworth and Kemp, 2006; Rudnick and Gao, 2014). Representative 
magmas in volcanic arcs display similar compositions to average continental 
crust (Taylor, 1967; Taylor and McLennan, 1985; Jagoutz and Schmidt, 2012; 
Rudnick and Gao, 2014). Meanwhile, volcanic arc settings are associated with 
considerable fluxes of volcanism throughout geological history, therefore 
volcanic arcs are considered to be potential settings for the formation of 
continental crust (Taylor, 1967; Taylor and McLennan, 1985; Zheng, 2019). 
Compared with continental arcs, oceanic arcs without pre-existing felsic 
components are an ideal location for the formation of juvenile continental 
crust, such as in the Archean (e.g., Deng et al., 2019). An oceanic arc is formed 
by the subduction of an oceanic plate beneath another oceanic plate, such as 
the Izu-Bonin-Mariana arc formed by subduction of the Pacific Plate beneath 
the overriding Philippine Sea Plate (e.g., Tani et al., 2015). Magmatic 
processes transform the mafic overriding crust into intermediate-felsic 
components. Conventionally, the oceanic crust is mafic in composition with a 
thickness of ca. 7 km formed at mid-ocean ridges, whereas continental crust 
is felsic in composition with a thickness of ca. 40 km (Niu et al., 2013; Gazel 
et al., 2015). Hence, the differentiation of mafic rocks to form felsic rocks can 
be used to trace the formation of continental crust in volcanic arcs. Although 
the Archean continental crust is important for understanding the formation and 
evolution of the early Earth, unfortunately, the availability of ancient samples 
relies on sampling biases caused by later tectonic plate movements (e.g., Deng 
et al., 2019; Smit et al., 2019). Therefore, modern oceanic crust transforming 
into thickened felsic continental crusts provides an opportunity to observe the 
processes of continental crust growth. 

The felsic upper continental crust is the characteristic feature that 
distinguishes the continental crust from the oceanic crust (e.g., Hawkesworth 
and Kemp, 2006; Rudnick and Gao, 2014). This feature indicates that the 
generation of felsic magmas in the oceanic crust is tightly linked to the 
formation and evolution of the felsic upper crust (Bonin, 2007; Rudnick and 
Gao, 2014). In oceanic arcs, mantle-derived magmas are mafic in composition, 
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therefore, felsic magmas in oceanic crust require modification of the parental 
mafic magmas or solidified-mafic ocean crust (e.g., Straub and Layne, 2002; 
Hawkesworth and Kemp, 2006; Tamura et al., 2009; Zhang et al., 2013; Lee 
and Bachmann, 2014; Deng et al., 2019; Gazel et al., 2015; Tani et al., 2015; 
Heywood et al., 2020). Two mechanisms are proposed to constrain the  
formation of felsic magmas, including fractional crystallization of mafic 
magmas (e.g., Lee and Bachmann, 2014) and partial melting of mafic ocean 
crust (e.g., Tamura and Tatsumi, 2002). In the early Earth, TTG series rocks 
are considered to be produced by partial melting of basaltic ocean crust with 
low K2O/Na2O (ca. 0.2; Taylor and McLennan, 1985; Moyen and Martin, 
2012). In contrast, some Archean TTG series rocks are thought to be formed 
by fractional crystallization of mafic magmas (e.g., Zhang et al., 2013; Smit 
et al., 2019; Smithies et al., 2019). Similarly, even in well-explored modern 
oceanic arcs, such as in the Izu oceanic arcs, the formation mechanism of felsic 
magmas remains debated (e.g., Tani et al., 2015; Heywood et al., 2020). This 
issue is because felsic magmas produced by fractional crystallization of mafic 
magma or partial melting of oceanic crust display similar major and trace 
element compositions (e.g., Straub, 2008; Tamura et al., 2009; Tani et al., 
2015; Heywood et al., 2020). Therefore, it is important to investigate the 
formation of felsic magmas in oceanic arcs to understand the differentiation 
of mafic ocean crust and the formation of continental crust. 

Furthermore, even though partial melting of oceanic crust is the most 
likely mechanism for the formation of continental crust in oceanic arcs, the 
origin of mafic protoliths in subduction zones is still controversial. The 
potential mafic protoliths are supposed to be the overriding oceanic crust, 
oceanic plateaux and subducted oceanic crust (e.g., Nagel et al., 2012; Zhang 
et al., 2013; Deng et al., 2019). Most of the debate of mafic protoliths 
originates from the diverse compositions of TTG series rocks (e.g., Smithies 
et al., 2019; Tang et al., 2019). Therefore, it is imperative to investigate the 
relationship between the mafic protoliths and diverse felsic magma 
compositions to understand the formation of continental crust in subduction 
zones. 

1.4 Melt inclusions 

Melt inclusions are droplets of silicate melts trapped in host minerals (Sorby, 
1858). Therefore, melt inclusions are potentially isolated from magmatic 
processes that occur after entrapment such as fractional crystallization, 
degassing and crustal assimilation, which make them a powerful tool to trace 
magma sources and magmatic processes (Sorby, 1858; Kent, 2008). Many  
studies focus on olivine-hosted melt inclusions because olivine is an early-
forming mineral in basaltic magmas (Kent, 2008). However, several points 
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make plagioclase-hosted melt inclusions important. Firstly, major elements 
diffuse slowly in plagioclase compared to olivine, which indicates that post-
entrapment diffusion should be minimal in plagioclase-hosted melt inclusions 
(Chakraborty, 1997; Grove et al., 1984). Secondly, melt inclusions in 
plagioclase display similar major element compositions to olivine, where both 
of them are reported in the Antarctic-Phoenix ridge basalts (Choi et al., 2013). 
This indicates that plagioclase also has the potential to record primary magma 
compositions. Especially important is that plagioclase is a common mineral in 
many magmas with compositions from basalts through to rhyolites. Therefore, 
melt inclusions hosted by plagioclase are potential tools to explore the felsic 
magma generation, the formation of continental crust, the origin of basaltic 
protoliths and the subarc mantle characteristics. 

1.5 Stable isotopes 

Stable isotopes are nuclei with the same number of protons and a different 
number of neutrons, which are not radioactive, such as 18O and 16O (Hoefs, 
2009). Oxygen has three stable isotopes, 18O, 17O and 16O. Meanwhile, oxygen 
isotope notation (18O) usually refers to 18O/16O as shown by the following 
equation relative to the Vienna Standard Mean Ocean Water (VSMOW; 
Baertschi, 1976): 

/ 
 

 δ O  
 

 1   1000 
/

Boron has two stable isotopes, 11B and 10B. Boron isotope notation (δ11B) 
is shown by the following equation relative to the National Institute of 
Standards and Technology (NIST) SRM 951 (Tonarini et al., 2003): 

/ 
 

 δ B   
 
1 1000 

/

Furthermore, the stable isotope ratios (e.g., 18O/16O) change during 
reactions, which leads to differences in 18O between substances. Therefore, 
the isotope fractionation factor between phase A and B (A-B) can be 
represented as (e.g., Hoefs, 2009; Urey, 1947): 

1000   1000        

The fractionation factor between two phases (A-B) is controlled by the Gibbs 
free energy change per mole for an exchange reaction (e.g., Urey, 1947). The 
isotope fractionation is caused by the different relative atomic mass of 
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isotopes, such as 18O and 16O, and the heavy isotope forms more stable 
chemical bonds relative to the light isotope. Therefore, isotopes have different 
Gibbs free energies when the chemical reactions break and form chemical 
bonds. This indicates that the fractionation factor (A-B) between phases A and 
B is affected by the different relative atomic mass between isotopes. Many 
physical and chemical processes can result in isotope fractionation, such as 
mineral crystallization or magma degassing. 

The isotope fractionation is controlled by the temperature of systems 
because A-B is negatively correlated with the square of temperatures: 

1000   
 10  

  

where M and N are the constants for the isotope fractionation between phase 
A and B determined by experiment or calculation (Hoefs, 2009). Based on the 
equations, isotope fractionation at low-temperature is significantly larger than 
at high-temperature, and the A-B approaches 1.0 as the temperature increases. 
This indicates that during high-temperature magmatic processes, changes 
between phase A and B are expected to be slight, therefore 11B and 18O in 
MORB (phase A) could be used to represent the values in the mantle (phase 
B; Cooper et al., 2009; Marschall et al., 2017). 

Although 11B and 18O only change slightly during magmatic process, 
the heavy boron isotope (11B) and [B] prefer slab-derived fluids during 
dehydration of subducted slabs (e.g., Marschall et al., 2007; Tonarini et al., 
2011; Kowalski et al., 2013; Bouvier et al., 2019). For example, subducted 
phengite-bearing slabs have 11B of ca. 0.0‰, whereas slab-derived fluids 
display 11B of ca. +15‰ at ca. 2 GPa beneath volcanic arcs (Marschall et al., 
2007). In contrast, 18O changes slightly during dehydration, which implies 
that 18O in slab-derived fluids are similar to subducted sediments and AOC 
(Eiler et al., 2000). These processes result in 11B and 18O having distinct 
signatures between the crust and mantle reservoirs (Fig. 3). For example, the 
depleted mantle has the same 11B of -7.1 ± 0.9‰ and 18O of +5.5 ± 0.3‰ 
as mid-ocean ridge basalts (MORB; Cooper et al., 2009; Marschall et al., 
2017). The altered oceanic crust displays a wide range of 11B of -6 to +19‰ 
and 18O of +2.4 to +16.5‰ relative to MORB (Alt et al., 1998; Krolikowska-
Ciaglo et al., 2007; Yamaoka et al., 2012; 2015). The 11B changes widely in 
clay sediments (-24.0 to -4.2‰), calcareous sediments (-13.8 to +18.6‰), 
serpentinites (+3.8 to +24.1‰), and slab-dehydrated fluids (+1.2 to +13.8‰; 
Zhao et al., 2003; Leeman et al., 2004; Tonarini et al., 2011; Scambelluri and 
Tonarini, 2012; Romer et al., 2014; Wei et al., 2015). Meanwhile, 18O in clay 
sediments (+25.7 to +30.1‰), calcareous sediments (+16.3 to +34.5‰), 
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serpentinites (+5 to +11‰) and slab-derived fluids (ca. +10 to +24‰) are also 
significantly different from the depleted mantle (Ito and Stern, 1986; Philippot 
et al., 2007; Quandt et al., 2020; Vho et al., 2020). 

Figure 3. Oxygen isotopes (18O) and boron isotopes (11B) in crust and mantle 
reservoirs. The reference data are from Matsuhisa (1979), Ito and Stern (1986), 
Vengosh et al. (1991), Alt et al. (1989, 1998), Rose et al. (2001), Straub and Layne 
(2002), Bindeman et al. (2004), Schmitt and Simon (2004), Krolikowska-Ciaglo et al. 
(2007), Bindeman (2008), Cooper et al. (2009), Wittenbrink et al. (2009),  Paris et al. 
(2010), Zhao et al. (2011), Yamaoka et al. (2012, 2015), Jones et al. (2014), Romer et 
al. (2014), Marschall et al. (2017) and Quandt et al. (2020). 
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1.6 Aims and approach 

The formation of continental crust and mantle heterogeneity are closely linked 
to the processes of subduction (e.g., Zindler and Hart, 1986; Deng et al., 2019). 
Intra-oceanic arcs that are built upon mafic ocean crust is an ideal location to 
explore the formation of continental crust and mantle heterogeneity relative to 
continental arcs with the contribution of pre-existing felsic crust. Therefore, 
the first aim of this thesis is to understand boron isotope fractionation during 
magma generation in an oceanic rear-arc setting (Paper I). Meanwhile, this 
thesis seeks to investigate the formation of felsic melt inclusions using boron 
and oxygen isotopes to understand the formation mechanism of felsic magmas 
and the origin of diverse felsic magmas (Paper II and IV). This is also 
important for understanding the formation of diverse continental crust in the 
oceanic arc rifting setting (Paper II and IV). Furthermore, the thesis aims to 
probe the role of crustal assimilation for mafic to felsic magmas during magma 
storage in the ocean crust (Paper II, III and IV). Finally, the goal of this thesis 
also includes the investigation of the subarc mantle characteristics in an 
oceanic arc setting (Paper V). 

To approach these aims, we investigate mafic to felsic melt inclusions 
hosted by plagioclase from International Ocean Discovery Program (IODP) 
Site U1437, Izu rear-arc. We use in-situ boron and oxygen isotopes (11B and 
18O) to investigate melt inclusions because their geochemical signatures vary 
with different geological processes and source reservoirs. The Izu arc is one 
of the oceanic arcs that lies on the boundary between the Philippine Sea Plate 
and the Pacific Sea Plate. The volcanism initiated at ca. 50 Ma and erupted on 
the Philippine Sea Plate without pre-existing felsic components. The Izu arc 
contains a felsic upper crust with a thickness of ca. 10 km extending from the 
fore-arc to rear-arc (Fig. 2; Suyehiro et al., 1996; Kodaira et al., 2007; Tamura 
et al., 2010, 2015; Ishizuka et al., 2018). The chemical composition of the 
upper crust in the Izu rear-arc is similar to the average continental crust 
(Rudnick and Gao, 2014). Meanwhile, the felsic crust is composed of tonalite, 
granodiorite and granite in diverse compositions. Therefore, the Izu oceanic 
rear-arc with a thick and felsic upper crust (ca. 10 km) is an ideal location to 
explore the formation mechanism of felsic magmas and the formation of 
diverse continental crust in an oceanic setting. 

Furthermore, the composition of the mantle wedge beneath the Izu arc-
front and rear-arc are significantly different (e.g., Straub et al., 2010; Tollstrup 
et al., 2010). The mantle wedge beneath the Izu arc-front is thought to be 
metasomatized by slab-derived fluids, however, in the rear-arc the enrichment 
of the mantle wedge is still debated. Hypotheses included progressive slab 
dehydration, slab-derived melts and upper mantle heterogeneity 
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(Hochstaedter et al., 2001; Ishizuka et al., 2003; Tamura et al., 2007, 2005; 
Tollstrup et al., 2010). The different mantle wedge compositions between the 
arc-front and rear-arc may be related to the recycling of different crustal 
materials. Therefore, the Izu rear-arc is also a potential location to address the 
upper mantle heterogeneity induced by the recycling of components. 

The findings presented in this thesis show that partial melting of altered 
or fresh overriding oceanic crust dominates the generation of rhyolitic magma 
(Paper I, II and IV). This result implies that the mafic oceanic crust transforms 
into the felsic continental crust by partial melting of pre-existing oceanic crust. 
This observation further indicates that the oceanic rear-arc is a potential  
location for the formation of continental crust. Meanwhile, the diverse 
rhyolitic magma compositions inherited from the diverse mafic protoliths are 
the result of fractional crystallization of primary magmas and assimilation of 
altered crustal materials (Paper II and IV). The mafic melt inclusions in the 
Izu rear-arc display different 11B and 18O compositions compared to the 
felsic melt inclusions, which indicates that pre-existing oceanic crust regarded 
as protoliths of felsic magmas are not formed by basaltic magmas from the Izu 
rear-arc (Paper III and V). Furthermore, this thesis finds that the subarc mantle 
beneath the Izu rear-arc is fertilized by mélange compositions, in contrast with 
the Izu arc-front that is enriched by slab-dehydrated fluids (Paper V; Tamura 
et al., 2007). 

1.7 Implications 

These results are important to understand the formation processes of 
continental crust in the Izu rear-arc setting, which may also be applied to other 
oceanic rift settings and the early Earth. The formation of the felsic continental 
crust remains controversial including fractional crystallization of basaltic 
magmas and partial melting of the pre-existing mafic crust. This thesis 
indicates that partial melting of oceanic crust dominates the formation of felsic 
continental crust in the Izu rear-arc. Meanwhile, diverse compositions of 
continental crust induce the controversy of tectonic settings for the generation 
of continental crust in the early Archean. In this thesis, we link the diverse 
compositions of felsic magmas and fractional crystallization of primary 
magmas in the Izu rear-arc setting, which indicates that volcanic arc and rift 
settings are potential locations for the formation of continental crust currently 
as well as in the Archaean. To estimate the flux of recycled materials in 
subduction zones, crustal assimilation should be considered. However, the 
role of assimilation in the Izu arc is considered negligible. In this thesis, we 
report that basaltic melt inclusions record the assimilation of high-temperature 
altered oceanic crust, which implies that assimilation is an important process 
for magma evolution in the Izu oceanic arc. Furthermore, this thesis also 
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shows that the mantle wedge beneath the Izu rear-arc has been enriched by 
mélange compositions from the subducted Pacific Sea Plate. The enriched 
subarc mantle may migrate from the mantle wedge and mix into the upper 
mantle, which could contribute to upper mantle heterogeneity worldwide. This 
thesis reports a complex magma plumbing system and magma-crust 
interaction beneath the Izu rear-arc constrained by boron and oxygen isotopes. 
This result indicates that before the eruption of submarine volcanoes, magmas 
with different compositions co-exist and were stored at different levels. The 
basaltic magmas could erupt like Icelandic type eruptions with slow-flowing 
basaltic lavas. In contrast, the felsic magmas can form intense violent volcanic 
eruptions, such as Plinian eruptions. Therefore, the results of magma storage 
beneath the Izu rear-arc are important for understanding potentially disastrous 
volcanic eruptions. 
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2. Geological background 

2.1 The Izu arc  

The Izu arc is built on the oceanic crust of the Philippine Sea Plate with an N-
S orientation, which is formed by the subduction of the Pacific Plate (Fig. 2; 
Ishizuka et al., 2011; Tani et al., 2015). The oldest volcanic events in the proto-
Izu arc are recorded by basalt and boninite lavas erupted at ca. 50 Ma that 
overlie the gabbro basement in the Izu fore-arc (Ishizuka et al., 2011, 2018). 
Subsequently, the proto-Izu arc was separated into the Kyushu-Palau arc and 
the current Izu arc by the formation of the Shikoku basin at ca. 25 Ma (Fig. 2; 
Ishizuka et al., 2011). The Izu arc-front is composed of Quaternary volcanism 
in a compressional setting (Tamura et al., 2009). The Izu rear-arc volcanism 
initiated at ca. 17 Ma in an E-W extensional zone in the rear-arc (Fig. 2; Honza 
and Tamaki, 1985; Ishizuka et al., 2003; 2011). 

The Izu arc is bimodal in composition displaying basaltic to rhyolitic 
volcanic rocks (e.g., Tamura and Tatsumi, 2002; Haraguchi et al., 2017). 
These bimodal compositions correspond to the differentiation of the basaltic 
volcanism into a thick crust at the Izu arc. The felsic upper and middle crust 
located at depths of ca. 0 to 10 km with seismic velocities of 6.0 to 6.5 km/s 
and a mafic dominated lower crust occurs at depths of ca. 10 to 30 km with 
seismic velocities of 6.5 to 7.6 km/s (Fig. 2; Kodaira et al., 2007; Suyehiro et 
al., 1996). This thick crust extends from the Izu fore-arc to rear-arc (Suyehiro 
et al., 1996). 

The felsic volcanic rocks in the arc-front classify as low-intermediate 
potassium rocks, while in the rear-arc they switch to intermediate-high 
potassium series rocks (e.g., Hochstaedter et al., 2001, 2000; Tamura and 
Tatsumi, 2002; Straub, 2008; Tamura et al., 2009; Heywood et al., 2020; Gill, 
1981). Based on major element compositions, the felsic upper crust is 
composed of tonalite in the Izu fore-arc and arc-front (e.g., Tamura et al., 
2009, 2010). In contrast, the felsic upper crust is composed of diverse tonalite, 
granodiorite and granite compositions in the Izu rear-arc (Tani et al., 2015). 
Felsic volcanic rocks display depleted LREE compositions in the Izu fore-arc 
and arc-front (e.g., Tamura and Tatsumi, 2002; Tamura et al., 2009; Haraguchi 
et al., 2017). In contrast, felsic volcanic rocks display enriched LREE 
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compositions in the Izu rear-arc, which is similar to the composition of the 
continental crust (e.g., Tani et al., 2015; Heywood et al., 2020; Miyazaki et 
al., 2020; Sato et al., 2020). 

Figure 4. The stratigraphy of Unit II, Unit IV and Unit VII from the IODP Site 
U1437. Unit II and Unit IV are composed of lapillistone, lapilli-tuff and tuff with 
minor mudstone and occur from 680 to 730 meters below seafloor (mbsf) and 1015 to 
1110 mbsf. In contrast, Unit VII is composed of hyaloclastites containing lapillistone 
and andesite clasts in a lapilli-tuff and tuff matrix and is located at 1450 to 1800 mbsf. 
Samples are collected from 23 layers, shown as grey stars. The relative grain size is 
shown on the x-axis. The lithological information are obtained from Tamura et al. 
(2015). 
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Likewise, geochemical variations across the Izu arc are also observed in 
basaltic volcanic rocks, which indicates that the subarc mantle beneath the Izu 
arc is heterogeneous (e.g., Tamura and Tatsumi, 2002; Straub et al., 2010; 
Miyazaki et al., 2020). The subarc mantle beneath the Izu arc-front is 
considered to be depleted in LREE and enriched in Sr, Rb, Ba and B released 
from the subducted Pacific Plate (e.g., Ishikawa and Nakamura, 1994; Taylor 
and Nesbitt, 1998; Straub and Layne, 2002; Straub et al., 2004; Tamura et al., 
2007). Meanwhile, the volcanic rocks in the Izu arc-front show 143Nd/144Nd of 
ca. 0.51305 to 0.51312 and Ba/Th of ca. 200 to 600 (Tamura et al., 2007; 
Tollstrup et al., 2010; Sato et al., 2020). In contrast, volcanic rocks in the Izu 
rear-arc display lower 143Nd/144Nd of ca. 0.51300 to 0.51306 and Ba/Th of ca. 
0 to 200, which indicates that the subarc mantle wedge in the Izu rear-arc is 
slightly affected by slab-derived fluids compared to that in the Izu arc-front 
(e.g., Taylor and Nesbitt, 1998; Hochstaedter et al., 2000, 2001; Ishizuka et 
al., 2003; Tollstrup et al., 2010; Miyazaki et al., 2020; Sato et al., 2020). 
Therefore, arc-parallel mantle heterogeneity is identified beneath the Izu arc 
(Straub et al., 2010). This subarc mantle heterogeneity beneath the Izu arc is 
present from the Neogene (Hochstaedter et al., 2000; Straub, 2003). Different 
formation mechanisms have been proposed to explain the subarc mantle 
characteristics beneath the Izu rear-arc, including inherited mantle 
heterogeneity, progressive slab dehydration and slab-derived melts (e.g., 
Hochstaedter et al., 2001; Ishizuka et al., 2003; Tollstrup et al., 2010). 

2.2 International Ocean Discovery Program Site U1437 

The IODP Site U1437 is located between the Manzi and Enpo seamount 
chains, and it is the first and only scientific drill hole in the Izu rear-arc area 
(Fig. 2; Tamura et al., 2015; Busby et al., 2017; Heywood et al., 2020; 
Miyazaki et al., 2020). Site U1437 was drilled to 1800 meters below seafloor 
(mbsf) and the stratigraphy has been divided into seven volcaniclastic units 
(e.g., Tamura et al., 2015; Heywood et al., 2020; Miyazaki et al., 2020). 

Samples from Unit II and Unit IV were selected to represent felsic 
volcanic compositions in the Izu rear-arc (Busby et al., 2017; Heywood et al., 
2020; Sato et al., 2020). Unit II erupted between 4.4 and 4.3 Ma and is located 
at 682 to 727 mbsf and Unit IV erupted between 6.2 to 7.5 Ma and is found at 
1018 to 1114 mbsf (Fig. 4; Tamura et al., 2015; Busby et al., 2017; Schmitt et 
al., 2018). The stratigraphy of Unit II and Unit IV are dominated by 
lapillistone, lapilli-tuff and tuff, which are composed of glass and clasts of 
pumice, plus plagioclase, amphibole, clinopyroxene and orthopyroxene found 
in pumice clasts and the matrix (Tamura et al., 2015; Busby et al., 2017). In 
Unit II and Unit IV, the glass matrices are partly altered to form secondary 
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clay minerals, but the plagioclase fragments are unaltered (Tamura et al., 
2015; Busby et al., 2017; Heywood et al., 2020). 

Figure 5. Representative core section from Unit IV with lithological contact 
relationships, and plagioclase crystals and melt inclusions from Unit II, IV and VII. 
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Samples from Unit VII are analyzed to provide mafic volcanic 
compositions in the Izu rear-arc (e.g., Miyazaki et al., 2020; Sato et al., 2020). 
Unit VII is located at 1450 to 1800 mbsf, and is composed of hyaloclastites 
containing quenched glass, plagioclase pyroxene and volcanic clasts (Fig. 4; 
Tamura et al., 2015; Busby et al., 2017). The eruption age of hyaloclastite in 
Unit VII is constrained by U-Pb zircon dating to ca. 15.4 ± 0.8 Ma (2σ) and
40Ar/39Ar hornblende geochronology to ca. 8.5 to 12.2 ± 0.3 Ma (2σ; Schmitt 
et al., 2018). Meanwhile, the igneous Unit 1 in Unit VI displays a U-Pb zircon 
age of ca. 14 Ma (Schmitt et al., 2018), which indicates that the minimum age 
of Unit VII should be at least 14 Ma. Therefore, the U-Pb zircon dating likely 
represents the formation age ca. 14 to 16 Ma of Unit VII, which is close to the 
initial age of volcanism ca. 17 Ma in the Izu rear-arc (Ishizuka et al., 2003, 
2011). 

In Unit II and Unit IV, the lapillistone, lapilli-tuff and tuff display erosive 
and chilled contacts with cross and planar bedding formed by density currents 
(Fig. 5a). This indicates that the lapillistone, lapilli-tuff and tuff are deposited 
proximally from the rear-arc submarine volcanoes by density current (Tamura 
et al., 2015; Busby et al., 2017). In Unit VII, the hyaloclastites display chilled 
margins, which also indicates that these hyaloclastites are deposited 
proximally from the Izu rear-arc submarine volcanoes (Tamura et al., 2015; 
Busby et al., 2017). 

2.3 Sample descriptions 

Seventeen samples were selected from pumice and lapillistone clasts and 
matrix of lapilli-tuff and tuff in Unit II and Unit IV of the IODP Hole U1437D 
(Fig. 4). Plagioclase crystals in Unit II and Unit IV are fresh and coarse (> 0.2 
mm) occupying ca. 20% of each sample (Tamura et al., 2015). A total of 440 
plagioclase crystals were selected from the seventeen samples and were 
embedded into epoxy mounts (Fig. 5b). Morphologies of plagioclase are 
anhedral to subhedral with grain sizes between ca. 0.2 to 1.0 mm (Fig. 5c). 
Melt inclusions display oval to negative crystal shapes with diameters of 15 
to 70 m (Fig. 5d). Melt inclusions do not contain post-entrapment crystals or 
cracks, whereas some melt inclusions have gas bubbles. 

Six samples were selected from Unit VII of the IODP Hole U1437E in 
the Izu rear-arc (Fig. 4). Plagioclase in samples from Unit VII located at 1641 
to 1800 mbsf display alteration (Paper V), which is consistent with the 
observation in the IODP Site U1437 report by Tamura et al. (2015). In 
contrast, samples in the top of Unit VII from 1460 to 1641 are fresh with 
transparent plagioclase crystals and melt inclusions. Five samples are 
collected from lapillistone clasts and lapilli-tuff in the top of Unit VII, which 

31 



 

    

  
   

   

are located from 1462 to 1575 mbsf (Fig. 5c; Tamura et al., 2015). For 
comparison between fresh and altered melt inclusions, one sample in the 
middle of Unit VII at 1641 mbsf (U1437E-61R-1W-48/50) was selected and 
analyzed (Fig. 4). Plagioclase crystals display grain sizes varying from 0.2 to 
2.0 mm and make up ca. 40% of hyaloclastites (Tamura et al., 2015). Melt 
inclusions are oval shapes with diameters from ca. 20 to 100 m (Fig. 5d). 
Melt inclusions in fresh plagioclase are transparent without post-entrapment 
crystals. In contrast, melt inclusions in altered plagioclase are dark-yellow 
with an uneven surface (Fig. 5b; Paper V). 
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3. Methods 

3.1 Electron probe micro-analyzer (EPMA) 

An instrument used for constraining the in-situ chemical composition of a 
small area on solid material surfaces by X-rays is known as the electron probe 
micro-analyzer (EPMA; Cosslett and Duncumb, 1956). The EPMA is mainly 
composed of the electron gun, lenses and detectors. A primary electron beam 
releases from the electron gun by thermionic emission or field electron 
emission, which will interact with materials inducing the formation of X-rays, 
secondary electrons, backscattered electrons and some light (Fig. 6; Wittry, 
1958; Heinrich, 1968; Hanke et al., 2009). 

The principle of the EPMA is based on the characteristic X-rays of  
different elements. When the incident electron interacts with an electron of an 
atom in the target materials by exchanging energy, then the electron of the 
atom will transit from a low energy orbital to a higher energy orbital. However, 
the higher energy orbital for this electron is not a ground state, which leads 
the electron back to the stable orbital and concomitantly releases the extra  
energy as X-rays (Fig. 6). Additionally, due to incident primary electrons, 
secondary electrons are ejected from atoms in the target materials. Different 
elements have their characteristic orbits for electrons, which indicates that an 
element has the characteristic energy and wavelength for its X-rays. The 
relationship between the energy and wavelength of X-rays can be expressed 
as: 

 

 

where E is the energy released during the movement of an electron back into 
the stable orbital, h is Planck’s constant, c is the speed of light and  is the 
wavelength of X-rays produced by excitation of electron. The characteristic 
X-rays of an element are known as the particular characteristic spectral line 
for an element emitted from the target materials. Therefore, we can compare 
the characteristic spectral line emitted from an unknown material with 
particular characteristic spectral lines of known elements to constrain which 
elements exist in the unknown material. 

33 



 

 

  
  

 
 

 

   
  

 
 

  

    
 

  
   

 
 

   
 

 

 
 

  
  

Figure 6. Interaction between electron and target materials. The electron beam 
interacts with atoms in the target material to emit X-ray, cathodoluminescenece, 
secondary electron and back-scattered electron. 

For element analysis, wavelength-dispersive spectrometers (WDS) are  
used to separate and collect X-rays. The main part of a WDS is the crystal and 
the wavelength detector. The incident X-rays are reflected into the detector by 
a crystal in the WDS, which follows Bragg's law expressed as: 

 2  

where n is the diffraction order,  is the wavelength of X-rays, d is the distance 
of the crystal layers and  is the incident angle of X-rays. This indicates that 
the wavelength () received by the detector is controlled by the incident angle 
between the X-ray and crystal. Therefore, we detect different wavelengths by 
moving the crystals during analysis. The normal crystals used in the WDS are 
thallium acid phthalate (TAP), pentaerythritol (PET), lithium fluoride (LiF) or 
quartz materials. 

The intensity of the X-rays of an element is positively correlated with the 
concentration of this element in the target materials. Therefore, calibration 
materials should be used to constraint the characteristic wavelength and 
intensity of target elements. Here we used apatite (P), jadeite (Na),  kyanite  
(Al), metal oxides (MgO, Mn3O4, TiO2, and Fe2O3), orthoclase (K) and 
wollastonite (Si and Ca) as calibration materials in Leibniz University 
Hannover, Germany. Meanwhile, the calibration materials, albite for Na,  
aluminium oxide for Al, fayalite for Fe, magnesium oxide for Mg, orthoclase 
for K, pyrophanite (MnTiO3) for Mn and Ti and wollastonite for Ca and Si 
were used in Uppsala University, Sweden (Deegan et al., 2021). 

The melt inclusions and plagioclase crystals from Unit II and Unit IV 
were analyzed using an electron probe micro-analyzer CAMECA SX100 with 
five wavelength-dispersive X-ray spectroscopies at Leibniz University 
Hannover (Germany; Fig. 7). The CAMECA SX100 provides a primary 
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electron beam by thermionic emission. In contrast, the melt inclusions and 
plagioclase crystals from Unit VII were analyzed using a field emission 
electron probe micro-analyzer JXA-8530F with five wavelength-dispersive 
X-ray spectroscopes at Uppsala University (Sweden; Fig. 7). 

Figure 7. Electron probe micro-analyser CAMECA SX100 and JXA-8530F. 

To assess the quality of data, the detection limit, accuracy and precision 
of each measurement should be estimated. Detection limits for element m of 
EPMA are constrained by the following equation: 

 
∑ 

3
 

  
 

where ZAF is the correction factor of element m, Ib and Tb are the count 
rate and counting time for the background, n is the total number of 
measurements. The ZAF corrects for atomic number, absorption, and 
fluorescence (Zussman, 1967; Potts et al., 1995). The measured element 
compositions are significantly higher than detection limits for melt inclusions 
(< 0.19 wt.%) and plagioclase (< 0.14 wt.%), except for P in melt inclusions 
(See Paper I, II, III and IV). Meanwhile, the uncertainties (σ) of analyses at 
Leibniz University Hannover can be expressed relative to sample (sp) and 
reference standard (sd) by the following equation: 
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where msp is the measured value of the sample, Np and Nb are the total counts 
of characteristic X-ray peak and background (Zussman, 1967; Potts et al., 
1995). In contrast, the uncertainties (σ) of analyses at Uppsala University are 
calculated based on multiple measurements of reference standards (Paper V; 
Barker et al., 2015). 

3.2 Secondary ion mass spectrometry analysis (SIMS) 

Another instrument used for in-situ chemical analysis of the solid materials is 
known as the secondary ion mass spectrometer, which uses an ion beam to  
bombard the target material (Herzog and Viehböck, 1949). Stable isotope 
ratios are analyzed using a CAMECA IMS 1280 ion microprobe at the 
NordSIMS laboratory, Swedish Museum of Natural History (Fig. 8, 9). The 
CAMECA IMS 1280 ion microprobe is composed of six parts, including the 

18O+ sample storage chamber, sample analysis chamber, primary 133Cs+ or  
source column, electrostatic analyzer, magnet for separating the ions and 
multi-collectors (Fig. 8, 9). 

A 133Cs+ primary ion beam for oxygen isotope analysis and a 18O+ primary 
ion beam for boron isotope analysis was accelerated to obtain a high-speed 
ion beam. This high-speed ion beam bombards the target materials and kick 
out secondary ions from the target materials, which is a destructive technique 
compared with the non-destructive technique of EMPA. Meanwhile, the  
deflection radius (R) of an ion is positively correlated to the ion mass (m) in a 
magnetic field: 

 
 

where the B is magnetic field intensity and q is the charge of the ion. Therefore, 
the secondary ions were sent into the magnet to separate different isotopes by 
the deflection radius (Fig. 8). The interesting ions are counted by a Faraday 
Cup detector for ions with high concentrations and a low noise ion-counting 
electron multiplier for ions with low concentrations. 

Instrumental mass fractionation (IMF) is the difference between the true 
and measured value of reference standards. The IMF on δ11B and δ18O of the 
CAMECA IMS 1280 ion microprobe was constrained by well-characterized 
reference materials using the following equations: 
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where δ11BSIMS(sd) and δ11BTRUE(sd) is the measured and true value of the 
reference standard. 

Figure 8. Cartoon diagram of Secondary ion mass spectrometer (SIMS). This is 
modified after a CAMECA poster in the NordSIMS laboratory. 

The uncertainty (σ) of δ11B and δ18O analyses can be calculated using the 
following equation: 

   

where  is the standard deviation of reference standard during collection 
cycles and  is the standard deviation for the IMF of the reference standard. 

Mounts containing plagioclase crystals from the Izu rear-arc and IAEA-
B-6 and MPI-DING reference materials are embedded into the same metal 
target, to provide the same analytical conditions (Fig. 9). The 16O and 18O ions 
were collected on two Faraday Cup detectors at a mass resolution (M/ΔM) of 
ca. 2500. The typical count rates are ca. 2.8 × 109 to 4 × 109 and 5.6 × 106 to 
6.9 × 106 cps for  16O and 18O ions in melt inclusions. The 11B and 10B are 
collected with a low noise ion-counting electron multiplier (EM, dead time 44 
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ns) at a mass resolution of ca. 2000 (M/ΔM). The typical  11B and 10B count 
rates are ca. 9.7 × 103 and 2.5 × 103 cps for melt inclusions. 

Figure 9. Sample holder, sample storage chamber, and Image of Secondary ion 
mass spectrometry analysis (SIMS). The samples and reference materials are 
embedded into a sample holder to provide the same analytical conditions. 
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3.3 Plagioclase-melt thermobarometry 

Crystallization temperature (T) and pressure (P) are recorded by plagioclase 
and magma compositions, which can been used to estimate the formation 
conditions of plagioclase. The plagioclase-melt thermobarometer employs the 
chemical reaction of plagioclase that crystallizes from a host magma (Eq. 25; 
Putirka, 2008). The thermobarometer takes into account the plagioclase and 
magma compositions, water content as well as crystallization temperature and 
pressure, which should follow the Nernst distribution law. In chemical 
reactions, the equilibrium constant (KD) is controlled by the Gibbs free energy 
change. At equilibrium conditions, the equilibrium constant (KD) can be 
calculated based on the major element compositions of plagioclase and 
magma. Meanwhile, the Gibbs free energy is controlled by the reaction 
temperature and pressure. Therefore, the major element compositions of 
plagioclase and magmas are linked to the reaction temperature and pressure. 
This indicates that if we measure the major element compositions of 
plagioclase and magmas at equilibrium conditions, we can calculate the 
temperature and pressure of plagioclase crystallization. Meanwhile, if magma 
compositions are fixed, the anorthite number of plagioclase would decrease 
with decreasing the temperature and pressure. Here, we used melt inclusions 
in their host plagioclase to represent the compositions of magmas where 
plagioclase crystallized from. 

It is necessary for the crystallization reaction to occur at equilibrium 
condition in order to estimate the temperature and pressure. Equilibrium 
between plagioclase crystals and melt can be tested by the partition coefficient 
KD(An-Ab) using the following equation (Putirka, 2008): 

  
.  /   

 
 

 
.  

where the major element components with cation fraction in plagioclase (pl) 
and melt (m) are presented as  and . Meanwhile, the  are  and 
calculated by the following equations (Putirka, 2008): 

   
.  

  
.  

     
.  .  .  

The KD(An-Ab) varies from 0.05 to 0.15 if the plagioclase and melt equilibrate 
at temperatures less than 1050 °C, whereas the KD(An-Ab) varies from 0.06 to 
0.38 if the plagioclase and melt equilibrate at temperatures larger than 1050 °C 
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(Putirka, 2008). The standard error of estimate (SEE) of pressure is 2.5 kbar 
and the SEE of temperature is 23 °C using for these thermobarometery 
functions (Putirka, 2008). 
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4. Summary of papers 

4.1 Paper I 

Boron isotope fractionation during partial melting of oceanic rear-arc 
crust 

Boron isotopes (δ11B) fractionate during the dehydration of subducted slabs, 
which leads to enrichment of boron concentration [B] and the heavy boron 
isotope 11B in slab-derived fluids (e.g., Marschall et al., 2007; Tonarini et al., 
2011; Kowalski et al., 2013). Therefore, δ11B is a powerful tool to investigate 
the contribution of slab-derived fluids in volcanic arcs with higher δ11B than 
the mantle sources (e.g., Kendrick et al., 2011; Scambelluri and Tonarini, 
2012; Deschamps et al., 2013; Marschall et al., 2017; Tomanikova et al., 
2019). This interpretation is based on an assumption that δ11B only changes 
slightly during magmatic processes. However, the boron isotope fractionation 
between igneous minerals and melts is rarely investigated. 

Continuous dehydration during subduction would result in δ11B 
decreasing continuously across the volcanic arc. Decreasing δ11B with 
distance from the trench has been observed in the Central Andes, Kurile, 
Kamchatka and Izu arcs (Ishikawa and Nakamura, 1994; Ishikawa and Tera, 
1997; Ishikawa et al., 2001; Rosner et al., 2003). Meanwhile, the volcanic 
rocks in the Izu arc-front are considered to be controlled by the mantle that is 
metasomatized by slab-derived fluids (e.g., Tamura et al., 2007). Therefore, 
after releasing most of the fluids beneath the Izu arc-front, the Izu rear-arc is 
an ideal setting to explore the potential boron isotope fractionation during 
magmatic processes without much effect of fluids. 

Here, we investigate felsic melt inclusions from four samples in Unit II 
and Unit IV using δ11B and [B] to explore the boron isotope fractionation 
during partial melting of oceanic crust. The findings show felsic melt 
inclusions display subvertical trends with large variations in δ11B from -3.4 to 
+16.6‰ with only small changes in [B] for each sample. This phenomenon is 
inconsistent with arc magmas dominated by slab-derived fluids, which show 
a positive correlation between δ11B and [B] (e.g., Straub and Layne, 2002; 
Tonarini et al., 2007, 2011). Meanwhile, the stratigraphic profiles of δ11B and 

41 



 

  
  

  
    

  
  

 

 

 
    

 

 
   

 

   
     

   
   

 

[B] in Unit II and Unit IV have no systematic change with depths, which is 
inconsistent with profiles formed by seawater alteration. Additionally, 
degassing and fractional crystallization would show limited influence on δ11B. 
Therefore, we performed a fractional partial melting model to estimate the 
variation of δ11B and [B] during partial melting of the mantle wedge and 
oceanic crust. The results show that [B] is controlled by the melt fraction and 
is insensitive to the partition coefficient (Fig. 10). However, to form the 
observed δ11B during partial melting of fresh oceanic crust, large boron 
isotope fractionation between the oceanic crust and melt of 11Bocean crust-felsic 

melt +10 to +20‰ is required. 

In contrast, existing studies show that boron isotope fractionation 
between biotite and melts is ca. +7‰ and +3‰ at magmatic temperatures of 
ca. 700 and 900 °C (e.g., Tonarini et al., 2003). Meanwhile, the boron isotope 
fractionation between basaltic melts and their mantle sources are estimated to 
be less than ca. +2‰ at temperature higher than 1250 °C (Marschall et al., 
2017). These results indicate that boron isotope fractionation would be less 
than ca. +5‰ between the oceanic crust and melt during partial melting at a 
temperature of ca. 800 °C. Therefore, the fractional melting model that 
requires large amounts of fractionation between the oceanic crust and melt 
11Bocean crust-felsic melt of > +10‰ may be unrealistic. Alternatively, altered 
oceanic crust (AOC) with [B] from 0.3 to 207 μg/g and δ11B from -6.4 to 
+18.6‰ is an ideal protolith to form the high δ11B felsic melt inclusions 
observed in the Izu rear-arc (Yamaoka et al., 2012, 2015). Therefore, altered 
and fresh ocean crust could explain the δ11B in the felsic melt inclusions in 
Unit II and Unit IV. 
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Figure 10. Simulation of δ11B and [B] variation during fractional partial melting. 
a, δ11B and b, [B] as a function of isotope fractionation factor, partition coefficient 
and melt fraction during partial melting. c, δ11B and d, [B] variation is associated 
with melt fractions. The figure is reproduced from Paper I. 
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4.2 Paper II 

Continental crust genesis at intra-oceanic arcs insights from the Izu 
rear-arc 

The formation of continental crust is important for the understanding of the 
evolution of Earth (e.g., Deng et al., 2019; Smithies et al., 2019). However, 
the tectonic settings for the formation of continental crust and the 
transformation from mafic to felsic compositions remain controversial (e.g., 
Hawkesworth and Kemp, 2006; Niu et al., 2013; Zhang et al., 2013; Gazel et 
al., 2015; Deng et al., 2019; Smithies et al., 2019). The Izu arc was dominated 
by thin-mafic ocean crust at ca. 50 Ma, whereas it differentiated and formed 
the thick-intermediate ocean crust presently observed in seismic profiles 
(Kodaira et al., 2007; Ishizuka et al., 2011). Therefore, the Izu arc is an ideal 
setting to explore the formation of continental crust.  

Here, we investigate felsic melt inclusions hosted by plagioclase from the 
Izu rear-arc using δ11B and [B] to explore continental crust genesis. 
Plagioclase hosted felsic melt inclusions are selected from Unit II (ca. 4 Ma) 
and Unit IV (ca. 7 Ma) at IODP Site U1437. The felsic melt inclusions display 
δ11B varying from -15.7 to +16.6‰ and [B] from 4.6 to 32.3 g/g. The [B] 
concentrations of felsic melt inclusions contrast with continental arc magmas, 
S-type granites and clay sediments, whereas they show a similar range to I-
type granites. Therefore, fractional crystallization of mafic magmas or partial 
melting of mafic rocks in the Izu arc could be potential mechanisms for the 
formation of these felsic melt inclusions. Although fractional crystallization 
of mafic magmas could provide the possible [B] in felsic melt inclusions, the 
δ11B is almost unchanged between mafic and felsic magmas during fractional 
crystallization (Tonarini et al., 2004; Di Renzo et al., 2011). A fractional 
melting model indicates that felsic magmas in the Izu rear-arc could be formed 
by partial melting of altered and fresh ocean crust. Several melt inclusions 
show δ11B lower than MORB (δ11B -7.1 ± 0.9‰; Marschall et al., 2017; Fig. 
11) and are formed by assimilation of clay sediments or altered I-type granite.  

The Izu oceanic arc is similar to the Archean setting, where subduction 
zones occurred without the pre-existing felsic crust (Gazel et al., 2015; Deng 
et al., 2019). Therefore, these felsic compositions generated from basaltic 
oceanic crust may represent the formation of juvenile continental crust in the 
Izu rear-arc. This study indicates that partial melting of overriding mafic crust 
as opposed to fractional crystallization of mafic magmas forms the continental 
crust in the Izu rear-arc. The Izu rear-arc is located at an extensional setting, 
which indicates that partial melting of the overriding mafic crust may be 
induced by the upwelling mantle-derived mafic magmas. This finding implies 
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that extensional settings should be considered as potential locations for the 
formation of continental crust in the Phanerozoic, Archean and even in the 
Hadean. 

Figure 11. The melt inclusions form Unit II and Unit IV compared with mid-ocean 
ridge basalts and altered ocean crusts. The reference data are collected from 
Marschall et al. (2017) and Yamaoka et al. (2012, 2015). The figure is reproduced 
from Paper II. 
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4.3 Paper III 

Basaltic and andesitic melt inclusions record crustal assimilation in the 
Izu rear-arc 

Volcanic arcs reflect the geochemical signature of the mantle wedge and 
recycled slab materials (e.g., Hofmann, 1997; Hochstaedter et al., 2000, 2001; 
Tollstrup et al., 2010; Nielsen and Marschall, 2017). However, whether 
oceanic arcs are affected by the crustal assimilation during magma storage in 
the overriding crust affects our understanding of recycling of slab materials 
(e.g., Davidson et al., 2005; Bezard et al., 2014).  

Here, we investigate basaltic and andesitic melt inclusions from Unit II 
and Unit IV from IODP Site U1437 in the Izu rear-arc to explore the role of 
assimilation during magma storage. Basaltic melt inclusions display 18O 
varying from +2.9 to +4.8‰ which is lower than that of the mid-ocean ridge 
basalts (MORB, 18O +5.5 ± 0.3‰; Cooper et al., 2009). Andesitic melt 
inclusions show a range of 18O from +3.8 to +7.2‰, some of which are  
significantly lower than the MORB (18O +5.5 ± 0.3‰) and subarc  mantle  
(18O +5.8 ± 0.2‰). These findings indicate that basaltic magmas are 
modified by assimilation of high-temperature altered oceanic crust in the curst 
at the Izu rear-arc. Meanwhile, the low 18O andesitic magmas (18O +3.8 to 
+5.5‰) are formed by fractional crystallization of assimilated basaltic 
magmas. In contrast, the intermediate 18O andesitic magmas (18O +5.5 to 
+7.2‰) are produced by fractional crystallization of primary magmas in the 
Izu rear-arc (Fig. 12). 

Assimilation of sediments and altered oceanic crusts has been identified 
in the overriding plate from the Lesser Antilles, Sundan arc and Ryukyu arcs 
by high 87Sr/86Sr of > 0.7089 and low 18O of +4.1 ± 0.4‰ signatures (Bezard 
et al., 2014; Li et al., 2020). In this study, the 18O evidence also supports that 
crustal assimilation affects the basaltic and associated andesitic magmas in the 
Izu rear-arc (Fig. 12). Therefore, crustal assimilation in the overriding crust in 
oceanic arcs may be more common than we thought, which indicates that 
crustal assimilation should be constrained first to estimate the recycling of 
crustal materials in magmas at oceanic arcs. 
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Figure 12. Potential sources involved in the crustal assimilation of the Izu rear-arc. 
Other reference data are from Matsuhisa, (1979), Ito and Stern, (1986), Alt et al., 
(1998), Cooper et al., (2009), Gale et al., (2013), Durkin et al., (2020), Heywood et 
al., (2020) and Quandt et al., (2020). The figure is reproduced from Paper III. 
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4.4 Paper IV 

Generation of diverse rhyolitic magmas in the Izu rear-arc and 
association with continental crust 

Although oceanic arcs are potential locations for the formation of juvenile 
continental crust, the formation mechanisms are still controversial due to the 
diverse compositions of continental crust (e.g., Deng et al., 2019; Smithies et 
al., 2019; Tang et al., 2019). The Izu arc-front is composed of tonalite with 
depleted light-are earth elements, whereas the Izu rear-arc is composed of 
tonalite, granodiorite, and granite with enriched light rare earth elements (e.g., 
Tamura and Tatsumi, 2002; Tamura et al., 2009; Tani et al., 2015; Haraguchi 
et al., 2017; Heywood et al., 2020). Therefore, the upper crust composed of 
diverse felsic compositions in the Izu rear-arc is representative of average 
continental crust (Rudnick and Gao, 2014) and is an ideal location to explore 
the compositional evolution of continental crust. 

Here, we investigate melt inclusions hosted by plagioclase crystals to 
explore the formation of diverse compositions of felsic volcanic rocks that 
represent the continental crust. The major element compositions and oxygen 
isotopes (18O) are analyzed and integrated with boron isotopes (δ11B) to 
constrain the generation of melt inclusions from Unit II and Unit IV in IODP 
Site U1437. Based on 18O compositions, rhyolitic melt inclusions fall into 
three groups, a low-18O group +3.1 to +5.3‰, an intermediate-18O group 
+5.5 to +9‰ and a high-18O group +10‰ to +21‰. Meanwhile, the 
intermediate- and high-18O rhyolitic melt inclusions fall into three subgroups 
based on K2O/Na2O values, including low-potassium TTG (K2O/Na2O < 0.3), 
high-potassium TTG (K2O/Na2O < 0.6) and granites (K2O/Na2O > 0.6) 
groups. Low-18O and intermediate-18O rhyolitic magmas are formed by 
partial melting of altered or fresh basaltic ocean crusts. These diverse 
compositions are derived from variable degrees of differentiation of the 
basaltic magmas which form the overriding ocean crust. In contrast, high-18O 
rhyolitic melt inclusions indicate assimilation of clay sediments and altered 
rhyolitic crust (Fig. 13). Integration of plagioclase zonation and 
thermobarometry shows that a complex magmatic system lies beneath the Izu 
rear-arc, which also changes with time. 

In this study, we suggest that partial melting of overriding ocean crust 
forms the rhyolitic magmas and thereby the continental crust in the Izu rear-
arc. Additionally, felsic magmas with diverse compositions of low-potassium 
TTG, high-potassium TTG and granites are affected by the compositions of 
the ocean crust protolith that is controlled by fractional crystallization of the 
mantle-derived basaltic magmas. This indicates that the diverse compositions 
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of TTG in the Archean may also be controlled by mafic protoliths in an 
oceanic arc setting. The low-18O felsic melt inclusions indicate that the 
formation of rhyolitic magmas involves high-temperature altered oceanic 
crust. In contrast, high-18O felsic melt inclusions with the peraluminous 
signature indicate that S-type granites in the Izu rear-arc require the 
involvement of sediment components. The diverse compositions of felsic 
magmas in the Izu rear-arc indicate that the rear-arc setting is also a potential 
setting for the formation of continental crust with diverse compositions 
currently as well as in the Phanerozoic and the Archean. 
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Figure 13. 18O and major element compositions for rhyolitic magmas in the Izu 
rear-arc. a, the evolution of 18O with SiO2. The 18O evolution of volcanic rocks from 
Hachijio-jima island and Rayleigh fractionation are shown as black dashed lines 
(Matsuhisa, 1979; Bindeman et al., 2004). b, assimilation of rhyolitic magmas with 
crustal materials. The sediment, altered oceanic crust, and MORB are from Plank et 
al., (2007), Gale et al., (2013), and Durkin et al., (2020). The altered TTG at different 
temperatures is estimated based on the oxygen isotope fractionation factor between 
rhyolitic rock and water (Zhao and Zheng, 2003). The figure is reproduced from 
Paper IV. 
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4.5 Paper V 

Formation of enriched mantle via serpentinite-dominated mélange 
beneath the Izu rear-arc 

Although the formation of the heterogeneous mantle is closely linked to 
subduction processes at convergent plate boundaries, the processes of mantle 
wedge fertilization remain poorly understood (e.g., Cooper et al., 2009; 
Hofmann, 1997; Sobolev et al., 2007; Zindler and Hart, 1986). The 
composition of primary magmas formed in subduction zones reflect the 
characteristics of the subarc mantle. The Izu arc has arc-parallel mantle 
heterogeneity, where depleted LREE compositions occur beneath the arc-front 
while enrichment of LREE is found beneath the rear-arc (Straub et al., 2010). 
This heterogeneity causes the Izu arc to be a potential location for exploring 
the origin of heterogeneity in the upper mantle. 

Here, we investigate basaltic and andesitic melt inclusions from Unit VII 
of the International Ocean Discovery Program Site U1437 using δ11B and 18O 
to explore the enrichment of the subarc mantle beneath the Izu rear-arc. The 
fresh andesitic melt inclusions display 11B varying from +1.0 to +12.0‰ and 
18O from +5.3 to +6.5‰. Fresh basaltic melt inclusions display 11B varying 
from +1.7 to +8.7‰ and 18O from +5.4 to +6.1‰. The fresh andesitic melt 
inclusions are formed by fractional crystallization of basaltic magmas in the 
Izu rear-arc. However, the basaltic melt inclusions show that primary magmas 
are generated from unique subarc mantle compositions. The δ11B and 18O of 
primary magmas are inconsistent with the influence of slab-derived fluids. In 
contrast, the δ11B and 18O signatures indicate that the subarc mantle beneath 
the Izu rear-arc is formed by physical mixing between mélange composed of 
serpentinites and altered oceanic crust (AOC), and mantle wedge peridotite 
(Fig. 14). 

Compared with the fluid-metasomatized subarc mantle beneath the Izu  
arc-front, the mélange diapirs occur in the subarc mantle beneath the Izu rear-
arc. This explains the Izu arc-parallel mantle heterogeneity and may be the 
mechanism for recycling of materials into the upper mantle starting with the 
rear-arc. 
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Figure 14. The potential subarc mantle source is controlled by the physical mixing 
of serpentinite-dominated mélange with depleted mantle. The serpentinite 
endmember is from Philippot et al. (2007) and Scambelluri and Tonarini (2012). 
MORB and partition coefficient are from Marschall et al. (2017). The figure is 
reproduced from Paper V. 
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5. Conclusions 

Integration of all the findings of this thesis indicates that the continental crust 
may form in oceanic rear-arcs like the Izu rear-arc by partial melting of pre-
existing oceanic crust. The diverse compositions of continental crust are  
controlled by the diverse composition of oceanic crust protoliths. The basaltic 
ocean crust protoliths are formed by the differentiation of primary magmas. 
Therefore, the diverse compositions of the basaltic ocean crust and the 
extensional tectonic setting lead to the formation of juvenile continental crust 
in the Izu rear-arc. Meanwhile, the subarc mantle beneath the Izu rear-arc is 
influenced by mélange which in turn is formed by the physical mixing of slab 
components and mantle wedge peridotites. 

Paper I. Plagioclase crystals in four samples from Unit II and Unit IV in 
IODP Site U1437 host felsic melt inclusions that display subvertical trends 
with a limited variation in [B] and a relatively large variation in δ11B. Partial 
melting models indicate that [B] is insensitive to the partition coefficient but 
varies mostly with melt fraction. To explain the large variation ranges of δ11B 
in felsic melt inclusions by fractional melting, large boron isotope 
fractionation between the oceanic crust and melt would be required. 
Alternatively, evaluation of boron isotope fractionation factors at magmatic 
temperatures suggests a limited variation of δ11B between the oceanic crust 
and melt. Therefore, the felsic melt inclusions in the Izu rear-arc also require 
sources with high δ11B and low [B]. We propose partial melting of the fresh 
and altered oceanic crust could form the [B] and δ11B observed in the Izu rear-
arc.  

Paper II. The felsic melt inclusions in Unit II and Unit IV in IODP Site 
U1437 display similar δ11B and [B] compositions to I-type granites. The δ11B 
and [B] in felsic melt inclusions in the Izu rear-arc is inconsistent with S-type 
granites, clay sediments or formation by fractional crystallization of mantle-
derived basaltic magmas. In contrast, the felsic melt inclusions display δ11B 
and [B] similar to I-type granite, which is produced by partial melting of mafic 
protoliths. A fractional melting model shows that the felsic melt inclusions 
with δ11B larger than -2.9‰ in Unit II and Unit IV can be formed by 1 to 20% 
partial melting of altered and fresh oceanic crust. Additionally, assimilation 
of 0 to 30% altered I-type granites or 0 to 10% clay sediments is recorded by 
several melt inclusions with low δ11B of -15.7 to -3.0‰. This indicates that 
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felsic magmas in the Izu rear-arc are formed by partial melting of the pre-
existing oceanic crust. In contrast to mature continental arcs, the oceanic arc 
may form juvenile continental crust from basaltic ocean crust. This indicates 
that extensional settings such as the Izu rear-arc and potentially in the 
Phanerozoic, the Archean and even the Hadean could form juvenile 
continental crust. 

Paper III. The basaltic and andesitic melt inclusions in Unit II and Unit 
IV are investigated to explore magma-crust interaction in the Izu rear-arc. The 
basaltic melt inclusions have low δ18O of +2.9 to +4.8‰ compared to MORB 
and subarc mantle. Meanwhile, andesitic melt inclusions classify as two 
groups, low-δ18O +3.8 to +5.5‰ and intermediate-δ18O +5.5 to +7.2‰ 
andesitic magmas. These results indicate that the basaltic magmas can be 
produced by the assimilation of high-temperature altered oceanic crust in the 
upper crust. Andesitic magmas with low-δ18O inherit the low δ18O signature 
from low-δ18O basaltic magmas by fractional crystallization. Furthermore, the 
andesitic magmas with intermediate-δ18O are affected by crustal assimilation 
slightly. This indicates that crustal assimilation must be considered when 
investigating volcanic rocks from oceanic arcs. 

Paper IV. We investigate the generation of basaltic to rhyolitic melt 
inclusions in Unit II and Unit IV, IODP Site U1437 in the Izu rear-arc, using 
δ18O and major element compositions. Low-δ18O and intermediate-δ18O 
rhyolitic magmas can be explained by partial melting of high-temperature 
altered and fresh oceanic crust. In contrast, high-δ18O rhyolitic magmas are 
formed by assimilation of clay sediments or altered rhyolites. The diverse 
compositions of felsic magmas are inherited from the basaltic ocean crust 
protoliths, the compositions of which change by fractional crystallization of 
primary magmas. 

Paper V. The subarc mantle characteristics are investigated by primary 
basaltic melt inclusions in Unit VII from IODP Site U1437 in the Izu rear-arc. 
The δ11B and δ18O signature of basaltic melt inclusions cannot be explained 
by the metasomatism of the subarc  mantle by slab-derived fluid.  Based on 
δ11B, δ18O and [B] compositions, the subarc mantle beneath the Izu rear-arc is 
formed by physical mixing between the depleted mantle peridotite, and 
sediment-free mélange (1 to 15%) or serpentinite-dominated mélange (1 to 
10%). This study indicates that the mantle heterogeneity beneath the Izu arc 
changes across arc due to a change from fluid metasomatism to mélange 
diapirs. Therefore, geochemical heterogeneity of the upper mantle likely 
forms by the hybridization of mélange into the upper mantle. 
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6. Svensk sammanfattning 

Jorden är den enda planeten i solsystemet med ett rikt ekosystem och en 
kontinental jordskorpa som utgörs av felsiska-intermediära bergarter. 
Jordskorpan kan delas in i kontinental skorpa och oceanisk skorpa. Den 
kontinentala skorpan är ca 40 km tjock och dess övre lager består av felsiska 
bergarter med hög silikahalt, medan den oceaniska skorpan endast är ca 7 km 
tjock och består av mafiska bergarter med låg silikahalt. Skillnaderna i 
tjocklek och densitet skapar oceanbassänger med havsvatten, medan den 
tjocka kontinentala jordskorpan bildar land. Bildningsmekanismen och 
tektonisk sättning i den kontinentala skorpan är dock fortfarande omtvistade. 
Izu-vulkanbågen bestod för ca. 50 Ma sedan av en tunn oceanisk jordskorpa 
av mafiska bergarter med låg silikahalt, medan den nu har en tjock skorpa på 
ca 30 km, med en kontinental skorpa med hög silikahalt i de övre och 
mellanliggande lagren. Det betyder att Izu-vulkanbågen är ett perfekt naturligt 
laboratorium för att undersöka bildningen av kontinental jordskorpa.  

Smältinneslutningar är små droppar av silikatsmältning som är inneslutna 
i mineral. Smältinneslutningarna kan därför dokumentera primära 
magmasammansättningar som är skyddade mot fraktionerad kristallisering, 
magmaavgasning och interaktion mellan magma och skorpa efter 
inneslutningen. Många undersökningar inriktas på smältinneslutningar i olivin, 
men plagioklas uppvisar lägre diffusionsgrad för viktiga element jämfört med 
olivin, varför smältinneslutningar i plagioklas också är en tillförlitlig 
återgivning av magmasammansättningar. Samtidigt är plagioklas en vanlig 
mineral i många vulkaniska bergarter med sammansättningar från hög till låg 
silikahalt, medan olivinkristaller förekommer i vulkaniska bergarter med låg 
silikahalt. I denna avhandling undersöker vi därför bildandet av felsiska 
magmatyper och formationen av kontinental jordskorpa i den bakre delen av 
Izu-vulkanbågen. Vi använder felsiska smältinneslutningar i 
plagioklaskristaller från enhet II och enhet IV i International Ocean Discovery 
Program (IODP) Site U1437. Enhet II ligger 682–727 meter under havsbotten 
(mbsf) och fick utbrott för ca 4,3–4,4 Ma sedan. Enhet V ligger 1018–1114 
mbsf och fick utbrott för ca 6,2–7,5 Ma sedan. Enhet II och enhet IV bildas av 
vulkanutbrott under havet, där pyroklastiska flöden och askplymer avlagras 
kring vulkanens öppning. Enhet II och enhet IV domineras av vulkaniklastiska 
bergarter som innehåller glasfragment, klaster av pimpsten och 
mineralfragment, däribland plagioklaskristaller. För att spåra bildningen av 

55 



 

 
    

 
  

  
 

  
 

 
 

  

 
 

  
 

    
  

 
   

  
   

  
    

   

felsisk magma analyserade vi syre- och borisotoper (δ11B and δ18O) vid 
NordSIM-laboratoriet i Stockholm. Resultatet tyder på att felsisk magma i den 
bakre delen av Izu-vulkanbågen bildas genom partiell uppsmältning av mafisk 
oceanisk skorpa snarare än fraktionerad kristallisering av primär magma. 
Partiell uppsmältning av oceanisk skorpa dominerar därför bildningen av 
kontinental skorpa. Mångfalden i den kontinentala skorpans sammansättning 
härrör dock från de många olika geokemiska sammansättningarna i den  
mafiska oceaniska skorpan. Sammansättningarna i den mafiska oceaniska 
skorpan styrs i sin tur av fraktionerad kristallisering av primär magma. 

Sammansättningen i primär magma avspeglar mantelns geokemiska 
egenskaper under den bakre delen av Izu-vulkanbågen. I denna avhandling 
undersöker vi bildandet av primär basalthaltig magma från enhet VII från 
IODP Site U1437 i den bakre delen av Izu-vulkanbågen för att undersöka 
mantelns egenskaper med hjälp av smältinneslutningar i plagioklastkristaller. 
Enhet VII ligger ca 1460–1800 mbsf och fick ett utbrott för ca 16 Ma sedan. 
Enhet VII består av hyaloklastit som bildas av lava som bryts sönder när den 
väller fram under vattnet. I ett subduktionszonssediment blandas den 
förändrade oceaniska skorpan med serpentinit. Denna avhandling visar att 
blandningarnas sammansättning bidrar till primär basaltmagma i enhet VII. 

Vulkanutbrott är enorma naturliga faror som påverkar samhället. För att 
förstå hur vulkaner beter sig krävs en detaljerad bild av systemet av 
magmatunnlar och de magmatiska processer som uppstår under vulkanen. 
Smältinneslutningar från den bakre delen av Izu-vulkanbågen visar 
interaktion mellan magma och skorpa, där magman reagerar med omgivande 
bergarter. Zonbildningen av plagioklas visar dessutom att magma har fyllts på 
och lagrats i den lägre och övre delen av skorpan under den bakre delen av 
Izu-vulkanbågen. Vulkanerna i den bakre delen av Izu-vulkanbågen ligger på 
ett komplext magmarörsystem i flera nivåer. Detta komplexa rörsystem bidrog 
till de utbrott som skedde för mellan 4 och 16 Ma sedan i den bakre delen av 
Izu-vulkanbågen. 
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