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Abstract

Fluids released from subducting lithosphere play an essential role in the production of
island-arc magmas. However, the sources, properties, and transfer of subduction-zone fluids
remain poorly constrained by studies of island-arc magmas, yet experimental studies have
demonstrated that variable types of fluids (aqueous solution, supercritical liquid or melt) can
be produced from subducted oceanic lithosphere (slab) consisting of various lithologies
(sediment, oceanic crust, or slab mantle). In this study, I investigated the Hf, B, Li, and Mg
isotope compositions of late Cenozoic volcanic rocks, well characterized by geochronological
and geochemical analyses, from the Chugoku district in SW Japan to trace the evolution and
variation of fluids beneath this region.

The dissertation first investigated the Hf isotope compositions in the Chugoku volcanic
rocks (Chapter 2). The Hf isotope compositions show a clear temporal variation, from lower
(enf=+2.0 to +5.0) values in early-stage (12—5 Ma) samples to higher and more variable values
(-0.6 to +12.5) in late-stage samples, suggesting sediment contribution occurred through all
episodes but the relative proportion of AOC component gradually increased with time. Our
modeling also suggests that subducted basalt-derived fluids may be supercritical fluids in the
early stage and transited to hydrous melt in the later stage, owing to the shallowing of the
oceanic lithosphere. The next chapter (Chapter 3) reported the systematic B isotopic data of the
adakitic lavas. The adakitic lavas have §''B of -7.2%o ~ +0.3%o, which roughly correlated with
Sr-Nd-Pb isotopic ratios. Results from slab dehydration modeling and mixing calculations
suggest that the boron isotope signature points to the involvement of inputs from (1) a high-
5!"B hybrid component composed of a serpentinite-derived fluid from slab mantle and a melt
from dehydrated oceanic crust, (2) a low-8!'B melt from the dehydrated sediments. Our

modeling shows that, in the hotter subduction zone, fluids were released from the deeper

XV



serpentinites. Those fluids migrate upward and facilitate the melting of the upper slab, which
was dehydrated at shallower depths. The fourth chapter introduced the chemical purification
methods of Li and Mg and the optimization of instrumental analysis in MC-ICP-MS, which is
applied to the discussion of the fourth and fifth chapters. The fifth chapter aims to study the
process responsible for Li-isotope variation in arc magmas. The Chugoku volcanic rocks show
large 8’Li variation (1.9 to +7.4%o), and thus are ideal candidates. The models for slab
dehydration and a diffusive exchange between slab-derived melt and mantle demonstrate that
slab-derived &’Li features in arc magmas can be preserved if slab-derived fluids/melts have
distinct §’Li values from mantle and ascend rapidly. The sixth chapter investigated Mg isotope
fractionation during slab melting, a garnet-bearing source. The Chugoku volcanic rocks have
homogeneous Mg isotopic compositions, with an average 6**Mg of —0.23 + 0.08%o, within the
range of mantle peridotite. Our modeling shows that slab-derived melts may have §*°Mg higher
than their sources by up to +0.31%o, however, the heavy Mg isotopic features can be easily
erased by later melt-mantle interaction. In this regard, Mg isotopes may be not a powerful tracer
of slab melting.

Collectively, this dissertation reaffirms the temporal variation of slab-released fluids
beneath the Chugoku district, highlights the importance of serpentinite-derived fluids to
promote the hydrous melting of subducted slab, confirms the potential of Li isotopes to trace
the slab signals, and clarifies the role of Mg isotope fractionation during slab melting and
subsequent melt-mantle interaction. The results from this dissertation contribute to the overall
development of using fluid-mobile and -immobile isotopic system to trace crustal recycling

and fluid properties in the subduction zones.
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Chapter 1. Introduction and geological background

1. Introduction

Fluids liberated from subducting slab play an essential role in island-arc magma production;
they lower the solidus of and induce melting of magma sources in the mantle wedge (Kushiro
et al., 1968; Ringwood, 1974; Tatsumi and Eggins, 1995). These fluids are considered to have
variable physical and chemical properties (Manning, 2004), owing to the variation in pressure
(P)-temperature (7) paths taken (Peacock and Wang, 1999) and the lithology of the slab
(Christensen, 1978; Walowski et al., 2015). Morphology of subducting slab may have a strong
impact on the volume and composition of magmas produced in island-arcs, at it causes intra-
slab P-T variations (Yogodzinski et al., 2001; Liu and Stegman, 2011).

Southwest Japan is a subduction zone where the Philippine Sea (PHS) plate is sinking into
the trench. The volcanism occurs in two districts, Chugoku and Kyushu (Figure 1-1). These
regions show uneven distributions of volcanoes (Japan Meteorological Agency, 2013); Kyushu
has 13 active (Holocene) volcanoes while Chugoku has only two active examples (Figure 1-
1A). Tatsumi et al. (2020) attributed biased volcanic distribution in these districts to subduction
of differently-aged oceanic crust; subduction of PHS plate with a younger crust (< 25 Ma)

beneath Chugoku and that with older crust (>50 Ma) beneath Kyushu.
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Figure 1-1. A map showing the tectonic setting of southwest Japan and spatial distributions of
late Cenozoic volcanic fields in the Chugoku district.
(A): A map showing the tectonic setting of southwest Japan. Present and past (5 Ma) positions of the
Shikoku Basin spreading center (SBSC) and Kyushu-Palau ridge (KPR) are after Mahony et al. (2011).
Depth (in km) of the top of the subducting slab is shown with contour lines (dotted line, the aseismic
slab; solid line, seismic slab; Asamori and Zhao, 2015). Locations of Holocene volcanoes in the

Chugoku and Kyushu districts are after Japan Meteorological Agency (2013). An inset map shows
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the plate configuration around SW Japan (PHS, Philippine Sea Plate; PAC, Pacific Plate; EUR,
Eurasian Plate). (B): Spatial distributions of late Cenozoic volcanic fields in the Chugoku district.
Each volcanic field is circled by dotted line (age [in Ma] of volcanic activity shown in parenthesis).
The locality of high-Mg andesites in Setouchi Volcanic Belt are shown as open stars (Tatsumi et al.,

2003). The borders of trench-parallel zones (San-yo, Seki-ryo, and San-in) are after [wamori (1991).

It is also noted that the PHS plate beneath Chugoku exhibits a complex morphology with
laterally various subduction angles and intra-slab discontinuities (Zhao et al., 2012, 2018),
ascribed to subduction of an extinct spreading center and aseismic ridges formed in a marginal
basin (Shikoku Basin; Pineda-Velasco et al., 2018). Subduction is shallower (<30°) beneath
central Chugoku, and becomes steeper (>50°) to northern coastal region and western Chugoku.

The previous studies on basalts and high-Sr andesites and dacites in the Chugoku district
gives an insight on secular change in the physical and chemical properties of slab-derived fluids.
Feineman et al. (2013) proposed that high-Sr andesites and dacites were significantly affected
by the contribution of subducted sediments through the Nankai trench. Pineda-Velasco et al.
(2018) revealed the parental magmas of high-Sr andesites and dacites are formed by the mixing
of partial melts from oceanic crust and sediment in various proportion and suggested the
shallowing and flattening of the subducted PHS plate over time. Nguyen et al. (2020) further
advocated that slab-derived components varied from those dominated by aqueous fluids to
hydrous melt. The change in fluid type is due to morphological change of the PHS slab; it
subducted at a steeper angle in the older period (12—5 Ma) and got shallower with bending in
the younger period (5 Ma to present). The change in subduction angle resulted in tearing of the
PHS slab as was suggested by Pineda-Velasco et al. (2018) and Nguyen et al. (2020). Pineda-
Velasco et al. (2018) also speculated that, in the greater depth, the fluids can be released from
serpentinite in the mantle section of the subducting slab. However, the precise sources and
properties of subduction-zone fluids remain poorly constrained by those studies of SW Japan
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island-arc magmas, although experimental studies have demonstrated that various fluids
(aqueous solution, supercritical liquid or melt) can be produced from various lithologies in the
slab (sediment, oceanic crust, or slab mantle).

Give that Hf preferentially resides specific phases (e.g., garnet, zircon and rutile), it can be
a useful tracer to examine the involvement of sediments (Patchett et al., 1984; Blichert-Toft
and Frei, 2001; Tollstrup and Gill, 2005). Another important feature of Hf is that it is less
mobile with aqueous fluids, while Pb, Sr and Nd are highly to moderately fluid-mobile
elements (e.g., Keppler, 1996; Kogiso et al., 1997). Therefore, aqueous fluids may strongly
affect Sr-Nd-Pb isotopic composition of wedge mantle and its derived melts, but it is not the
case for Hf isotope (Keppler, 1996; Kogiso et al., 1997). Therefore, Hf isotope composition is
an ideal tracer for the physical and chemical properties of slab-derived fluid (Kessel et al.,
2005).

Pineda-Velasco et al. (2018) noted that parental magmas of high-Sr andesites and dacites
should have significant amount of water. Pre-eruptive abundance of H20 would be 2 wt% or
greater, as indicated by the presence of hornblende phenocrysts in high-Sr andesites and dacites
(Eggler, 1972; Green, 1972; Krawczynski et al., 2012). Thus, the magma source region, located
beneath high-Sr andesite and dacite volcanoes, should be intensively hydrated. By contrast, the
studies of mafic volcanic rocks suggested relatively anhydrous feature of their magma source
regions within mantle wedge (Zellmer et al., 2012; Kimura et al., 2014). Numerical
experiments of slab thermal structure also demonstrate low fluid fluxing from the PHS slab
beneath the Quaternary volcanoes, owing to intensive dehydration at shallower depth (40 km)
via transformation of basaltic crust of the slab to eclogite-facies rock (Peacock and Wang, 1999;
Tatsumi et al., 2020). Thus, Pineda-Velasco et al. (2018) ascribed the supplier of water to

serpentinized mantle section of the PHS slab. The slab tearing allows the exposure of mantle

4



section of the PHS slab to asthenospheric mantle, resulting dehydration by serpentinite
breakdown.

It has been considered that serpentinized mantle section in the subducting oceanic
lithosphere is an important reservoir of delivering water to sub-arc mantle (Tenthorey and
Hermann, 2004). Dehydration of serpentine, a major mineral in serpentinite, show strong
temperature dependency but this phase is fairly stable under elevating pressure conditions
(Ulmer and Trommsdorft, 1995). Several studies pointed out the role of serpentinite breakdown
that triggers the production of island-arc magmas (Walowski et al., 2015; Konrad-Schmolke et
al., 2016; Yogodzinski et al., 2017), although the role of slab serpentinite in magma productions
beneath the other arcs is poorly constrained. This is partly due to difficulty of detecting
serpentinite contribution by geochemical analysis of volcanic rocks, given that serpentinite
contains little amounts of Sr, Nd, Hf, and Pb, hence the tracers of these isotopes are not sensitive
to this lithology within the slab. Recent studies argued the utilities of “non-traditional” isotope
tracers for detecting the contribution of serpentinized mantle in the slab to subduction zone
fluids; those include hydrogen (Walowski et al., 2015), lithium (Tian et al., 2019; Liu et al.,
2020), boron (Konrad-Schmolke et al., 2016), and magnesium (Hu et al., 2020; Teng et al.,
2016).

To further constrain the properties of slab-derived fluids, it is essential to understand
element transfer via fluids using isotope tracers with different element mobilities. Given that
the above two studies on SW Japan utilized Sr, Nd and Pb isotope analyses, the applications of
(1) isotope tracers of “fluid-immobile” elements, such as Hf and (2) isotope tracers of “more
fluid-mobile” elements, such as Li, Mg and B may provide further constraints on this issue.

Below, the objective and the approaches in my works are described.



Chapter 2: Investigation of Hf isotopes to decipher temporal and spatial of slab-derived
fluids properties.

Chapter 3: Investigation of B isotopes to explore the role of fluids released from the
slab serpentinites during the slab melting processes.

Chapter 4: Development of chemical purification methods of Mg and Li, and
optimization of instrumental analysis (MC-ICP-MS) for the discussion of Li and Mg
isotopic data in Chugoku volcanic rocks.

Chapter 5: Investigation of Li isotopes aiming to discuss whether Li isotopes can be
used to trace the slab-derived signals.

Chapter 6: Investigation of Mg isotopes to clarify the role of Mg isotope fractionation

during slab melting and subsequent melt-mantle interaction.

. Tectonic-geological background and geophysical observation in SW

Japan

Southwest Japan is a volcanic island arc formed by subduction of the Philippine Sea (PHS)

plate via the Nankai trench (Figure 1-1a). The magmatism in this arc has been active during

the last 12 Myr and has produced various volcanic rocks distributed in the Kyushu and

Chugoku districts (Feineman et al., 2013; Iwamori, 1991; Kimura, 2005, 2014; Mahony et al.,

2011; Morris, 1995; Nakamura et al., 1985, 1990; Pineda-Velasco et al., 2018; Sakuyama et al.,

2014, 2009; Tatsumi et al., 2003, 2006).

The PHS plate has topographic prominences consisting of seamounts, island chains and an

extinct spreading center, which are located within or at the periphery of a marginal basin

(Shikoku Basin) formed between 26 and 15 Myr ago or Ma (Okino et al., 1994). The

prominences, consisting of the Izu-Bonin arc in the east, Kinan Seamounts and Shikoku Basin

spreading center (SBSC) in the center, and Kyushu-Palau ridge (KPR) in the west, are currently
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colliding with the Nankai trench (Kodaira et al., 2004; Toda et al., 2008).

The PHS plate has been subducting into Nankai Trough with a velocity of 3 to 5 cm/yr
since 15 Ma (Sdrolias et al., 2004). Continuous subduction has induced a number of large
earthquakes (Nakajima and Hesegawa, 2007), including 1944 Tonankai (Ms = 8.2), 1946
Nankai (Ms = 8.3), 1995 Kobe (Ms = 7.2), 2000 western Tottori (Ms = 7.3), and 2001 Geiyo
(Ms = 6.4). Subduction of PHS plate also plays a major role in volcanic activity in SW Japan.
Since this oceanic plate is young and warmer, thermodynamic model predicts that intensive
dehydration occurs as shallow as 60 km (Peacock, 2003). Trench-parallel narrow seismic zone
is clearly observed at the slab depth of ¢. 50 km (Seno et al., 2001; Zhao et al., 2012), that is
the zone of low-frequency tremors (LFT) of non-volcanic origin (Obara, 2002; Shelly et al.,
2006). The LFT is considered to have been formed by dehydration of PHS slab, consistent with
thermodynamic prediction (Peacock, 2003). Fluids released by slab dehydration led to
fracturing of the desiccated slab and hydration of the base of wedge mantle (Seno and Yamasaki,
2003; Wang et al., 2006). As a result, shear slips occur along the interface of subducting slab
and wedge mantle (Shelly et al., 2007). Prominent LFT formation in SW Japan demonstrates
intensive dehydration in shallower depths (40—-50 km) owing to its high 7/P gradient during
subduction (Wang et al., 2006).

Using numerous high-resolution seismic data, lateral and vertical variation of seismic
tomography of PHS slab have been observed (Okada et al., 2004; Obara et al., 2005). The PHS
slab exhibits seismicity in > 60 km depth beneath Kannabe-Oki Island or the Abu-Tsushima
Island areas and is traced to the depth of 400 km beneath the Sea of Japan (Zhao et al., 2012;
Huang et al., 2013). These discontinuities are interpreted as tears of the PHS slab, probably
caused by the subducted Kyushu-Palau Ridge and Kinan Seamount Chain (Zhao et al., 2012;

Huang et al., 2013; Pineda-Velasco et al., 2018). Heat flow measurements in Nankai Trough



revealed on-going subduction of these ridges (Yamano et al., 1984).

Seismic tomography also reveals thermal structure of wedge mantle and crust beneath the
SW Japan (Utsu, 1967; Katsumata, 2010; Salah and Zhao, 2004; Yamane et al., 2012). An
inclined high-velocity (V) and low-attenuation (i.e., high-Q) region corresponding to the
Wadati-Benioff zone, is surrounded by low-}V and low-Q zones that correspond to hotter
regions within the mantle wedge (Sato et al., 1988, 1989). This V-0 distribution is interpreted
as deep-mantle-rooted active upwelling that is intruded by subducting slab.

The Moho depth (crust thickness) beneath Chugoku was estimated to be c¢. 30 km, the
depth corresponding to the location of seismic wave deflections (Salah and Zhao, 2004;
Katsumata, 2010). Katsumata (2010) noted that the Moho depth beneath Chugoku is
significantly shallower than the adjacent regions (central Honshu and Kyushu where the Moho
depths are c¢. 40 km) and considered that the Chugoku district have experienced crustal
extension and thinning related to the opening of Sea of Japan during Miocene (Otofuji et al.,
1991).

3. Volcanic history of the Chugoku district

The Chugoku district is located in the westernmost part of Honshu. This district is
subdivided into trench-parallel zones, namely San-yo zone and San-in zone, respectively
(Figure 1-2). In some studies, transitional zone between San-yo and San-in zones is referred
to as Seki-ryo zone (Iwamori, 1991). In the south of the Chugoku district, two trench-parallel
zones are defined as Outer zone and Setouchi zone; the former is located in southern part of
Shikoku, and the latter straddle the region between northern Shikoku and southern Chugoku
including islets in Seto Inland Sea.

The volcanism in the Chugoku district began at 25 Ma and continues to present (Kimura
et al., 2005). Based on temporal distribution and petrologic types of erupted products in the
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Chugoku, Setouchi and Outer zones, Kimura et al. (2005) subdivided into volcanic activity into
4 stages. The Stage I volcanism is related to the rifting of Sea of Japan during 25-17 Ma
(Pouclet et al., 1994). The Stage II volcanism occurred after cessation of the rifting of Sea of
Japan and is related to incipient subduction of PHS during 17-12 Ma (Tatsumi, 2006). The
Stage III volcanism occurred during 12—4 Ma and mainly produced intra-plate type basaltic
volcanoes (Nakamura et al., 1989; Iwamori, 1991). The Stage IV volcanism has occurred since
4 Ma and is characterized by voluminous emplacements of high-Sr andesites and dacites
(Morris, 1995; Feineman et al., 2013; Kimura et al., 2014; Pineda-Velasco et al., 2018). Nguyen
et al. (2020) refined three episodes of volcanism in Stages III and IV by Kimura et al. (2005)
as (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 (Figure 1-3). Below, the volcanic activities in each stage/episode are overviewed. We
follow the trace-element-based nomenclature of these volcanic rocks following the previous
studies (Tatsumi & Ishizaka, 1982; Kimura et al., 2014; Pineda-Velasco et al, 2018; Nguyen et
al., 2020); Mafic volcanic rocks referred to as OIB and IAB are discriminated based on trace-
element abundance patterns. The OIB has trace-element abundance patterns similar to
intraplate basalts while the IAB has trace-element abundance patterns similar to island-arc
basalts (Kimura et al., 2005, 2014; Pineda-Velasco et al., 2018; Nguyen et al., 2020). The HMA
are primitive andesitic rocks with FeO*/MgO ratios < 1 [where FeO* is total Fe as FeO;
Tatsumi and Ishizaka (1982)]. The classification for andesites and dacites is based on the extent
of Sr enrichment and Y depletion; ADK shows marked enrichment of Sr and depletion of Y

(hence high St/Y ratio), while IAA does not exhibit such an anomaly.
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Figure 1-2. Cenozoic volcanic activity in the SW Japan arc in the last 25 Myrs, subdivided into
Stages I (25-17 Ma), IT (17-12 Ma), 11T (12—4 Ma) and IV (4—0 Ma).

The figure is modified from Kimura et al. (2005). Abbreviations in the Figure 1-2 are as follows: MTL,
Median Tectonic Line; BTL, Butsuzo Tectonic Line; LAT, low-alkali tholeiite basalt; Alkali, alkali
basalt; HMA, high-magnesium andesite; ADK, adakitic andesite and dacite; MORB, gabbroic

intrusions with trace-element abundance similar to mid-oceanic-ridge basalt.
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Figure 1-3. Spatial and temporal distribution of volcanic rocks in the Chugoku district (12 Ma to
recent; modified from Nguyen et al., 2020).
3.1 Stage-I volcanic activity: 25-17 Ma

At 25-17 Ma, the volcanism was confined to the San-in zone (Matsue and northern Hyogo)
and an island in Sea of Japan (Oki-Dogo). This activity is characterized by eruptions of sub-
alkaline mafic to felsic magmas (Figure 1-2). 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).

3.2 Stage-1I volcanic activity: 17-12 Ma

At 17—-12 Ma, the volcanism spread across the entire Chugoku zone (Kimura et al., 2005;
Figure 1-2). Paleomagnetic and geochronological studies of the volcanic rocks in this stage
revealed a rapid clockwise deflection of the SW Japan arc, caused by the opening of Sea of
Japan, during 16—14 Ma (Otofuji et al., 1991). 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) had erupted (Shimoda et al., 1998; Kimura et al., 2005; Tatsumi, 2006). 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 during this stage (Murakami et al., 1983;
Miyake, 1985; Hamamoto and Sato, 1987; Miyake and Hisatomi, 1985; Kimura et al., 2005).
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3.3 Episode 1 in Stage-III/IV volcanic activity: 12-8 Ma

Volcanic activity in Episode 1 occurred in seven volcanic fields including Otsu, Mishima,
Kanmuri, Sera, Hiba, Matsue, and Kibi, from west to east (Figures 1-1 and 1-3). 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 (Nguyen et al., 2020). The volcanism
during 12-9 Ma produced both the OIB and IAB. Except for the Kanmuri and Sera volcanic
fields, OIB and IAB lavas do not coexist in individual volcanic regions. In general, IAB lavas
occur in the San-in region (closer to rear-arc; Otsu, Hiba, and Matsue volcanic fields), whereas
OIB lavas occur in the San-yo region (closer to fore-arc; Kanmuri, Sera, and Kibi), except for
Mishima in the Sea of Japan.
3.4 Episode 2 in Stage-III/IV volcanic activity: 8—4 Ma

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; Figures 1-1
and 1-3). Volcanic activity in this period is dominated by eruptions of OIB, and IAB activity
is confined in the eastern part of the Chugoku district (Kurayoshi volcanic field) in the latter
quarter of Episode 2 (5—4 Ma).
3.5 Episode 3 in Stage-III/IV volcanic activity: 4-0 Ma

Since 3 Ma, the volcanic activities have been dominated by eruptions of high-Sr (adakitic)
andesites and dacites (Figures 1-2 and 1-3; Tamura et al., 2000; Feineman et al., 2013; Kimura
et al., 2014; Pineda-Velasco et al., 2018). These high-Sr andesites and dacites comprise
volcanic complexes in association with monogenetic basalt volcanoes (both IAB and OIB) in
temporal and spatial proximities. The Episode-3 volcanisms have been confined to the San-in

regions and Oki-Dogo Island in Sea of Japan.
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4. Previous studies on volcanic rocks in the Chugoku district

Petrologic and geochemical studies of volcanic rocks in the Chugoku district have been
conducted in the last four decades. These studies were attempted to constrain the sources and
generation processes of parental magmas of (1) high-Mg andesites in Setouchi during Miocene,
(2) high-Sr andesites and dacites in the San-in zone during Pliocene—Holocene, and (3) basalts
which form monogenetic volcanoes in the entire Chugoku region during Miocene—Holocene.
4.1 High-Mg andesites in Setouchi during Miocene

The Miocene volcanism in the Setouchi region (termed Setouchi Volcanic Belt or SVB)
is characterized by eruptions of high-Mg andesites in association with high-Mg sub-alkaline
basalts (Tatsumi, 2006). Tatsumi and co-workers have conducted numerous geologic,
petrologic, geochronologic and geochemical studies of SVB volcanic rocks (e.g., Tatsumi and
Ishizaka, 1982; Tatsumi, 2003; Shimoda et al., 1998; Hanyu et al., 2002; Tatsumi et al., 2001,
2002, 2008; Tatsumi and Hanyu, 2003; Tatsumi, 2006). The volcanic activity occurred in short
period of time during 14.7 to 12.7 Ma. The HMA and basalts in SVB contain rocks with major-
element compositions (Fe/Mg ratio and Ni abundance) in equilibrium with mantle peridotite
(Tatsumi, 1982; Tatsumi and Ishizaka, 1982) under hydrous condition (Kushiro, 1974; Hirose,
1997). Isotopic studies indicate the involvements of significant amounts of sediments (Shimoda
etal., 1998; Hanyu et al., 2002; Tatsumi and Hanyu, 2003), leading them to conclude that HMA
was produced by melting of PHS slab (basaltic crust + sediment) and subsequent equilibration
with mantle peridotite.

Kawamoto et al. (2011) proposed an alternative idea for HMA production based on in-situ
X-ray observation of high-pressure experiments on analogues of sediment-derived melts under
water-saturated condition (Figure 1-4). They demonstrated that sediments on PHS slab would
have released supercritical fluids (SCF) at the depth greater than 80 km, and upward-migrating
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SCF dissociated into aqueous fluid and hydrous silicate melt at the depth shallower than 80 km.
Hydrous melts should have been reacted with surrounding peridotite and became HMA
magmas so as to be equilibrated with mantle. Aqueous fluids are considered to have induced
flux melting of wedge mantle and produced sub-alkaline basaltic magmas erupted temporally

and spatially associated with HMA in the Setouchi Volcanic Belt.
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Figure 1-4. Schematic model for production of high-Mg andesites (HMA) and associated basalts
in Setouchi volcanic belt by Kawamoto et al. (2012).

Subducted sediment released supercritical fluids at >80 km depth, and dissolved mantle olivine and
became high-Mg andesitic supercritical fluids. Subsequently, supercritical HMA fluids migrated
upward and dissociated into hydrous melts and aqueous solutions; the former became HMA parental
magmas through peridotite assimilation while the latter induced flux melting of wedge mantle and
produced arc-basalt magmas.

4.2 High-Sr andesites and dacites in the San-in zone during Pliocene—Holocene
Morris (1995) first noted high-Sr abundances of andesites and dacites occurred in
Quaternary volcanoes (Sambe and Daisen). With pronounced depletions of heavy rare earth
elements, parental magmas of high-Sr andesites and dacites are attributed to melting of basaltic
crust of PHS plate at its leading edge. This idea was reinforced by later studies based on large
number of geochronological and geochemical data (Kimura et al., 2003; Feineman et al., 2013).
The high-Sr andesites and dacites in Chugoku occur as lavas and pyroclastic rocks with
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two different petrologic types; aphyric and porphyritic types (Tsukui, 1985). Tamura et al.
(2003) considered that aphyric nature of high-Sr andesites and dacites from Daisen volcano
indicate superheating condition of these magmas just before eruptions (Figure 1-5). They
explained superheating condition for aphyric magmas by melting of precursor andesite bodies
solidified in shallow crustal level. In contrast, Pineda-Velasco et al. (2018) explained the
coexistence of aphyric and porphyritic types by tapping magmas with different crystallinity in
a chamber. The margin of a magma chamber should be mushy given that this part is cooled by
surrounding wall rocks (Kuritani, 1998), while an interior part is essentially aphyric as this part
has temperature higher than solidus of phenocryst phases. Differentiated feature of aphyric
andesites can be attained by mixing of differentiated interstitial melts expelled from crystal

much layer and a main magma body (Kuritani, 1998).
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Figure 1-5. Schematic model for the productions of porphyritic and aphyric andesites in Daisen
volcano.

The figure is modified from Tamura et al. (2003). Pre-existing andesite body in the crust was remelted
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by heat supplied from emplacement of basalt (Y okota).

The other alternative idea for the genesis of high-Sr andesites and dacites was proposed by
Zellmer et al. (2012). They found that H2O abundances in primitive basalts decrease from those
in Kyushu (3.5-6.5 wt%) to those in Chugoku (2 wt% or lower), based on plagioclase
hygrometer (Lange et al., 2009). They noted that garnet can be stable if basaltic magma is
anhydrous under lower crustal depth (Miintener & Ulmer, 2006); that is, high-Sr andesites and
dacites could be produced by from anhydrous basalt magmas by fractional crystallization of
garnet-bearing phase assemblage in lower crustal depth. However, this scenario cannot account
for the difference in isotopic compositions of high-Sr andesites and dacites and associated
basalts (Feineman et al., 2013; Pineda-Velasco et al., 2018). Also, this scenario could not
provide an explanation about the occurrence of high-Sr andesites and dacites; it is confined to
San-in zone, yet the crustal depth is relatively constant at 30 km in the entire Chugoku district
(Salah and Zhao, 2004; Katsumata, 2010).

The slab-melting origin of high-Sr andesites and dacites in the Chugoku district, first
proposed by Morris (1995), was reaffirmed by Feineman et al. (2013), Kimura et al. (2014),
and Pineda-Velasco et al. (2018). Feineman et al. (2013) applied U-Th isotopic analysis of
high-Sr andesites and dacites of Daisen volcano together with major- and trace-element and
Sr-Nd-Pb isotope analyses. The Daisen intermediate magmas show trace element and isotopic
evidence for interaction with garnet, consistent with partial melting of the hot, young (~20 Ma)
Philippine Sea Plate. Isotopic similarities between Nankai Trough sediments and Miocene
volcanics in the forearc of the modern Southwest Japan arc suggest that significant sediment
was added to the mantle at the time of initiation of Shikoku Basin subduction at ~20 Ma

[Ishikawa and Nakamura, 1994]. They speculated that remnants of this past sediment
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subduction may have been relaminated at the base of the arc crust and/or contributed to a
broadly sediment-contaminated mantle wedge.

Kimura et al. (2014) extended geochemical and isotopic investigations to high-Sr andesites
and dacites from the other volcanoes in the Chugoku district; Aonoyama, Oe-Takayama, Sambe,
and Kurayoshi volcanic fields (Figure 1-1). They reached the conclusion for the genesis of
high-Sr andesites and dacites essentially identical to Feineman et al. (2013). They also argued
that high-Sr andesites and dacites experienced significant crustal assimilation during their
ascent for the following observations: (1) Pb-isotopic linear array formed by high-Sr andesites
and dacites points toward the composition distinctly different from subducted crustal rocks
(basalt and sediment), and (2) amphibole phenocryst in high-Sr dacites from Daisen shows the
compositional zonation; high Str/Y ratio in its core and low St/Y ratio in its margin. However,
the observation (1) was suggested to be due to analytical artifact (Pineda-Velasco et al., 2015),
and the observation (2) may be explained by cotectic crystallization of amphibole and
plagioclase, the latter largely consumes Sr in a residual magma and thus later-formed
amphibole rim is depleted in Sr (low St/Y).

Pineda-Velasco et al. (2018) conducted detailed geochronological (K-Ar) and geochemical
(major and trace element concentrations, and Sr-Nd-Pb isotope analyses) investigations of
high-Sr andesites and dacites in the entire Chugoku (Aonoyama, Oe-Takayama, Sambe,
Wakurayama, Daisen and Kurayoshi volcanic fields; see Figures 1-1 and 1-2). They found
spatial coincidence of high-Sr andesite and dacite volcanoes and discontinuities of aseismic
slab of PHS plate (Figure 1-1). They demonstrated that geochemical signature of high-Sr
andesites and dacites in the Chugoku district is best explained by melting of subducted PHS
slab (sediment + basaltic crust) as was proposed by Feineman et al. (2013). In addition, they

explained that basaltic magmas erupted in the vicinities of high-Sr andesites and dacites were
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derived by melting of wedge mantle peridotite metasomatized by slab-derived melts (i.e.,

parental magmas of high-Sr andesites and dacites). This study first provides the causal link of

basalts and high-Sr andesites and dacites as; a warm mantle upwelled through tears and induced

dehydration of slab-mantle section and flux melting of crustal section of PHS slab, leading to

evolution of parental magmas of high-Sr andesites and dacites. Siliceous slab melts react with

surrounding mantle while the reaction mantle regime decompressed as its ascent. Thus,

siliceous slab melts could reach the surface without solidification (Figure 1-6).

(1) Acnoyama/Abu

(2) Kurayoshi

(3) Oe-Takayama - Sambe/Mengame
Wakurayama - Daisen/Yokota

{1

g |3
depleted 3 | &
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4. -Large diapirs can ascend faster.
and transport melts without intensive
reaction with mantle

-Segregation of melts and
emplacement into crust

3. - Interaction between slab melt and
ambient mantle forms impermeable

1. -Melting of crustal layer and
formation of siliceous melt

Figure 1-6. A model of transporting siliceous slab melts to surface in the Chugoku district.

The figure is modified from Pineda-Velasco et al. (2018).

4.3 Monogenetic basalts in the entire Chugoku region during Miocene—Holocene

Basaltic volcanism has occurred during Episode 1 to Episode 3. Nakamura et al. (1985)
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first presented Pb-isotope and trace-element geochemistry of alkali basalts in the Chugoku
district together with trace-element analyses of alkali basalts in Kyushu, Northeast China and
Korean Peninsula. They revealed lateral variations in the extents of depletions in Ta, Nb and
Ti; basalts in Chugoku and Kyushu show slight depletions of these elements relative to
elements with similar incompatibilities (K, Rb, and Pb), while basalts in Northeast China and
Korean Peninsula do not show such elemental depletions. They attributed the lateral
geochemical variation to decreasing contributions of fluids from the subducting Pacific plate
to the upper mantle in the western Pacific margin. Nakamura et al. (1989, 1990) extended this
idea using the analyses of geochemical and Nd-Sr isotopic compositions of Cenozoic basalts
in these regions. Contributions from two different reservoirs (components) were identified
from isotopic analyses; these reservoirs should reside in isolated mantle domains with different
extents of long-term trace-element depletion. They considered that these mantle domains are
located in different depths in the mantle; a depleted source is in the upper mantle, while a fertile
source is in the lower mantle derived by a hot and buoyant upwelling flow (i.e., mantle plume).
Given that aseismic slab of Philippine Sea plate could not be detected in 1980°s, Nakamura et
al. (1985, 1989, 1990) ascribed the “island-arc”-like geochemical feature of mafic volcanic
rocks in SW Japan to subduction of Pacific plate (Figure 1-7).

Iwamori (1991, 1992) investigated across-arc variations in major and trace element
compositions of basalts in the Chugoku district; at a given value of differentiation index (e.g.,
Mg"), whole-rock SiO2 and A1>O3 abundances increase, while whole-rock FeO, MgO and CaO
abundances decrease from San-yo to San-in. He attributed lateral variations in major element
compositions to different depths of melt segregation from wedge mantle. Iwamori (1991)
conducted melting experiments on magnesian basalts in the Chugoku district. From the

experimental results, he estimated melt segregation depths to be 50-60 km (1.7-1.9 GPa)
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beneath the San-yo zone and 20-30 km (c. 0.8 GPa) beneath the San-in zone, respectively.

20< 30< K

<09
None Strong Effect of metasomatism
— None Weak Strong Effect of subducted

sediments

= -

Figure 1-7. Schematic model for the genesis of alkaline basalts in SW Japan

The figure is modified from Nakamura et al. (1985). As a function of distance from Japan trench, the
contribution from subducting oceanic crust to wedge mantle decreases, while the root of mantle
upwelling flows become deeper.

With the occurrence of alkaline basalts in Oki islands with major element compositions
similar those in the San-yo zone, he proposed an axisymmetric change of melting depth about
the San-in region in a single mantle flow centered on the San-in zone (Figure 1-8). In his model,
the role of Philippine Sea plate subduction is not considered. Also, temporal variation in

tectonic background is not taken into account.
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Figure 1-8. Schematic model of magma productions in the Chugoku district
The figure is modified from Iwamori (1991). An upwelling flow of asthenospheric mantle was centered
on the San-in zone where melt segregation depth is shallower. With distance from San-in, melt

segregation depths become deeper.

Kimura et al. (2003, 2005) conducted K-Ar dating on 108 samples and compiled the
existing 334 dates, and examined the geologic and tectonic background of late Cenozoic
volcanism in the Chugoku district. They proposed four stages of tectonic background. Stage .
At 25-17 Ma, PHS plate did not subduct into the trench. Arc-like magmatism in San-in zone
is due to melting of mantle metasomatized by subducted Pacific plate. Stage II. At 17-11 Ma,
PHS plate began to subduct. Its leading edge was melted due to its own intra-slab heat and
produced high-Mg andesites in Setouchi volcanic belt. Stage III. The PHS slab continued to
subduct, but its leading edge did not reach beneath the Chugoku. Basaltic magmatism in the
Chugoku district is assumed to have been caused by asthenospheric upwelling from rear-arc
side. The leading edge of PHS slab reached beneath the San-in zone where the interaction
between PHS slab and a hot asthenospheric mantle led to melting of PHS slab and production

of high-Sr andesites and dacites (ADK). They attributed the IAB magmas in Stage II erupted
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in Sanin zone to melting of continental lithosphere metasomatized prior to this episode by

fluids, probably released from the PAC Plate (Figure 1-9). However, later published data

supported that IAB have a geochemical and isotopic composition consistent with the influence

of PHS rather than that of PAC.
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Figure 1-9. Schematic model for the volcanic and tectonic evolution of SW Japan

The figure is cited from Kimura et al. (2005). A: Stage 1. At 25-17 Ma, PHS plate did not subduct

into the trench. Arc-like magmatism in San-in zone is due to melting of mantle metasomatized by

subducted Pacific plate. B: Stage II. At 17-11 Ma, PHS plate began to subduct. Its leading edge was

melted due to its own intra-slab heat and produced high-Mg andesites in Setouchi volcanic belt. C:

Stage I11. The PHS slab continued to subduct, but its leading edge did not reach beneath the Chugoku.

22



Basaltic magmatism in the Chugoku district is assumed to have been caused by asthenospheric
upwelling from rear-arc side. D: The leading edge of PHS slab reached beneath the San-in zone where
the interaction between PHS slab and a hot asthenospheric mantle led to melting of PHS slab and
production of high-Sr andesites and dacites (ADK).

Feineman et al. (2013) determined alkaline basalts from Southwest Japan and suggested
that the basalts erupted at the Daisen volcanic field are not parental to the intermediate magmas
and contain a small contribution of EM1-like mantle common in Sea of Japan alkali basalts.
The regional alkali basalts have previously been attributed to a mantle plume rising beneath
the Sea of Japan (Nakamura et al., 1985, 1989, 1990). Pineda-Velasco et al. (2018) proposed
that small amount (14 wt %) of slab melt is mixed with a mantle, then the hybrid source is
melted at degree of 1 to 15% to produce IAB in Episode 3. Two types of IAB lavas were
identified; one shows strong negative anomalies of Nb and Ta (low-Nb lava), whereas another
shows weak negative anomalies for these elements (high-Nb lava). The high-Nb type occurs in
Abu and Kurayoshi, while Mengame and Yokota regions yield the low-Nb type. Trace element
patterns of low-Nb lavas are reproduced well by 5% melting of the metasomatized mantle
consisting of 96% DMM (depleted MORB mantle) and 4% slab melt in the spinel-stability
field. Instead, the melting of PUM (primitive upper mantle) source can reproduce the pattern
of these high-Nb basalts with f = 4% and degree of melting at 5% in the garnet-stability field.
Those studies 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 and those studies could not control the slab morphology back to 12 Ma when the
slab had already subducted.

Kimura et al. (2014) analyzed ocean island basalt (OIB), shoshonite (SHO), arc-type alkali

basalt (AB), typical subalkalic arc basalt (SAB), high-Mg andesite (HMA), and adakite (ADK)
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from the Chugoku district and suggested that those magmas originated from slab melts that
induced flux melting of mantle peridotite. They proposed that the suites differ mostly in the
mass fraction of slab-melt flux, increasing from SHO through AB, SAB, HMA, to ADK. The
pressure and temperature of mantle melting decreases in the same order. The sediment
component is most prominent in Setouchi HMA, followed by Abu SAB, Abu HMA, Yokota
ABL/ABH, and Daisen AA/ADK, with the least in Aonoyama ADK and Abu SHO. The
atypical suites associated with hot subduction result from unusually large mass fractions of slab
melt and unusually cool mantle temperatures.

Nguyen et al. (2020) conducted detailed investigations of the geochemistry and
geochronology of late Cenozoic (12 Myrs or younger) volcanic rocks, mainly on two types of
mafic rocks (OIB and IAB), from the entire volcanic field in Chugoku (Figure 1-1). The mafic
magmas would have been extracted from the upwelling mantle at different depths (80- to 40-
km depth for OIB and 60- to 30-km depth for IAB). Production of IAB parental magmas was
assisted by addition of fluids released from the subducting slab, which lowers the solidus of
refractory mantle by progressive melt extraction. Secular variation in the geochemistry of IAB
reveals the transition of slab-derived fluid from that dominated by an aqueous component to
that with a melt component (Figure 1-10). The variation in fluid composition is interpreted as
a change in the thermal conditions within the subducting slab, which most likely resulted from
shallowing of subduction angle (Figure 1-10). They interpret the change as a consequence of
the interaction between the asthenospheric mantle upwelling from the back-arc side and the
oceanic lithosphere sinking from the trench side (Figure 1-10). However, the properties of
slab-derived fluids (aqueous solution, supercritical liquid or melt) are still not precisely

constrained.
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Figure 1-10. Schematic models for the evolution of late Cenozoic volcanic activity in the Chugoku
and the morphology of subducting PHS plate in relation to plate configuration

The figure is cited from Nguyen et al. (2020). (a): In 12—8 Ma, the PHS slab subducted at steeper angle.
Relatively cooler PHS slab released fluids dominated by aqueous solution; (b) The PHS slab began to
be bent by collision with asthenospheric flow and its leading edge started to be torn apart. (c¢) Further
interaction between the PHS slab and mantle led to propagation of slab tears, dehydration of the slab
(mantle section) and melting of its crustal layer. Hydrous melts produced ascent with buoyant mantle

and erupted as high-Sr andesites and dacites.
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Chapter 2. Evolution of slab-derived fluids beneath the SW
Japan arc: Perspectives from Hf isotope compositions of

volcanic rocks

Abstract

Fluids released from subducted oceanic lithosphere (slab) play an essential role in the
production of island-arc magmas. However, how the compositions and properties of
subduction-zone fluids are affected by the variation of slab morphology remain poorly
constrained. It is known that the PHS plate beneath Southwest Japan exhibits complex
morphology, thus leading to the tempo-spatial variation of subducted-derived fluids. We
investigated Hf, Sr and Nd isotope compositions of well-dated volcanic rocks from the
Chugoku district in SW Japan, whose ages range between 12 Ma to the present. New Hf isotope
analyses show the Hf isotope compositions show a clear temporal variation, from lower (enf =
+2.0 to +5.0) values in early-stage [12—5 million years (Myr) ago] samples to higher and more
variable values (—0.6 to +12.5) in late-stage samples, suggesting sediment contribution
occurred through all episodes but the relative proportion of AOC component gradually
increased with time. Our modeling also suggests that the of AOC-release component is unlikely
to be aqueous fluids and bulk mélange in the early stage. The early-stage rocks also do not
exhibit clear “slab-melt” signatures (e.g., high Sr/Y) like late-stage rocks, therefore, subducted
basalt-derived fluids may be supercritical fluids in the early stage and transited to hydrous melt
in the later stage. We suggest that the transition of slab-derived component in the last 12 Myr
can be attributed to the shallowing and morphological distortion of subducted slab. Our data

also show sediment contribution varies among the volcanoes in Chugoku district in the later
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stage; magmas erupted in the western part, received a smaller contribution than those of the
other volcanic regions. Lateral variation in sediment contribution may be attributed to lateral
variation in accumulated sediment. Our study suggests the contribution of sediments is largely
affected by surface morphology of the slab.

Keywords: SW Japan, island arcs; Hf isotope; slab-derived fluids; slab morphology

1. Introduction

Fluids liberated from subducting slab play an essential role in island-arc magma production;
they lower the solidus of and induce melting of magma sources in the mantle wedge (Ishikawa
and Nakamura, 1994). These fluids are considered to have variable physical and chemical
properties, owing to the variation in pressure (P)-temperature (T) paths taken (Peacock and
Wang, 1999) and the lithology of the slab (Walowski et al., 2015). However, it is still unclear
how slab morphology, which causes intra-slab P-T variations, affects the evolution of island-
arc volcanism.

Southwest Japan is a subduction zone where the Philippine Sea (PHS) plate is sinking into
the trench. The volcanism occurs in two districts, Chugoku and Kyushu (Fig. 1). Subduction is
shallower (<30°) beneath central Chugoku and becomes steeper (>40°) to Kyushu region and
western Chugoku. Moreover, the subduction angle is also steeper (>50°) to the north of
Chugoku district. It is noted that the PHS plate beneath Chugoku exhibits complex surface
morphology, owing to the topographic prominence (Izu-Bonin Arc, Kinan Seamounts, and
Kyushu-Palau Ridge) within or in periphery of Shikoku Basin. Thus, the extent to which the
lithospheric materials metamorphose should be variable within the slab, making SW Japan an
ideal place to study the relationship between fluid composition and slab morphology.

Our companion studies (Pineda-Velasco et al., 2018; Nguyen et al., 2020) suggested that

the PHS slab became shallower and flatter over time, and slab-derived components varied from
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those dominated by aqueous fluids to slab melt. In this study, Hf isotope analysis has been
applied to the Chugoku volcanic rocks. Since Hf exhibits variable solubility within different
types of fluids, its isotope composition is an ideal tracer for the physical and chemical
properties of slab-derived fluid (Kessel et al., 2005). Through integrating Hf isotope data with
the published geochemical analyses, the evolution of the subducting lithosphere and the

mechanism responsible for the production of chemically variable magmas are examined.

2. Global adakites

The high-Sr andesites and dacites (adakites) from subduction zones are generally attributed
to be partial melts of subducted oceanic crust (Kay, 1978; Drummond & Defant, 1990), the
inference is supported by Sr-Nd isotopic compositions of some high-Sr andesites and dacites
akin to those of subducted oceanic crust (Figure 2-1; Group 1; e.g., Yogodzinski et al., 1995).
The high-Sr andesites and dacites from some subduction zones have isotopic compositions
slightly different from subducted oceanic crust (Figure 2-1; Group 2; e.g., Stern & Kilian,
1996). It is however noted that SW Japan (Figure 2-1; Chugoku and Kyushu district) also the
volcanic field which yields high-Sr andesites and dacites with isotopic compositions distinctly
different from subducted oceanic crusts. Such an “enriched” isotopic feature is considered to
have been resulted from melting of a source with significant amounts of subducted sediments

(Feineman et al., 2013; Pineda-Velasco et al., 2018).
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Figure 2-1. ("*Nd/'*Nd); versus (¥’Sr/*Sr); of global adakites (high-Sr andesites and dacites).

Data are from GeoRoc dataset (https://georoc.eu), Feineman et al., 2013; Pineda-Velasco et al., 2018.
3. Rock type

Volcanic rocks (12 Ma to recent) in the Chugoku district consist of basalts, basaltic
andesites, andesites, and dacites, which are classified either sub-alkaline or alkaline series
(Figure 2-2). We follow the trace-element-based nomenclature of the volcanic rocks in the
Chugoku district used in the previous studies (Kimura et al., 2014; Nguyen et al., 2020); OIB
(ocean-island basalt), IAB (island-arc basalt), IAA (island-arc andesite), ADK (adakite, i.e.,
high-Sr andesite and dacite), and HMA (high magnesium andesite). The OIB and IAB
classification for mafic rocks is the extent of Nb and Ta depletions; the latter type shows marked
depletions of Nb and Ta in trace-element abundance patterns, while the former type does not

exhibit such anomaly (Figure 2-3). Kimura et al. (2014) subdivided IAB type into three sub-
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types, normal IAB (arc-type basalt, either alkaline or subalkaline rock series), shoshonite (high-
K TAB) and high-Mg andesite (in a strict sense, they are mostly basaltic andesite). Given that
the compositions of these types of IAB are transitional, we do not separately discuss these sub-
types. The IAA and ADK are andesites or dacites; the former show trace-element abundance
patterns typical to andesites occurring in island arcs (Pineda-Velasco et al., 2018 and reference
therein), whereas the latter exhibit marked enrichments of Ba (280-1120 pug g ') and Sr (590—
2190 pg g7!) and depletions of heavy rare-earth elements, although patterns of the other trace-
element abundances are similar to IAA. Such features are commonly found in andesitic and
dacitic rocks referred to as adakites (Defant & Drummond, 1990). The HMA in the Setouchi
Volcanic Belt consists of phyric andesites which contain olivine, clinopyroxene and
orthopyroxene (bronzite) with minor hornblende (Tatsumi, 2006). The HMA rocks are
geochemically characterized by whole-rock FeO"/MgO < 1 (where FeO' denotes total Fe as
FeO), and trace-element abundance patterns with marked depletions of Nb and Ta and
enrichments of Cs, Rb and Pb (Tatsumi, 2006).

For this study, eighty-eight samples, consisting of OIB, IAB, IAA, and ADK types,
were selected from the sample set (n = 199) collected by Feineman et al. (2013), Pineda-
Velasco et al. (2015, 2018) and Nguyen et al. (2020). Data for HMA are referred from Hanyu
et al. (2002) and Shimoda et al. (1998) for comparison of the Chugoku volcanism and the
preceding activity in Setouchi. The selected OIB and IAB samples have SiO2 abundance of 45—
57 wt% (anhydrous basis, see Figure 2-2) except for high-P20s basalt (HYO-15 with [S102] =
41 wt%, where bracket denotes element abundance). The IAA and ADK rocks are classified
into andesites and dacites with [SiO2] = 59-68 wt%. Major element compositions of these
samples largely overlap with the major-element data of the samples studied by Kimura et al.

(2014), hence geochemical and isotopic data of these studies are thought to be comparable.
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Figure 2-2. Total alkali (Na,O + K;0O) abundance plotted against SiO; abundance.

Compositional fields of each rock types are after Le Bas et al. (1986) and the border of alkaline and
sub-alkaline rocks is after Irvine & Baragar (1971), respectively. Larger symbols represent data by this
study and smaller, pale-colored symbols represent data for the same types of volcanic rocks used for
isotopic analysis in Kimura et al. (2014). Data for Quaternary volcanic rocks from northeast Japan arc

are from the compilation by Pineda-Velasco et al. (2018).
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Figure 2-3. Primitive-mantle normalized incompatible trace-element abundances of volcanic
rocks in Chugoku.

Data sources are from Feineman et al., 2013; Pineda-Velasco et al., 2018; Nguyen et al., 2020. Data
source for Quaternary mafic volcanic rocks in the other arcs: Northeast Japan, Shibata and Nakamura
(1997), Moriguti et al. (2004) and Hanyu et al. (2006); Izu (Miyakejima), and Kuritani et al. (2003) and
Yokoyama et al. (2003, 2006). Element abundances of the primitive mantle are from McDonough and
Sun (1995).

4. Methods
For Hf isotope analysis, powdered samples (0.1 g) were leached in 6 M HCl at 100 °C for

1 hour. Two decomposition methods were employed for digestion into 30 M HF. Powders of
OIB and IAB samples were digested in Teflon vials with ultrasonic agitation, whereas powders
of ADK samples were digested in Teflon bombs at 205 °C to ensure dissolution of acid-
resistance zircons. Decomposed sample solutions were evaporated to dryness and redissolved
into solutions of 0.4 M HCI-0.5 M HF. The chromatographic separation and mass spectrometry

procedure followed method outlined in Lu et al. (2007). Isotopic measurements were
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performed by an inductively coupled plasma mass spectrometry (ICPMS) in static
multicollection mode using Thermo Fisher Neptune plus. Instrumental mass bias was corrected
using """Hf/'"""Hf = 0.7325. The epsilon Hf values (gur) were calculated using ('’°Hf/!”"Hf)cHur
=0.282785 and ("*Lu/"""Hf)crur = 0.0336 [CHUR, chondritic uniform reservoir (Bouvier et
al., 2008)] after normalization to '"*Hf/!7"Hf = 0.282160 for the JMC 475 standard solution,
equivalent to "*Hf/'7"Hf = 0.282192 for JMC 14374 standard solution (Lu et al., 2007).
External reproducibility is estimated to be 40 ppm from repeated analysis of JIMC 14374 (25
ng mL™!, n = 38).

For Sr and Nd analysis, powdered samples (0.1 g) were leached in 6 M HCl at 100 °C for
1 hour, then digested in solutions of 30 M HF—12 M HClO4, followed by dissolution into 4 M
HCl (Yokoyama et al., 1999). The procedures of Yoshikawa & Nakamura (1993) and
Nakamura et al. (2003) were employed for chromatographic separation and mass spectrometry.
Isotopic measurements were performed by a thermal ionization mass spectrometry (TIMS) in
static multicollection mode using Thermo Fisher TRITON plus. Instrumental mass bias was
corrected using *Sr/*Sr = 0.1194 and '*Nd/'**Nd = 0.7219. The standard materials yielded
the following values: 8’Sr/%¢Sr = 0.710253 + 0.000005 (26, n = 5) for NIST SRM 987;
SNd/"Nd = 0.511709 £+ 0.000012 (20, n = 4) for the in-house standard PML-Nd, which are
equivalent to '**Nd/'*Nd of 0.511845 for La Jolla (conversion factor 1.000266; Makishima et
al., 2008). All the data are adjusted relative to ¥’Sr/%¢Sr = 0.710240 for NIST SRM 987 and
Nd/'"Nd = 0.511860 for La Jolla. The epsilon Nd values (enxa) were calculated using
(*Nd/"Nd)crur = 0.512630 and (*7Sm/"*Nd)crur = 0.1960 (Bouvier et al., 2008).

Results are presented in Table 2-1. Age corrections were made using the decay constants
of ¥Rb =1.393 x 107! year™! (Nebel et al., 2011), '¥’Sm = 6.539 x 1072 year! (Begemann et

al., 2001) '"*Lu = 1.867 x 107" year™! (Séderlund er al., 2004), respectively. Pb isotopic data
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by Nguyen et al. (2020) for the samples used in Hf isotope analysis were age-corrected using
25U = 9.8485 x 10710 year™!, 28U = 1.55125 x 107'% year™!' and ?*’Th = 4.9475 x 107"! year™!,
respectively (Steiger and Jager, 1977). Compiled isotopic data for the volcanic rocks in the

other island arcs were also age-corrected using these decay constants (Table 2-2).

5. Results

5.1 Isotope variations in the Chugoku volcanic rocks

It has been known that the Chugoku volcanic rocks have considerable isotopic variations
(Figs. 4-6; Kimura et al., 2014; Pineda-Velasco et al., 2015, 2018; Nguyen et al., 2020);
(¥’Sr/*Sr)i = 0.7033-0.7080, (***Nd/'*Nd); = 0.51237-0.51295, ("*Hf/'"Hf); = 0.28275—
0.28316, (**Pb/2*Pb); = 17.67-18.39, (**’Pb/2*Pb); = 15.484-15.609, and (***Pb/?*Pb); =
37.97-38.69, where subscript i denotes initial isotopic ratio. Temporal variations in Sr, Nd, Hf
and Pb isotopic compositions of the IAB rocks (Figure 2-4) are summarized as follows; (1)
Episode-3 TAB rocks exhibit greater isotopic variations than those of Episode-1 and -2 IAB
rocks, due to the occurrence of the rocks with less radiogenic Sr-Pb and more radiogenic Nd-
Hf isotopic compositions (e.g., Abu shoshonite), and (2) IAB and ADK in Episode 3 show
isotopic variations largely overlapped with each other.

The OIB rocks (Figure 2-4) show distinct temporal variations; (1) Episode-1 and -2 OIB
have Sr and Pb isotopic compositions which are more variable and less radiogenic
compositions, and Nd isotopic compositions which are more radiogenic compositions than
those of IAB in these episodes. And, their Hf isotopic composition are largely overlapped, (2)
Episode 3 OIB have Sr-Nd-Hf-Pb isotopic compositions largely overlapping with the variations
in Episode-3 IAB, (3) Episode-3 OIB include rocks (Kannabe and Kurayoshi) with more
radiogenic Sr-Pb and less radiogenic Nd-Hf isotopic compositions.

It is noted that Episode-3 IAB and ADK also exhibits significant isotopic variations among
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volcanic fields (Figure 2-5). These types of rocks with more radiogenic Nd and Hf isotopic
compositions is confined to occur in the western part of the Chugoku district (Aonoyama and
Abu), as was noted by Pineda-Velasco et al. (2018). Such spatial variations are not observed in
Episode-1 and Episode 2 IAB rocks and OIB rocks in all episodes. Also noted is that ADK
rocks in the entire Chugoku tend to have more radiogenic Nd and Hf isotopic compositions and
less radiogenic Sr and Pb isotopic compositions than those of IAB rocks in close proximity

(Figure 2-5).
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Figure 2-4. Temporal changes in ("SHf/'"’Hf);, (**Nd/"*Nd);, (*’Sr/**Sr); and (***Pb/**Pb); of
volcanic rocks in Chugoku and Setouchi.

Temporal changes in (‘"Hf/'"7Hf);, (**Nd/"**Nd);, (*’Sr/*Sr) and (***Pb/**Pb); of volcanic rocks
(subscript i denotes an age-corrected composition) in Chugoku [IAB, ADK, and OIB; this study and
Kimura et al. (2014) for (""Hf/'""Hf);, ("*Nd/"**Nd); and (*’Sr/**Sr);] and the Setouchi volcanic belt
(HMA; Table 2-2 and reference therein). Pale-blue rectangles indicate isotopic variations in IAB of

Episode 1, Episode 2 and Episode 3.
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Figure 2-5. Longitudinal changes in ('"°Hf/'"Hf);, (“*Nd/'"*“Nd);, (¥’Sr/**Sr); and (***Pb/**Pb); of
volcanic rocks in Chugoku.

Longitudinal changes in (‘"°Hf/'""Hf);, (**Nd/***Nd);, (*’Sr/**Sr); and (***Pb/***Pb); of volcanic rocks
(subscript i denotes an age-corrected composition) in Chugoku [IAB, ADK, and OIB; this study and
Kimura et al. (2014) for (""°Hf/'""Hf);, (**Nd/"**Nd); and (*’Sr/*°Sr);]. Pale-blue rectangles indicate
isotopic variations in IAB of Episode 1, Episode 2 and Episode 3. The left part shows the IAB of
Episode 1 and Episode 2, whereas the right part shows the IAB and ADK of Episode 3.

5.2 Comparison of Hf isotope compositions with the other arcs
Large variations in Sr-Nd-Hf isotopic compositions of the Chugoku volcanic rocks differ
from relatively homogeneous compositions of volcanic rocks from the Kamchatka-Aleutian,

NE Japan, [zu-Bonin, Mariana and Tonga-Kermadec arcs (Figure 2-6). Magmas in these arcs
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are generally attributed to melting of wedge mantle influxed by aqueous fluid largely from
subducted oceanic crust (Ishikawa and Nakamura, 1994; Woodhead et al., 2012). It is noted
that the Kamchatka-Aleutian, NE Japan, I1zu-Bonin, Mariana and Tonga-Kermadec arcs are
subduction zones of old (hence cold) oceanic lithosphere (Pacific Plate, >100 Ma; Syracuse et
al., 2010). By contrast, Sr-Nd-Hf isotope compositions of the Chugoku volcanic rocks are
similar to those of volcanic rocks in the Luzon-Philippine and Sunda-Banda arcs and SVB in
SW Japan (Figure 2-6). Production of magmas in these arcs are generally attributed to the
involvement of sediment melt (Woodhead et al., 2001, 2012; Tatsumi & Hanyu, 2003).
Subducting slabs beneath these arcs show a higher 7/P gradient (Syracuse et al., 2010),
attributed to either subduction of young oceanic lithosphere (e.g., SW Japan; Peacock and

Wang, 1999) or slab tearing (e.g., Sunda-Banda; Widiyantoro & van der Hilst, 1996).
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Figure 2-6. Hf, Sr, Nd and Pb isotope compositions of ADK, OIB and IAB in Chugoku, SW Japan
in comparison with SVB HMA and the other arc volcanic rocks

Hf, Sr, Nd and Pb isotope compositions of ADK, OIB and IAB in Chugoku, SW Japan (12 Ma to recent,
subscript i denotes an age-corrected composition) in comparison with high magnesium andesites in
Setouchi Volcanic Belt [SVB (HMA)] and the other arc volcanic rocks (Table 2-2). The Sr and Nd
isotopic data by Kimura et al. (2014) for ADK, OIB and IAB in the same district are also included in
the plots (same but smaller symbols). Data sources for volcanic rocks (high-Mg andesites, HMA) from
Setouchi Volcanic Belt (SVB) and the other island arcs are the same as in Figure 2-2 and summarized
in Table 2-2. Data for Pacific Ocean-floor basalts, Shikoku Basin basalts, Pacific sediments and Nankai
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sediments are those compiled by Pineda-Velasco et al. (2018, reference therein) and Nguyen et al. (2020,
reference therein). Mean compositions of mid-ocean ridge basalts (Average MORB), Gale et al. (2013)
and Chauvel et al. (2014); global subducted sediments (GLOSS), Plank and Langmuir (1998) and
Chauvel et al. (2008); upper continental crusts (UCC), McCulloch and Wasserburg (1978), Millot et al.
(2004), and Chauvel et al. (2014). The *’Sr/**Sr of GLOSS and UCC are 0.7173 and 0.7421, respectively,
hence fall on the extensions of arrows outside plots. The NHRL is after Hart (1984).

6. Discussion

6.1 Characteristics of basalt-magma sources

Previous studies suggested that OIB and IAB parental magmas in the Chugoku district
were extracted from the continuously upwelled mantle (Kimura et al., 2014; Nguyen et al.,
2020). The melting depth of OIB sources is greater (60—100 km) than that of the IAB sources
(30—60 km). Therefore, the geochemistry of OIB rocks largely reflect the magma sources in
asthenospheric mantle and insignificant lithospheric or crustal assimilation. Nguyen et al.
(2020) noted that OIB in the Chugoku district shows Sr-Nd-Pb isotopic composition similar to
the Cenozoic basalts in the East Asia and ascribed the isotopic variation in Chugoku OIB to the
involvement of two different magma sources in the asthenospheric mantle (C1 and C2).
Combined with Cenozoic basalts in East Asia (Choi et al., 2006, 2008, 2014; Sakuyama et
al., 2013; Sun et al., 2014; Wang et al., 2017; Guo et al., 2016; Zeng et al., 2013; Zhang et
al., 2009, 2012), the Sr-Nd-Pb isotopic composition of C1 and C2 endmember had been
estimated (Nguyen et al., 2020).

In order to further constrain the origins of C1 and C2 end-member components, their Hf
isotopic compositions are estimated using the correlations of '"®Hf/'"Hf with published
87Sr/36Sr, ¥Nd/"*Nd, 2°Pb/2*Pb, 2°7Pb/***Pb and 2®*Pb/2**Pb (Figure 2-7) (Nguyen et al.,
2020 and reference therein). In '7®Hf/'7"Hf versus '**Nd/!*Nd plot (Figure 2-7A), most of
samples from the Chugoku OIB plot along the mantle array (Willig et al., 2020), therefore C1

and C2 composition may also plot close to this array. We obtain "*Hf/!7’Hf ratios of 0.28275
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for the C1 end-member component and of 0.28245 for the C2 end-member component,
respectively. Also, we integrated isotopic composition of the Chugoku OIB with that of the
other Cenozoic basalts in East Asia to estimate the Hf isotopic composition of C1 and C2
endmember. Similar composition has been estimated (Figure 2-7). Nguyen et al. (2020)
inferred that the C1 component is a crustal material of seamount on subducted oceanic
lithosphere. Our estimate for "°Hf/!”’Hf of the C1 end-member component falls within the
compositions of Pitcairn basalts (Wang et al., 2017), consistent with the seamount origin of this
component. As suggested by Nguyen et al. (2020), this end-member component also
contributed to the formation of late Cenozoic basalts in other regions form East Asia, including
eastern China, the Korean Peninsula, and northern Kyushu.

The isotopic feature of estimated C2 end-member component resembles to EM1 (enriched
mantle 1) isotopic end-member component (Figure 2-7; Zindler & Hart, 1986; Eisele et al.,
2002; Delavault et al., 2015; Wang et al., 2017). Kuritani et al. (2011, 2013) argued that the
EM1 component is inferred to be upwelling of asthenosphere from the mantle transition zone
hydrated by fluids from ancient sediments, and largely contributed to Cenozoic basalts in North
China. Ancient pelagic sediments (~1.9 Ga) have low p (>*%U/2%Pb) values and K-hollandite
primarily retains the incompatible element characteristics of its host rock. Therefore, mobile
elements (such as K, Sr and Pb) released by the K-hollandite breakdown could produce lower
87Sr/%Sr and 2°Pb/>**Pb of C2 component than that of modern sediments (Kuritani et al., 2011).
The C2 end-member component has similar "°Hf/'’"Hf to modern Nankai sediments, probably
because Hf and Lu serve as moderately incompatible elements and less mobile elements (Wang
et al., 2017). Therefore, our Hf isotopic data support C2 components are likely melts or
supercritical fluids derived from ancient, subducted sediments in the mantle transition zone

(Sun et al., 2014; Wang et al., 2017). In our samples, the OIB rocks from Mishima, Hamada,
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and Oki volcanic fields, which are located in the back-arc side, have relatively large

contribution from the C2 component.
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Figure 2-7. Variations in Sr-Nd-Pb-Hf isotopic compositions of OIB-type lavas in the Chugoku
district, SW Japan, in comparison with Cenozoic basalts in East Asia, seafloor basalts of Pacific
Plate (near Japan trench) and Philippine Sea Plate (in Shikoku Basin), and sediments.

(A) (""Hf/""HS); versus ('*Nd/"**Nd);, (B) ("*Hf/'""Hf); versus (*'St/*Sr)i, (C) ('"°Hf/'""Hf); versus
(%®Pb/"Pb);, (D) (‘"Hf/'""Hf); versus (**°Pb/**Pb)i,. Subscript i denotes age-corrected compositions.
The circles denoted as “1” and “2” show the compositions of end-member components postulated for

the sources of parental magmas of OIB in the Chugoku district. The mantle end-member components
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DMM, EM1, and EM2 are from Zindler and Hart (1986). Sources for literature data: Quaternary ADK
(adakitic high-Sr andesites and dacites) in the Chugoku district (Feineman et al., 2013; Kimura et
al., 2014; Kimura et al., 2015; Pineda-Velasco et al., 2015, 2018), Cenozoic basalts in East Asia (Choi
et al., 2006, 2008, 2014; Sakuyama et al., 2013; Sun et al., 2014; Wang et al., 2017; Guo et al., 2016;
Zeng et al., 2013; Zhang et al., 2009, 2012), seafloor basalts from Pacific and Shikoku Basin (Pineda-
Velasco et al., 2018, references therein), sediments (Pineda-Velasco et al., 2018, references therein;
Vervoort et al., 2011) and Pitcairn islands (Eisele et al., 2001).

6.2 Modelling parameters for slab contribution in Hf isotopic perspective

Recent work has credited ADK (high-Sr andesite and dacite) occurred in Episode 3 in SW
Japan was formed by melting of the subducted oceanic crust of Shikoku Basin Plate with a
component of melted sediment from Nankai trench (Feineman et al., 2013; Kimura et al., 2014;
Pineda-Velasco et al., 2018). Episode-3 IAB show a co-genetic relationship with ADK and both
IAB and HMA was interpreted to be produced by the interaction of slab melt with mantle
(Tatsumi, 2006; Feineman et al., 2013; Pineda-Velasco et al., 2018; Nguyen et al., 2020). To
further examine the role of mixing of altered oceanic crust (AOC) component with sediment
component in Hf isotopic systematics, we apply a mixing model that employs two end members
(AOC, sediment) and calculation parameters in Table 2-3.

The Sr-Nd-Pb-Hf isotopic composition of subducted basalt of altered oceanic crust (AOC)
is taken from sea-floor basalt in Shikoku Basin (Hickey-Vargas, 1991, 1998; Ishizuka et al.,
2009; Straub et al., 2010; Shu et al., 2017), and that of subducted sediment is that from Nankai
Trough (Ishikawa & Nakamura, 1994; Plank & Langmuir, 1998; Shimoda et al., 1998;
Terakado et al., 1988; Shu et al., 2017). Sr-Nd-Pb-Hf elemental concentrations for bulk AOC
and sediment are from elemental values of Ishizuka et al. (2009) and Plank and Langmuir
(1998), respectively.

In the modeling presented here, partition coefficients of AOC melt and sediment melt are

from Johnson & Plank, 1999 and Kessel et al. (2005), respectively. The F for sediment melt is
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estimated to be 30% following Kimura et al. (2014) and Feineman et al. (2013), whereas that
for subducting basalt is estimated to be 10% following Pineda-Velasco et al. (2018). The trace
element composition of AOC-derived aqueous fluid was calculated by using the mobility data
of Kessel et al. (2005) for eclogite (altered oceanic crust). For the modeling, 5 wt.% H20 in the
AOC was assumed.
6.3 The change of the fluid property from oceanic crust

The slab depth in the central and eastern SVB is 40-60 km, whereas the western terminus
of SVB in Kyushu is located 90-km above the slab (Figure 2-1A, Asamori and Zhao et al.,
2015), consistent with most of other arc systems (Syracuse et al., 2010). Hence, the discrepancy
of slab depths from two regions implies that the PHS slab may have been located at 80—90 km
depth beneath the whole SVB at 14-12 Ma, but then become shallower over time (Nguyen et
al., 2020) in the central and eastern section. If this is the case, the depth of the slab beneath
Chugoku should have been deeper than at present (90—100 km), possibly 120—140 km beneath
Sekiryo and Sanin in Episode 1 (12—8 Ma), which is shortly after 14—12 Ma. Steeper subduction
in this period is also supported by the occurrence of OIB beneath Sanyo; the melting depth for
its sources was as deep as 80 km (Nguyen et al., 2020), which is significantly deeper than the
current depth of wedge mantle (50—70 km; Figure 2-1A).

Give that Hf preferentially resides specific phases (e.g., garnet, zircon and rutile), it can be
a useful tracer to examine the involvement of sediments (Patchett et al., 1984; Blichert-Toft
and Frei, 2001; Tollstrup and Gill, 2005). Another important feature of Hf is that it is less
mobile with aqueous fluids, while Pb, Sr and Nd are highly to moderately fluid-mobile
elements (e.g., Keppler, 1996; Kogiso et al., 1997). Therefore, aqueous fluids may strongly
affect Sr-Nd-Pb isotopic composition of wedge mantle and its derived melts, but it is not the

case for Hf isotope (Keppler, 1996; Kogiso et al., 1997). This inference is supported by global
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variability of Hf-Nd isotopic compositions of island arc lavas, being classified into two groups
(e.g., Tatsumi, 2006; Figure 2-7A). Volcanic rocks from Izu-Mariana, Kermadec and New
Britain arcs have isotopic compositions close to MORB and show relatively small variation.
The other group, including the Lesser Antilles and Sunda arcs as well as Setouchi HMA, show
different isotopic signatures. They have larger variations in '*Nd/!*‘Nd and "Hf/!7Hf ratios,
extending to the compositions of sediments (Figure 2-7A), suggesting the contribution of
significant sediment material, rather than aqueous fluid. Most ADK and IAB samples from the
Chugoku plot close to the latter group (Figure 2-7A). Therefore, sediment melts or bulk
sediments, rather than aqueous fluid, is likely to contribute to the source of Chugoku ADK and
[AB. Similar to Hf, rare-earth elements (REE) and Th are less mobile relative to alkali and
alkali-earth elements, Pb and U in aqueous fluids (Kessel et al., 2005). Previous studies have
documented higher abundances of Th (relative to U) and REE (relative to Pb) in the Chugoku
IAB than volcanic rocks in the northeastern Japan and Izu arcs (Figure 2-3), which is indicative
of the addition of sediment-derived hydrous melts or bulk sediments from the subducted slab
to wedge mantle (Pineda-Velasco et al., 2018; Nguyen et al., 2020).

Many past studies of subduction zone processes infer a metasomatized mantle model
is the primary vector to explain material transfer between the slab and the mantle (e.,g., Ryan
and Chauvel, 2014; Schmidt and Poli, 2014). The metasomatized agent is a combination of
partial melting of subducted sediments and metamorphic dehydration of altered oceanic crust
(AOC). Owing to different abundances of Sr, Nd, Hf and Pb in subducted basalt and sediment,
as well as the different affinities of these elements for partitioning into fluids/melts, mixing of
their-derived components may form hyperbolic lines approximated by various curvature
functions (Langmuir et al., 1978). The hyperbolic lines (gray lines) calculated from the mixed

compositions of AOC-derived fluids and sediment-derived melts does not reproduce arrays of
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data for IAB and ADK of different episodes in plots of (!"*Hf/!”’Hf); versus (***Pb/***Pb);, (d)
(‘7SHf/'HS); versus (*°°Pb/2%*Pb);i because Hf and Pb have distinct mobilities during slab
dehydration (Figure 2-8C and D).

Recently, numerical experiments predicted that subducted sediments could detach from
the subducting lithosphere and form buoyant diapirs (Currie et al., 2007; Behn et al., 2011).
These buoyant flows probably entrain the other lithologies (e.g. AOC and hydrated mantle)
from the slab surface, and are termed mélange diapirs (Marschall and Schumacher, 2012;
Nielsen and Marschall, 2017). Given that the wedge mantle generally has an inverted thermal
gradient (Peacock and Wang, 1999), these mélange diapirs must be heated up during
decompression and likely melt partially (Kelemen et al., 1993). Figure 2-8 shows mixing lines
between bulk compositions of subducted sediment and basalts (in dash lines) to examine this
model in SW Japan. The IAB and ADK in the Chugoku district plot off those mixing lines,
suggesting mélange diapir is unlikely the main mechanism to produce isotopic signatures in
our study lavas.

Therefore, the of AOC-release component is unlikely to be aqueous fluids and bulk
mélange. Moreover, regardless of the episodes in question, the compositions of IAB samples
plot on the isotopic arrays formed by ADK samples, whose parental magmas are considered to
have been produced by mixing of hydrous melts from subducted basalts and sediment (Pineda-
Velasco et al., 2018). This indicates that the component, which was derived from subducted
basalts and that was incorporated into [AB, would have had elemental solubilities similar to a
hydrous melt through Episode 1 to Episode 3. Nevertheless, the geochemistry of IAB shows
clear temporal variations (Figure 2-4). Nguyen et al. (2020) also noted a temporal increase of
variability in the Sr/Nd ratio of IAB and attributed it to the production of hydrous melt from

subducted basalt since Episode 2. The occurrence of ADK suggests Sr, Nd, Hf and Pb isotopic
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compositions in Episode-3 IAB arise from the melting of sources by oceanic crust melts;
However, episode-1 IAB can be hardly explained by the contribution of oceanic crust melts
due to the lack of high Sr/Nd features and adakites.

An alternative model suggests the transition from an aqueous fluid to a melt may occur
with prograde metamorphic reactions in the subducting oceanic lithosphere. At a certain P-T
range, slab-derived fluids would be less viscous like aqueous solution (Audétat and Keppler,
2004; Hack and Thompson, 2011) but have melt-like element solubility (Kessel et al., 2005).
Such fluids are referred to as “supercritical fluids” (SCF; Manning, 2004; Hack et al., 2007;
Sanchez-Valle, 2013), which thus may be an effective media to deliver slab geochemical
signature to the wedge mantle beneath the Chugoku district. As aforementioned, the depth of
the slab beneath Chugoku should have been deeper than at present (90—100 km), possibly 120—
140 km beneath Sekiryo and Sanin in Episode 1 (12—8 Ma). Mibe et al. (2011) proposed that
the fluid released from subducting oceanic crust at depths greater than 100—120 km under
volcanic arcs (3.4 GPa and 770 °C) is supercritical fluid rather than aqueous fluid and/or
hydrous melts. According to their model, it would be easier to generate hydrous melt (i.e.,
adakites) below 3.4 GPa because a relatively high T is required to produce melt above 3.4 GPa.
Above 3.4 GPa, relatively low-T, water-rich SCF could become the source of water that
generates “normal” basaltic magmas by the hydrous melting of mantle wedge peridotite,
instead of forming adakites. Therefore, the fluid released from oceanic crust might be
supercritical fluid beneath Chugoku region at episode-1 IAB lavas and change to hydrous melt

after 4 Ma.
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Figure 2-8. Mixing models between two components from oceanic crust basalts and sediments.
(A) (¥'Sr/*%Sr)i, (B) ("*Nd/'"Nd), (C) (*Pb/*Pb), and (D) (***Pb/**Pb);, plotted against
(""°Hf/'7"Hf);. Data sources: Nankai sediment, Ishikawa & Nakamura (1994) and Shimoda ez al. (1998);
Shikoku basin basalts, Hickey-Vargas (1991, 1998), Ishizuka et al. (2009) and Straub et al. (2009, 2010).
Solid and black lines indicate the compositions of hybrid melt of sediment- (“S”) and basalt- (“B”)
derived melt. Dash lines indicate the compositions of bulk mélange of sediments and basalts. Gray lines

indicate the compositions of hybrid component of sediment-derived melt and basalt-derived fluid.
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Figure 2-9. Temporal variations in (A) Sr/Y and (B) 8’Li of volcanic rocks from Chugoku and
Setouchi.

The mean values in each episode are connected by thick gray lines. The error bars on each mean indicate
20 variation within each episode.

6.4 Temporal evolution of sediment contribution

Relative contributions of AOC- and sediment-derived components were examined by mass
balance modeling using the calculated trace element concentrations and isotopic compositions.
The AOC-Sediment mixing scenario extends between AOC melt and the sediment melt end
member (Figure 2-8). Mixing of 10-60% sediment component with 40-90% basalt component
can generally reproduce the Sr-Nd-Pb-Hf isotopic compositions of most Episode-3 ADK and
IAB lavas (Figure 2-8). This result is consistent with the previous studies with models using
Sr-Nd-Pb isotopes (Feineman et al., 2013; Pineda-Velasco et al., 2018). Mixing of 40—60%

sediment component with 40—60% basalt component can generally reproduce the Sr-Nd-Pb-
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Hf isotopic compositions of Episode-1 and -2 IAB lavas (Figure 2-8). This is also supported
by the increase of Sr/Y ratio and §’Li values (Figure 2-9).

Our results of Hf isotope suggest the relative proportion of AOC component within slab
melt gradually increased with time. The solidus of wet sediments is generally lower than wet
basalts (Johnson and Plank, 1999; Kessel et al., 2005; Schmidt and Poli, 2014). The subduction
dip may be steeper in 15-12 Ma than in younger episodes. Therefore, under higher pressures,
the P-T path of SW Japan may cross over the sediment wet solidus at temperatures below 700°C
but do not cross over the basalt wet solidus. As the subducted PHS plate become shallower, the
P-T path of the subducted slab would migrate closer to the wet basalt solidus, also leading to
the melting of basaltic crust. Even though some uncertainties of the specific physical conditions
of magma generation remain, the overall geochemical data of the SW Japan magmas suggest
the gradual transition from the melting of subducted sediments to the melting of oceanic crust
in SW Japan.

6.5 Lateral structural variation in the subducting sediments

The Nankai Trough is a shallow trench, owing to subduction of the young and hot Shikoku
Basin Plate and greater accumulation of sediments (>1000-m thickness; Moore et al., 2001).
Seismic reflection survey revealed that the base of the accretionary complex has been eroded
by the subducting Shikoku Basin Plate with topographic prominence (i.e., seamounts; Bangs
et al., 2006). Eroded sedimentary rocks have been delivered to seismogenic zone, and a part of
them probably subducted into deeper level. Since subduction erosion would have occurred for
a prolonged period, significant quantity of sediments might have been carried into sub-
lithospheric regions beneath SW Japan (Stern, 2011). Lateral variation in accumulated
sediment (Ike et al., 2008) and slab morphology may lead to lateral variation in sediment

contribution (Park et al., 1999; Bangs et al., 2006). Below, we discuss the relationship between
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the slab morphology and spatial variation in Hf isotopic composition of ADK in the episode 3
(Figure 2-10).

The Aonoyama and Wakurayama ADK have the most radiogenic Hf isotopic composition,
whereas the Oe-Takayama ADK show the least radiogenic Hf among Quaternary ADK (Figure
2-11A). The Sambe and Daisen ADK have intermediate compositions between the two groups
of ADK mentioned above. The Kurayoshi ADK have "Hf/!”’Hf ratios which cover the range
observed in Oe-Takayama, Sambe, Wakurayama and Daisen. The lateral pattern of Hf isotope
variation is well similar to that of Nd isotope (Figure 2-10B). Given that they have significantly
low ¥7Sr/%6Sr and 2°°Pb/?%Pb ratios, the Aonoyama ADK is recognized as the different isotopic
subgroup in the Quaternary ADK in the Chugoku district (Figure 2-10C and D).

According to our modeling, sediment contribution varies among the volcanoes in Chugoku
district; magmas erupted in Aonoyama region, located in the western part of Chugoku district,
received a smaller contribution (10-20%) than those of the other volcanic regions (20—-40%,
Figure 2-8) in the central and eastern part of Chugoku district. Lateral variation in sediment
contribution may be attributed to lateral variation in accumulated sediment (Ike et al., 2008)
and slab morphology (Park et al., 1999; Bangs et al., 2006). Basement relief would facilitate
drainage of turbidites and high rate of terrigenous sedimentation in the graben (Ike et al., 2008).
Prominent basement reliefs are observed along the extinct spreading centers (Kinan Seamounts)
in the central and eastern Shikoku basin (Figure 2-1). By contrast, the western Shikoku basin
have the smooth basement relief (Figure 2-1). Ike et al. (2008) revealed that the amount of
sediment along Nankai Trough decreases from the central and eastern regions of Shikoku basin
with thickness of 1200-2000 m to the western regions with thickness of 600 m (Figure 2-1).
Given the location of adakite volcanoes (Figure 2-1), it is reasonable to expect that adakite

magma in the central and eastern Chugoku district (e.g., Daisen, Oe-takayama) could have a

60



greater contribution from sediment than those formed in the western Chugoku district

(Aonoyama). In summary, Hf-isotope variation among adakite magmas in SW Japan can be

attributed to lateral variation of sediment input into magma sources in relation to slab

morphology.
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Figure 2-10. Longitudinal variations in Sr-Nd-Pb-Hf isotopic compositions of high-Sr andesites

and dacites in the Chugoku district, southwest Japan.
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within each volcanic field.
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6.6 Implication for the evolution of the subducting lithosphere and island-arc volcanism
in Southwest Japan

Therefore, the thermal regime operating within wedge mantle beneath Chugoku
(Syracuse et al., 2010) is compatible with a scenario in which slab released supercritical liquid
or melt throughout the last 12 Myr (Kawamoto et al., 2012). Based on the above discussion,
we revised the model by Nguyen et al (2020) for the volcanic evolution in Chugoku (Figure
2-11). In Episode 1 (12—-8 Ma; Figure 2-11A), PHS slab continued to subduct steeply, and
would have been located at 120 km beneath Sekiryo and Sanin. At that depth, the slab released
supercritical fluid from basaltic crust (Mibe et al., 2011) and sediment melt and induced melting
of wedge mantle. At around 5 Ma (in middle of Episode 2; Figure 2-11B), the leading edge of
the slab was impinged by asthenospheric flow, resulting in slab tearing, dehydration of slab
mantle, and melting of slab crust. Propagation of tears led to intensive slab melting and

production of voluminous ADK magmas (Figure 2-11C).
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7. Conclusions

Hf isotope compositions of volcanic rocks from the Chugoku district in SW Japan show a
clear temporal variation, from lower (enr = +2.0 to +5.0) values in early-stage [12—5 million
years (Myr) ago] samples to higher and more variable values (0.6 to +12.5) in late-stage
samples, suggesting the relative proportion of AOC component within slab melt gradually
increased with time. Our modeling also suggests subducted basalt-derived fluids changed from
supercritical fluids to hydrous melt. The compositional transition of slab-derived fluids in the
last 12 Myr may be attributed to the shallowing of subducted slab. Lateral variation in sediment
contribution in Chugoku district may be attributed to lateral variation in accumulated sediment

and slab morphology.
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Tables

Table 2-1: Hf, Sr, Nd and Pb isotopic compositions of late Cenozoic volcanic rocks in the Chugoku district, SW Japan.

N T T N
OIB type

ABU-28 Mishima 35.47 134.79 11.0 1 OIB 3.26 0282988  7.42 0.512800  3.59 0.703843 17.780 15.498 37.971
KAN-01 Kanmuri 34.44 132.08 11.0 1 OIB 6.41 0.282815 1.30 0.512653 0.72 0.704904 18.172 15.563 38.614
KAN-03 Kanmuri 35.10 133.91 888 1 OIB 6.54 0282774  -0.20 0512629  0.20 0.704727 18.062 15.552 38.686
SER-05 Sera 34.67 133.09 938 1 OIB 8.30 0.282835 1.98 0.512679 1.19 0.704420 17.986 15.539 38.376
SER-09 Sera 34.85 132.83 9.15 1 OIB 4.58 0.282883 3.68 0.512694 1.48 0.704838  18.119 15.547 38.415
KIB-02 Kibi 34.74 133.38 857 1 OIB 4.16 0282884  3.71 0512734  2.25 0.704346  18.069 15.525 38.350
KIB-05 Kibi 3491 133.35 6.14 2 OIB 4.89 0.282893 3.94 0.512751 2.51 0.703970 17.945 15.484 38.243
KIB-08 Kibi 34.64 132.90 8.0 2 OIB 4.83 0.282919 491 0512752  2.57 0.704258  18.127 15.538 38.404
SAM-01" Hamada 34.79 132.02 6.13 2 OIB 7.38 0282896  4.07 0512704 160 0.705188  18:257 15.579 38.538
HAM-03 Hamada 35.05 134.11 7.0 2 OIB 5.93 0.282818 1.32 0.512719 1.91 0.704281 17.669 15.501 38.324
MY-01 Tsuyama 35.10 133.91 59 2 OIB 3.75 0282874  3.27 0512760  2.67 0.704831 18.105 15.525 38.316
MY-02 Tsuyama 35.10 133.91 59 2 OIB 3.78 0.282877 3.38 0512740  2.29 0.704562  18.099 15.519 38.299
MY-03 Tsuyama 35.10 133.94 589 2 OIB 3.77 0.282878 3.41 0512770  2.89 0.704394 18.096 15.517 38.311
0OY-01 Tsuyama 35.49 134.53 4.4 2 OIB 3.90 0.282871 3.14 0512775 294 0.704513  18.189 15.532 38.372
TSU-04 Tsuyama 34.75 133.32 6.64 2 OIB 3.20 0.282892 3.94

ABU-16 Abu 35.04 132.56 031 3 OIB 3.28 0.282972 6.62 0512822 3.76 0.704126 18.171 15.518 38.259
KUR-09 Kurayoshi (young) 35.44 133.82 213 3 OIB 4.59 0282874  3.18 0512627  -0.01 0.705809  18.335 15.592 38.586
KURA-01 Kurayoshi (young) 35.44 133.84 1.3 3 OIB 3.98 0.282832 1.68 0512570 -1.14 0.705930 18.336 15.588 38.574
KURA-03 Kurayoshi (young) 35.44 133.84 134 3 OIB 432 0.282863 2.78 0512594  -0.66 0.705901 18.336 15.590 38.581
KURA-04 Kurayoshi (young)  35.49 133.18 1.3 3 OIB 4.10 0.282832 1.68 0512546  -1.60 0.706267 18.369 15.595 38.619
DAIK-02 Daikonjima 35.51 133.19 0.1 3 OIB 3.10 0.282850  2.30 0512658  0.55 0.704557 17.961 15.536 38.385
DAIK-03 Daikonjima 34.44 131.58 0.10 3 OIB 2.81 0.282795 0.36 0512555  -1.47 0.704708 17.908 15.548 38.399
OGI-12 N. Hyogo 35.49 133.83 1.09 3 OIB 4.12 0.282778 -0.23 0512500  -2.52 0.707136  18.352 15.597 38.637
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HYO-09
HYO-11
HYO-14

Yakuno

IAB type
OTS-01

OTS-05
OTS-06
OTS-10
SER-11
HIB-01
HIB-04
HIB-06
HIB-07
MAT-04
MKM-01
KUR-16
KUR-17
KRW-02
KRW-03
KAW-03
MEN-02
ABU-06
ABU-11
ABU-17
ABU-21
ABU-23
ABU-26
MAT-02

N. Hyogo
N. Hyogo
N. Hyogo
N. Hyogo

Otsu

Otsu

Otsu

Otsu

Sera

Hiba

Hiba

Hiba

Hiba

Matsue
Kurayoshi (old)
Kurayoshi (old)
Kurayoshi (old)
Kurayoshi (old)
Kurayoshi (old)
Kawamoto
Mengame

Abu

Abu

Abu

Abu

Abu

Abu

Yokota

35.49
35.58
35.49
34.79

34.35
34.34
34.39
34.41
34.39
34.99
35.06
35.05
34.99
35.45
35.49
35.44
35.44
35.26
35.26
34.99
34.94
34.44
34.48
34.48
34.49
34.49
34.60
3542

134.70
134.78
134.45
131.15

130.84
130.95
130.94
131.13
132.09
132.90
133.04
133.07
133.08
133.07
134.10
133.86
133.86
134.10
134.14
132.51
132.72
131.50
131.44
131.61
131.63
131.65
131.69
133.19

0.14
0.09
1.52
0.4

9.10
8.29
9.31
9.25
12.0
10

104
9.90
10.1
11.0
5.03

5.15
4.99
5.43
2.26
1.11
1.57
0.06
0.39
0.18
0.18
2.01
1.2

W W W W

—_ o =

—_— -

W W W W W W W W W NN N NN = = e e

OIB
OIB
OIB
OIB

IAB
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IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB
TAB (SHO)
TAB (SHO)
IAB
IAB

3.46
3.84
4.61
4.64

5.82
4.11
4.61
391
14.6
4.36
5.49
5.18
4.48
5.43
2.37
2.90
2.85
2.02
2.25
2.25
2.70
4.47
2.70
4.02
9.51
9.16
4.61
2.80
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0.282882
0.282875
0.282842
0.282785

0.282834
0.282877
0.282860
0.282896

0.282821

0.282905
0.282881
0.282874
0.282883
0.282984
0.282900

0.282861
0.282873
0.282859
0.282894

0.282787
0.282897
0.282876
0.283009
0.282893

0.283091
0.283097
0.282863
0.282960

3.43
3.18
2.04
0.01

1.94
3.42
2.86
4.15

1.55

4.47
3.62
3.35
3.70
7.29
4.20

2.80
3.22
2.72
3.99

0.13
3.97
3.25
7.92
3.83

10.82
11.04
2.80
6.20

0.512692
0.512664
0.512576
0.512457

0.512628
0.512612
0.512644
0.512675

0.512493
N.D.*f

0.512605
0.512609
0.512614
0.512667
0.512665

0.512617
0.512621
0.512587
0.512670

0.512528
0.512673
0.512626
0.512839
0.512732

0.512907
0.512913
0.512613
0.512743

1.22
0.67
-1.01
-3.36

0.18
-0.15
0.51
1.11
-2.38

N.D.*f
-0.22
-0.16
-0.06
1.00
0.82
-0.13
-0.05
-0.71
0.92
-1.93
0.86
-0.03
4.09
2.00
5.40
5.53
-0.28
2.23

0.704781
0.705001
0.706565
0.707316

0.705305
0.705271
0.705159
0.704882

0.706591

0.705097
0.705005
0.704768
0.704509
0.705568

0.705760
0.705671
0.705310
0.705356

0.705861
0.704906
0.705215
0.703502
0.704504

0.703546
0.703562
0.704858
0.704882

18.106
18.144
18.345
18.314

18.391
18.377
18.382
18.279

N.D.ff
18.335
18357
18338
18.331
18.258
18.331
N.D.Tf
18.351
18.329
18311
N.D.ff
18.310
18356
18.213
18.254
N.D.ff
18.036
18359
18.244

15.554
15.552
15.594
15.583

15.607
15.602
15.609
15.587

N.D.ff
15.593
15.593
15.589
15.588
15.576
15.586
N.D.ff
15.594
15578
15578
N.D.ff
15.581
15.590
15537
15.553
N.D.ff
15512
15.603
15.564

38.383
38.400
38.624
38.578

38.618
38.595
38.606
38.472

N.D.Tf
38.531
38.557
38.540
38.543
38.422
38.579

N.D.Tf
38.614

38.633
38.580

N.D.'*
38.523

38.600
38.336
38.451

N.D.'*
38.052

38.614
38.425



YOK-01
YOK-05
US-01
OGI-03
INA-01
HYO-03
HYO-15

ADK type
AON-03
AON-04
AON-09
AON-17
AON-21
AON-22
OE-01
OE-02
OE-03
OE-09
OE-10
OE-11
SAM-01"
SAM-06
SAM-14
SAM-16
SAM-20
SAM-21
WAK-01
WAK-02
WAK-03
2060707

Yokota

Yokota

Kurayoshi (young)
N. Hyogo

N. Hyogo

N. Hyogo

N. Hyogo

Aonoyama
Aonoyama
Aonoyama
Aonoyama
Aonoyama
Aonoyama
Oe-Takayama
Oe-Takayama
Oe-Takayama
Oe-Takayama
Oe-Takayama
Oe-Takayama
Sambe
Sambe
Sambe
Sambe
Sambe
Sambe
Wakurayama
Wakurayama
Wakurayama

Daisen

35.19
35.16
35.45
35.48
35.50
35.49
35.59

34.49
34.47

34.45
34.08
34.25
34.19
35.07

35.09
35.09

35.12
35.10
35.11
35.16
35.14
35.13
35.14
35.15
35.11
3547
35.49
35.49
35.36

133.09
133.21
133.92
134.42
134.30
134.53
134.81

131.82
131.80

131.77
131.75
131.77
131.76
132.43

132.44
132.44

132.41
132.41
132.42
132.62
132.63
132.62
132.62
132.63
132.63
133.11
133.12
133.12
133.54

1.1

1.32
1.00
0.98
2.74
1.62
1.81

0.29
0.09

0.30
0.3
0.38
0.5
1.52

1.5
1.70

1.05
1.87
1.83
1.36
0.07
0.43
0.3

0.22
0.2

0.86
0.72
0.73
0.02

W W W W W W W

W W W W W W W

W W W W W W W W W W W W W wWw

IAB
IAB
IAB
IAB
IAB
IAB
IAB

ADK
ADK

ADK
ADK
ADK
ADK
ADK

ADK
ADK

ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK

2.67
2.34
3.45
4.40
2.68
4.50
6.86

3.24
3.31

3.64
3.69
3.80
4.17
2.64

2.73
2.68

2.46
2.67
2.78
2.99
2.74
2.30
2.61
2.67
2.24
2.58
2.50
2.76
2.11
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0.282917
0.282947
0.282755
0.282811
0.282875
0.282870
0.282834

0.283086
0.283028
0.283038
0.283102
0.283084
0.282948

0.282921
0.282983
0.282933
0.282913
0.283012
0.282995
0.282972
0.282982
0.282988
0.282975
0.283021
0.283047
0.283053
0.282972

4.68
5.75
-1.04
0.94
3.25
3.03
1.77

N.D.*f
10.65
8.60
8.95
11.22
10.58
5.79
N.D.*f
4.84
7.02
5.27
4.56
8.05
7.43
6.62
6.97
7.18
6.72
8.36
9.28
9.49
6.61

0.512686
0.512697
0.512476
0.512559
0.512584
0.512606
0.512683

0.512851
0.512845
0.512899
0.512888
0.512900
0.512924
0.512675

0.512662
0.512665
0.512666
0.512719
0.512648
0.512743
0.512737
0.512706
0.512719
0.512733
0.512712
0.512747
0.512800
0.512768
0.512725

1.11
1.35
-2.99
-1.37
-0.82
-0.42
1.09

432
4.20
5.26
5.05
5.28
5.75
0.91
0.66
0.73
0.72
1.78
0.40
2.24
2.09
1.49
1.74
2.01
1.60
2.31
3.34
271
1.85

0.705458
0.705512
0.706789
0.706422
0.706099
0.706028
0.703953

0.703442
0.703460
0.703562
0.703550
0.703545
0.703481
0.705015

0.705236
0.705236
0.705040
0.704677
0.705284
0.704832
0.704832
0.704957
0.704832
0.704738
0.705057
0.704807
0.704552
0.704620
0.705097

18.308
18.313
18.310
18.358
18.367
18.321
18.202

18.170
18.146
18.190
18.123
18.059
18.083
18.309

18.328
18.327
18.209
18.284
18.337
18.234
18.293
18.299
18.288
18.293
18.305
18.275
18.245
18.253
18.314

15.580
15.582
15.578
15.593
15.599
15.586
15.556

15.533
15.527
15.534
15.532
15.507
15.521
15.584

15.590
15.589
15.555
15.580
15.595
15.550
15.571
15.576
15.566
15.572
15.575
15.569
15.558
15.561
15.579

38.517
38.519
38.544
38.621
38.627
38.586
38.408

38.241
38.200
38.266
38.225
38.086
38.140
38.510

38.538
38.536
38.388
38.484
38.556
38.370
38.484
38.504
38.469
38.484
38.493
38.444
38.391
38.403
38.514



3052002 Daisen 35.36 133.56 0.06 3 ADK 2.05 0282982 697 0512713 162 0704969 18311 15.578 38.508
3053003 Daisen 3533 133.57 051 3 ADK 2.62 0.283009  7.93 0512703 144 0705004 18.299 15.578 38.502
3060102 Daisen 35.36 133.51 046 3 ADK 2.40 0.282993  7.36 0.512707  1.51 0.705013  18.288 15.575 38.470
3060604 Daisen 35.40 133.59 041 3 ADK 1.90 0.282993  7.36 0512714  1.65 0.705005  18.293 15.575 38.482
SAN2 Daisen 3538 133.57 0.05 3 ADK 2.27 0.283002  7.67 0.512749  2.32 0.704676  18.291 15.574 38.482
YOK-11 Daisen 35.36 133.49 055 3 ADK 2.44 0.283030  8.67 0.512746  2.28 0.705065  18.286 15.573 38.465
TG-01 Kurayoshi (young) ~ 35.48 133.91 134 3 ADK 3.67 0.282914  4.59 0.512639  0.20 0.705568  18.316 15.586 38.545
KUR-01 Kurayoshi (young) ~ 35.47 133.83 190 3 ADK 277 0.283039  9.02 0512793  3.23 0.704720  18.218 15.550 38.347
KUR-05 Kurayoshi (young) ~ 35.46 133.86 113 3 ADK 3.30 0.282946  5.71 0.512680  1.00 0.705261  18.304 15.576 38.504
KUR-11 Kurayoshi (young) ~ 35.47 133.80 124 3 ADK 3.30 0.282988  7.20 0.512822  3.77 0.704130  18.245 15.558 38.413

Note: Sample locality (latitude and longitude), age, classification of rock type, Lu and Hf abundance, and Sr-Nd-Pb isotope data are from Feineman et al. (2013),
Pineda-Velasco et al. (2018), Nguyen et al. (2020 in revision) and this study.

Type: OIB, ocean-island-basalt type; [AB, island-arc-basalt type (SHO, shoshonite); ADK, adakite type (high-Sr andesite and dacite)

T7N.D. = not determined.

Table 2-2: Hf, Sr, Nd and Pb isotopic composition of hot and cold subduction zones in Pacific margins. (Reference therein)

(87Sr/86Sr) (]43Nd/144Nd (]76Hf/]77Hf (ZOGPb/ZMPb (207Pb/204Pb (ZORPb/ZMPb

Sample name Arc ‘ X X X ) X Reference

Cold subduction zones

TYO 101 NE Japan 0.704266  0.512806 0.283037 18.323 15.565 38.422 Hanyu et al. (2006)
TYO 102 NE Japan 0.704957  0.512773 0.283055 18.379 15.580 38.483 Hanyu et al. (2006)
TYO 103 NE Japan 0.704974 0512772 0.283008 18383 15.582 38.489 Hanyu et al. (2006)
TYO 104 NE Japan 0.704600  0.512745 0.283040 18.377 15.577 38.482 Hanyu et al. (2006)
RZ-1 NE Japan 0.704478  0.512784 0.283056 18.297 15.553 38.309 Hanyu et al. (2006)
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RZ-4 NE Japan 0.704563  0.512836 0.283136 18.330 15.561 38.361 Hanyu et al. (2006)

RZ-5 NE Japan 0.704792  0.512778 0.283054 18.383 15.569 38.426 Hanyu et al. (2006)
RZ-6 NE Japan 0.704824  0.512798 0.283129 18.396 15.582 38.468 Hanyu et al. (2006)
RZ-13 NE Japan 0.704342  0.512826 0.283075 18.271 15.547 38.267 Hanyu et al. (2006)
RZ-16 NE Japan 0.704776  0.512731 0.283066 18.417 15.583 38.478 Hanyu et al. (2006)
1908 NE Japan N.D. N.D. 0.283096 N.D. N.D. N.D. Hanyu et al. (2006)
1909 NE Japan 0.704342  0.512798 0.283130 18.406 15.588 38.493 Hanyu et al. (2006)
1910 NE Japan 0.704176  0.512814 0.283144 18.369 15.599 38.481 Hanyu et al. (2006)
1911 NE Japan N.D. N.D. 0.283143 N.D. N.D. N.D. Hanyu et al. (2006)
1912 NE Japan 0.704173  0.512823 0.283117 18.388 15.586 38.453 Hanyu et al. (2006)
T™-0 NE Japan 0.704709  0.512706 0.283120 18.427 15.586 38.523 Hanyu et al. (2006)
T™-1 NE Japan 0.704244  0.512791 0.283131 18.393 15.570 38.459 Hanyu et al. (2006)
T™-2 NE Japan 0.704210  0.512788 0.283140 18.401 15.578 38.482 Hanyu et al. (2006)
T™-3 NE Japan N.D. N.D. 0.283133 N.D. N.D. N.D. Hanyu et al. (2006)
SKD-1 NE Japan N.D. N.D. 0.283125 N.D. N.D. N.D. Hanyu et al. (2006)
1903 NE Japan N.D. N.D. 0.283158 N.D. N.D. N.D. Hanyu et al. (2006)
1904 NE Japan 0.704367  0.512841 0.283185 18.453 15.591 38.545 Hanyu et al. (2006)
1905 NE Japan 0.704377  0.512875 0.283173 18.453 15.589 38.539 Hanyu et al. (2006)
1906 NE Japan 0.704468  0.512857 0.283167 18.456 15.592 38.561 Hanyu et al. (2006)
1907 NE Japan N.D. N.D. 0.283138 N.D. N.D. N.D. Hanyu et al. (2006)
95072606 NE Japan 0.704301  0.512845 0.283149 18.561 15.601 38.637 Hanyu et al. (2006)
95073105 NE Japan 0.704216  0.512830 0.283164 18.558 15.605 38.656 Hanyu et al. (2006)
02082708 NE Japan 0.704242  0.512826 0.283168 18.550 15.590 38.593 Hanyu et al. (2006)
02082709 NE Japan N.D. N.D. 0.283169 N.D. N.D. N.D. Hanyu et al. (2006)
GAM-07 Kamchatka N.D. 0.513074 0.283220 N.D. N.D. N.D. Miinker et al. (2004)
GAM-14 Kamchatka N.D. 0.512991 0.283212 N.D. N.D. N.D. Miinker et al. (2004)
GAM-26 Kamchatka N.D. 0.513085 0.283255 N.D. N.D. N.D. Miinker et al. (2004)
GAM-28 Kamchatka 0.703341  0.513046 0.283235 18.341 15.518 38.093 Churikova et al. (2001), Miinker et al. (2004)
KIz-01 Kamchatka 0.703347  0.513107 0.283272 N.D. N.D. N.D. Churikova et al. (2001), Miinker et al. (2004)
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KIZ-19
KIZ-24
KlIZ-24/1
SHM-01
SHM-03
SHM-04
KOM-02/2
KOM-06
KLU-03
KLU-06
KLU-12
KLU-15
2330

3-90
TOL-96-01
TOL-96-03
8840

90093

2569

2577

2581

2585

5734
SHIV-01-01
SHIV-01-05
SHIV-01-12
ACH-01
ESO-08
ICH-02
ICH-05

Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka
Kamchatka

N.D.
0.703342
0.703365
0.703339
N.D.
0.703378
0.703477
0.703381
0.703580
0.703600
0.703659
0.703504
0.703374
0.703394
N.D.
0.703351
N.D.
0.703467
0.703365
N.D.
0.703390
0.703384
N.D.
N.D.
N.D.
N.D.
N.D.
0.703350
0.703374
0.703390

0.513118
0.513061
0.513060
0.513083
0.513137
0.513045
0.513036
0.513044
0.513104
0.513070
0.513115
0.513103
0.513091
0.513982
0.513141
0.513094
0.513095
0.513125
0.513127
0.513138
0.513058
0.513137
0.513059
0.513157
0.513138
0.513142
0.513039
0.513105
0.513059
0.513000

0.283235
0.283247
0.283251
0.283262
0.283292
0.283262
0.283231
0.283211
0.283244
0.283275
0.283276
0.283226
0.283236
0.283224
0.283267
0.283271
0.283255
0.283253
0.283257
0.283258
0.283246
0.283248
0.283231
0.283259
0.283254
0.283259
0.283184
0.283248
0.283256
0.283110

N.D.
N.D.
18.326
18.312
N.D.
N.D.
N.D.
N.D.
18.287
N.D.
18.309
18.306
18.248
18.273
N.D.
18.191
N.D.
N.D.
N.D.
N.D.
18.328
18.363
N.D.
N.D.
N.D.
N.D.
N.D.
18.255
N.D.
18.063

N.D.
N.D.
15.510
15.503
N.D.
N.D.
N.D.
N.D.
15.508
N.D.
15.517
15.496
15.481
15.516
N.D.
15.479
N.D.
N.D.
N.D.
N.D.
15.481
15.490
N.D.
N.D.
N.D.
N.D.
N.D.
15.493
N.D.
15.483
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N.D.
N.D.
38.056
37.983
N.D.
N.D.
N.D.
N.D.
37.994
N.D.
38.020
37.964
37.908
38.038
N.D.
37.873
N.D.
N.D.
N.D.
N.D.
37.908
37.941
N.D.
N.D.
N.D.
N.D.
N.D.
37.939
N.D.
37.975

Miinker et al. (2004)

Churikova et al. (2001), Miinker et al. (2004)
Churikova et al. (2001), Miinker et al. (2004)
Churikova et al. (2001), Miinker et al. (2004)
Miinker et al. (2004)

Churikova et al. (2001), Miinker et al. (2004)
Miinker et al. (2004)

Churikova et al. (2001), Miinker et al. (2004)
Churikova et al. (2001), Miinker et al. (2004)
Miinker et al. (2004)

Churikova et al. (2001), Miinker et al. (2004)
Churikova et al. (2001), Miinker et al. (2004)
Churikova et al. (2001), Miinker et al. (2004)
Churikova et al. (2001), Miinker et al. (2004)
Miinker et al. (2004)

Churikova et al. (2001), Miinker et al. (2004)
Miinker et al. (2004)

Churikova et al. (2001), Miinker et al. (2004)
Churikova et al. (2001), Miinker et al. (2004)
Miinker et al. (2004)

Kepezhinskas et al., 1997, Miinker et al. (2004)
Churikova et al. (2001), Miinker et al. (2004)
Miinker et al. (2004)

Miinker et al. (2004)

Miinker et al. (2004)

Miinker et al. (2004)

Miinker et al. (2004)

Churikova et al. (2001), Miinker et al. (2004)
Churikova et al. (2001), Miinker et al. (2004)
Churikova et al. (2001), Miinker et al. (2004)



ICH-10
ICH-69

8-4-78
8-6-78
KCP-Y1
ADK-53
V38-42Y3
CB3
CB5
CB7
CB 12
CB 44
AMK 1
AMK 3
AMK 4
AMK 5
AMK 7
SAR 11
SAR 4
UM 10
UM 4
UM 22
UM 5
UM 16
UM 11
BOG-3
C1927
47ABy103
FMI 7

Kamchatka

Kamchatka

Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians

Aleutians

0.703400
N.D.

0.703012
0.703092
0.702912
0.702842
0.702812
0.703200
0.703200
0.703510
0.703360
N.D.
0.703100
0.703080
0.703050
0.703150
0.703230
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.512987
0.513021

0.513113
0.513093
0.513079
0.513089
0.513087
0.513006
0.512998
0.512988
0.512994
0.512975
0.513011
0.513024
0.513010
0.513009
0.513004
0.513074
0.513077
0.513033
0.513055
0.513047
0.513043
0.513062
0.513038
0.513041
0.513046
0.512985
0.513059

0.283152
0.283192

0.283211
0.283225
0.283212
0.283205
0.283235
0.283118
0.283115
0.283114
0.283119
0.283138
0.283120
0.283126
0.283127
0.283128
0.283125
0.283154
0.283148
0.283153
0.283149
0.283154
0.283142
0.283151
0.283153
0.283124
0.283108
0.283093
0.283169

N.D.
N.D.

17.889
17.928
17.778
18.365
17.883
18.806
N.D.
18.909
N.D.
18.872
N.D.
N.D.
18.814
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

N.D.
N.D.

15.402
15.411
15.384
15.478
15.406
15.569
N.D.
15.579
N.D.
15.577
N.D.
N.D.
15.570
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
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N.D.
N.D.

37.271
37.362
37.191
37.840
37.324
38.345
N.D.
38.457
N.D.
38.412
N.D.
N.D.
38.369
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

Churikova et al. (2001), Miinker et al. (2004)
Miinker et al. (2004)

Yogodzinski et al. (1995), Miinker et al. (2004)
Yogodzinski et al. (1995), Miinker et al. (2004)
Yogodzinski et al. (1995), Miinker et al. (2004)
Kay et al. (1978), Miinker et al. (2004)
Yogodzinski et al. (1995), Miinker et al. (2004)
Morris and Hart (1983), Yogodzinski et al. (2010)
Morris and Hart (1983), Yogodzinski et al. (2010)
Morris and Hart (1983), Yogodzinski et al. (2010)
Morris and Hart (1983), Yogodzinski et al. (2010)
Morris and Hart (1983), Yogodzinski et al. (2010)
Morris and Hart (1983), Yogodzinski et al. (2010)
Morris and Hart (1983), Yogodzinski et al. (2010)
Morris and Hart (1983), Yogodzinski et al. (2010)
Morris and Hart (1983), Yogodzinski et al. (2010)
Morris and Hart (1983), Yogodzinski et al. (2010)
Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)



FMI 8 Aleutians N.D. 0.513064 0.283159 N.D. N.D. N.D. Yogodzinski et al. (2010)

FMI'5 Aleutians N.D. 0.513004 0.283128 N.D. N.D. N.D. Yogodzinski et al. (2010)
FMI 6 Aleutians N.D. 0.513037 0.283148 N.D. N.D. N.D. Yogodzinski et al. (2010)
FMI 2 Aleutians N.D. 0.513024 0.283141 N.D. N.D. N.D. Yogodzinski et al. (2010)
KRO1-37 Aleutians N.D. 0.513011 0.283172 N.D. N.D. N.D. Yogodzinski et al. (2010)
KRO1-6 Aleutians N.D. 0.513036 0.283176 N.D. N.D. N.D. Yogodzinski et al. (2010)
KR02-74 Aleutians N.D. 0.513013 0.283154 N.D. N.D. N.D. Yogodzinski et al. (2010)
KR02-55 Aleutians N.D. 0.513027 0.283171 N.D. N.D. N.D. Yogodzinski et al. (2010)
KR02-20 Aleutians N.D. 0.513018 0.283176 N.D. N.D. N.D. Yogodzinski et al. (2010)
KRO1-33 Aleutians N.D. 0.513017 0.283167 N.D. N.D. N.D. Yogodzinski et al. (2010)
KRO1-9 Aleutians N.D. 0.513026 0.283166 N.D. N.D. N.D. Yogodzinski et al. (2010)
KRO1-24 Aleutians N.D. 0.513019 0.283174 N.D. N.D. N.D. Yogodzinski et al. (2010)
K-7 Aleutians N.D. 0.513006 0.283151 N.D. N.D. N.D. Yogodzinski et al. (2010)
SIT80-5 Aleutians N.D. 0.513057 0.283197 N.D. N.D. N.D. Yogodzinski et al. (2010)
GS 727 Aleutians N.D. 0.513051 0.283175 N.D. N.D. N.D. Yogodzinski et al. (2010)
GS723 Aleutians N.D. 0.513043 0.283192 N.D. N.D. N.D. Yogodzinski et al. (2010)
GS725-B Aleutians N.D. 0.513052 0.283187 N.D. N.D. N.D. Yogodzinski et al. (2010)
GS721B Aleutians N.D. 0.513049 0.283187 N.D. N.D. N.D. Yogodzinski et al. (2010)
SIT-RK4 Aleutians N.D. 0.513024 0.283155 N.D. N.D. N.D. Yogodzinski et al. (2010)
MOF81-56A Aleutians N.D. 0.513027 0.283167 N.D. N.D. N.D. Yogodzinski et al. (2010)
MOF81-54 Aleutians 0.702982  0.513019 0.283146 N.D. N.D. N.D. Kay and Kay (1994), Yogodzinski et al. (2010)
MOF81-44 Aleutians N.D. 0.513020 0.283171 N.D. N.D. N.D. Yogodzinski et al. (2010)
MOF81-17 Aleutians N.D. 0.513009 0.283161 N.D. N.D. N.D. Yogodzinski et al. (2010)
MOF81-15 Aleutians N.D. 0.512999 0.283150 N.D. N.D. N.D. Yogodzinski et al. (2010)
MOF81-18 Aleutians N.D. 0.513011 0.283149 N.D. N.D. N.D. Yogodzinski et al. (2010)
MOF81-7 Aleutians N.D. 0.512993 0.283139 N.D. N.D. N.D. Yogodzinski et al. (2010)
BO9-6A Aleutians N.D. 0.513044 0.283172 N.D. N.D. N.D. Yogodzinski et al. (2010)
BO9-8A Aleutians N.D. 0.513048 0.283182 N.D. N.D. N.D. Yogodzinski et al. (2010)
LSIT04L21 Aleutians N.D. 0.513051 0.283194 N.D. N.D. N.D. Yogodzinski et al. (2010)
LSITO4L11 Aleutians N.D. 0.513039 0.283184 N.D. N.D. N.D. Yogodzinski et al. (2010)

&3



LSIT04L32
LSIT04L33
LSIT04L3
LSIT04L18
LSIT04L7
LSIT04L39
LSIT04L10
LSIT04L49
LSIT04L55
BI9-6B (BULGB)
BI9-4D (BUL4D)
BI9-6A (BULGA)
70B29-1A (70-B29)
V35-G5A
V35-G4X1
V35-G1D
V35-G1A
V35-G2A
V35-G4A2

CB-3

CB-5

CB-12

CB-44

CB-7

AMK-1

AMK-2

AMK-3

AMK-4

AMK-5

AMK-7

Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians

Aleutians

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
0.702662
0.702702
N.D.
0.702632
0.702672
0.702792
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.513046
0.513053
0.513058
0.513059
0.513067
0.513038
0.513063
0.513053
0.513055
0.513090
0.513060
0.513082
0.513082
0.513154
0.513170
0.513151
0.513156
0.513164
0.513153
0.513002
0.513001
0.512997
0.513006
0.512991
0.513014
0.513012
0.513027
0.513013
0.513012
0.513007

0.283187
0.283189
0.283186
0.283182
0.283190
0.283185
0.283190
0.283216
0.283191
0.283192
0.283173
0.283182
0.283202
0.283211
0.283216
0.283197
0.283212
0.283200
0.283206
0.283118
0.283115
0.283119
0.283138
0.283114
0.283120
N.D.

0.283126
0.283127
0.283128
0.283125

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
18.573
18.619
18.649
18.485
18.088
18.069
N.D.
18.106
18.105
18.080
18.803
18.883
18.944
18.869
18.906
18.823
18.785
18.797
18.811
18.798
18.804

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
15.497
15.491
15.525
15.495
15.437
15.429
N.D.
15.441
15.434
15.436
15.564
15.577
15.594
15.572
15.574
15.558
15.574
15.553
15.565
15.553
15.551
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N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
38.057
38.083
38.159
37.970
37.563
37.511
N.D.
37.549
37.533
37.527
38.344
38.440
38.535
38.411
38.456
38.348
38.379
38.315
38.368
38317
38.312

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Yogodzinski et al. (2010)

Kelemen et al. (1993), Yogodzinski et al. (2010)
Kelemen et al. (1993), Yogodzinski et al. (2010)
Kelemen et al. (1993), Yogodzinski et al. (2010)
Kelemen et al. (1993), Yogodzinski et al. (2010)
Yogodzinski et al. (1994), Yogodzinski et al. (2010)
Yogodzinski et al. (1994), Yogodzinski et al. (2010)
Yogodzinski et al. (2010)

Yogodzinski et al. (1994), Yogodzinski et al. (2010)
Yogodzinski et al. (1994), Yogodzinski et al. (2010)
Yogodzinski et al. (1994), Yogodzinski et al. (2010)
Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)



SARI1
SAR4

47ABy103 (B1796)

C1927 (Bogoslov-
1927)

BOG-3
UM10
UM16
UM22
UM4
UM35
UMI1
FMI 8
FMI 6
FMI 7
FMI 5
FMI2
KR02-74
KRO02-55
KRO01-09
KRO1-37
KRO1-33
KRO1-20
KRO01-06
KRO1-24
KAS7-1
GS721B
GS723
GS725B
GS727

Aleutians
Aleutians

Aleutians

Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians

Aleutians

N.D.
N.D.
N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.513074
0.513077
0.512985

0.513046
0.513041
0.513033
0.513062
0.513047
0.513055
0.513043
0.513038
0.513004
0.513037
0.513059
0.513004
0.513024
0.513013
0.513027
0.513026
0.513022
0.513017
0.513018
0.513036
0.513019
0.513003
0.513049
0.513043
0.513052
0.513051

0.283154
0.283148
0.283093

0.283108
0.283124
0.283153
0.283151
0.283154
0.283149
0.283142
0.283153
0.283153
0.283148
0.283169
0.283128
0.283141
0.283154
0.283171
0.283166
0.283172
0.283167
0.283176
0.283176
0.283174
0.283161
0.283187
0.283192
0.283187
0.283175

18.903
N.D.
18.835

18.751
18.735
N.D.

18.909
18.919
18.662
18.915
N.D.

18.647
18.889
N.D.

18.964
18.889
18.849
18.828
18.852
18.846
18.828
18.841
18.795
18.848
18.922
18.862
N.D.

18.829
18.743

15.577
N.D.
15.570

15.556
15.549
N.D.

15.596
15.606
15.519
15.602
N.D.

15.537
15.585
N.D.

15.594
15.580
15.579
15.574
15.580
15.581
15.574
15.577
15.563
15.578
15.590
15.581
N.D.

15.573
15.557

&5

38.370
N.D.
38.336

38.236
38.244
N.D.

38.496
38.520
38.134
38.492
N.D.

38.162
38.462
N.D.

38.543
38.451
38.426
38.398
38.430
38.428
38.398
38.416
38.354
38.423
38.508
38.443
N.D.

38.400
38.295

Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)

Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)



SIT81-RK4
SIT80-5B
MOF80-GL5
MOEF81-15
MOEF-81-17
MOEF81-18
MOF81-38
MOEF&81-44
MOEF81-54 (ADK54)
MOEF81-56A
MOEF81-7
BO9-8A
BO9-6A
LSIT04L21
LSIT04L11
LSIT04L32
LSIT04L33
LSIT04L03
LSIT04L18
LSIT04L07
LSIT04L39
LSIT04L10
LSIT04L49
LSIT04L55
BUL4D
BUL6A
BUL6B
AT8032
AT83
V35-G2A

Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians

Aleutians

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.513024
0.513057
0.513009
0.512999
0.513009
0.513011
N.D.

0.513020
0.513019
0.513027
0.512993
0.513048
0.513044
0.513051
0.513039
0.513046
0.513053
0.513048
0.513059
0.513067
0.513038
0.513063
0.513053
0.513055
0.513060
0.513082
0.513090
0.513116
0.513118
0.513164

0.283173
0.283197
N.D.

0.283150
0.283161
0.283149
0.283149
0.283171
0.283146
0.283167
0.283139
0.283182
0.283172
0.283194
0.283184
0.283187
0.283189
0.283186
0.283182
0.283190
0.283185
0.283190
0.283216
0.283191
0.283173
0.283182
0.283192
0.283196
0.283205
0.283200

18.851
18.829
18.794
N.D.

N.D.

N.D.

18.781
18.815
18.770
N.D.

18.713
18.804
18.780
18.740
N.D.

18.788
18.787
18.781
18.765
18.763
18.761
18.769
18.762
18.748
18.614
18.644
18.568
18.374
18.381
18.102

15.582
15.574
15.566
N.D.

N.D.

N.D.

15.566
15.576
15.594
N.D.

15.545
15.569
15.566
15.558
N.D.

15.565
15.568
15.565
15.558
15.555
15.561
15.560
15.565
15.559
15.484
15.518
15.490
15.483
15.475
15.434
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38.439
38.402
38.358
N.D.

N.D.

N.D.

38.342
38.401
38.380
N.D.

38.234
38.374
38.348
38.319
N.D.

38.373
38.377
38.366
38.335
38.328
38.343
38.344
38.348
38.330
38.061
38.139
38.035
37.861
37.865
37.517

Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)



V35-G1A
V35-G1D
V35-G4A2
V35-G4X1
V35-G5A
V35-G5B
CB-3

CB-5
CB-12
CB-44
CB-7
AMK-1
AMK-2
AMK-3
AMK-4
AMK-5
AMK-7
SAR11
SAR4

47ABy103 (B1796)

C1927 (Bogoslov-
1927)

BOG-3
UMI10
UM16
UM22
UM4
UM35
UMI11
FMI 8

Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians

Aleutians

Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians

Aleutians

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.513156
0.513151
0.513153
0.513170
0.513154
0.513117
0.513002
0.513001
0.512997
0.513006
0.512991
0.513014
0.513012
0.513027
0.513013
0.513012
0.513007
0.513074
0.513077
0.512985

0.513046
0.513041
0.513033
0.513062
0.513047
0.513055
0.513043
0.513038
0.513004

0.283212
0.283197
0.283206
0.283216
0.283211
N.D.

0.283118
0.283115
0.283119
0.283138
0.283114
0.283120
N.D.

0.283126
0.283127
0.283128
0.283125
0.283154
0.283148
0.283093

0.283108
0.283124
0.283153
0.283151
0.283154
0.283149
0.283142
0.283153
0.283153

18.102
18.098
18.072
18.062
18.082
18.092
18.803
18.883
18.944
18.869
18.906
18.823
18.785
18.797
18.811
18.798
18.804
18.903
N.D.

18.835

18.751
18.735
N.D.

18.909
18.919
18.662
18.915
N.D.

18.647

15.434
15.434
15.434
15.424
15.434
15.434
15.564
15.577
15.594
15.572
15.574
15.558
15.574
15.553
15.565
15.553
15.551
15.577
N.D.

15.570

15.556
15.549
N.D.

15.596
15.606
15.519
15.602
N.D.

15.537
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37.527
37.564
37.507
37.497
37.547
37.547
38.344
38.440
38.535
38.411
38.456
38.348
38.379
38.315
38.368
38.317
38312
38.370
N.D.

38.336

38.236
38.244
N.D.

38.496
38.520
38.134
38.492
N.D.

38.162

Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)

Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)



FMI 6

FMI1 7

FMI 5

FMI2
KR02-74
KR02-55
KRO01-09
KRO1-37
KRO1-33
KRO1-20
KRO01-06
KRO1-24
KAS7-1
GS721B
GS723
GS725B
GS727
SIT81-RK4
SIT80-5B
MOEF80-GL5
MOEF81-15
MOEF-81-17
MOF81-18
MOEF81-38
MOF81-44
MOEF81-54 (ADK54)
MOEF81-56A
MOEF81-7
BO9-8A
BO9-6A

Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians

Aleutians

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.513037
0.513059
0.513004
0.513024
0.513013
0.513027
0.513026
0.513022
0.513017
0.513018
0.513036
0.513019
0.513003
0.513049
0.513043
0.513052
0.513051
0.513024
0.513057
0.513009
0.512999
0.513009
0.513011
N.D.

0.513020
0.513019
0.513027
0.512993
0.513048
0.513044

0.283148
0.283169
0.283128
0.283141
0.283154
0.283171
0.283166
0.283172
0.283167
0.283176
0.283176
0.283174
0.283161
0.283187
0.283192
0.283187
0.283175
0.283173
0.283197
N.D.

0.283150
0.283161
0.283149
0.283149
0.283171
0.283146
0.283167
0.283139
0.283182
0.283172

18.889
N.D.

18.964
18.889
18.849
18.828
18.852
18.846
18.828
18.841
18.795
18.848
18.922
18.862
N.D.

18.829
18.743
18.851
18.829
18.794
N.D.

N.D.

N.D.

18.781
18.815
18.770
N.D.

18.713
18.804
18.780

15.585
N.D.

15.594
15.580
15.579
15.574
15.580
15.581
15.574
15.577
15.563
15.578
15.590
15.581
N.D.

15.573
15.557
15.582
15.574
15.566
N.D.

N.D.

N.D.

15.566
15.576
15.594
N.D.

15.545
15.569
15.566
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38.462
N.D.

38.543
38.451
38.426
38.398
38.430
38.428
38.398
38.416
38.354
38.423
38.508
38.443
N.D.

38.400
38.295
38.439
38.402
38.358
N.D.

N.D.

N.D.

38.342
38.401
38.380
N.D.

38.234
38.374
38.348

Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)



LSIT04L21
LSIT04L44
LSIT04L3
LSIT04L33
LSIT04L32
LSIT04L11
LSITO4ES7
LSIT04L29
LSIT04L02
LSIT04L07
LSIT04L18
LSIT04L39
LSIT04L10
LSIT04L49
LSIT04L55
BUL4D
BUL6A
BUL6B
AT8032

AT83
V35-G2A
V35-G1A
V35-G1D
V35-G4A2
V35-G4X1
V35-G5A
TN182-21-002
TN182-29-001
TN182-29-002
TN182-16-002

Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians

Aleutians

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.513051
0.513066
0.513048
0.513053
0.513046
0.513039
N.D.

0.513038
0.513048
0.513067
0.513059
0.513038
0.513063
0.513053
0.513055
0.513060
0.513082
0.513090
0.513116
0.513118
0.513164
0.513156
0.513151
0.513153
0.513170
0.513165
0.512970
0.513035
0.513056
N.D.

0.283194
0.283217
0.283186
0.283189
0.283187
0.283184
N.D.

0.283222
0.283233
0.283190
0.283182
0.283185
0.283190
0.283216
0.283191
0.283173
0.283182
0.283192
0.283196
0.283205
0.283200
0.283212
0.283197
0.283206
0.283216
0.283211
0.283151
0.283206
0.283158
0.283137

18.740
18.693
18.781
18.787
18.788
N.D.

18.881
18.793
18.771
18.763
18.765
18.761
18.769
18.762
18.748
18.614
18.644
18.568
18.374
18.381
18.102
18.102
18.098
18.072
18.062
18.082
18.819
18.740
18.753
18.783

15.558
15.547
15.565
15.568
15.565
N.D.

15.588
15.570
15.563
15.555
15.558
15.561
15.560
15.565
15.559
15.484
15.518
15.490
15.483
15.475
15.434
15.434
15.434
15.434
15.424
15.434
15.573
15.556
15.557
15.559

&9

38.319
38.257
38.366
38.377
38.373
N.D.

38.486
38.385
38.354
38.328
38.335
38.343
38.344
38.348
38.330
38.061
38.139
38.035
37.861
37.865
37.517
37.527
37.564
37.507
37.497
37.547
38.409
38.306
38319
38.349

Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)
Yogodzinski et al. (2015)



TN182-20-001
TN182-20-003
TN182-19-003
TN182-22-001
TN182-22-002
TN182-28-004
TN182-09-001
S0201-1b-14-007
S0201-1b-14-008
S0201-1b-15-001
TN182-08-003
S0201-1b-16-007
TN182-08-013
TN182-07-002
TN182-08-014
S0201-1b-14-006
S0201-1b-09-002
TN182-13-001
S0201-1b-09-001
S0201-1b-09-005
S0201-1b-10-003
S0201-1b-10-005
TN182-05-001
S0201-1b-09-007
TN182-11-004
TN182-10-003
TN182-10-002
TN182-10-001
S0201-1b-09-008
TN182-11-003

Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians

Aleutians

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

0.703194
0.703126
0.703118
0.703120
0.703225
0.703127
0.703091
0.703173
0.703182
0.703122
0.702702
0.703317
0.702705
0.702705
0.702712
0.702724
0.702937
0.702774
0.703118
0.702829
0.702881
0.702872
0.702816
0.702718

0.513135
0.513077
0.513082
0.513051
0.513029
0.513077
0.513083
N.D.
N.D.
N.D.
0.513074
N.D.
0.513080
0.513079
0.513097
N.D.
N.D.
0.513093
N.D.
N.D.
N.D.
N.D.
0.513109
N.D.
0.513110
0.513108
0.513059
0.513072
N.D.
0.513087

0.283199
0.283176
N.D.
0.283162
N.D.
0.283202
0.283291
N.D.
N.D.
N.D.
0.283214
N.D.
0.283179
0.283201
0.283216
N.D.
N.D.
0.283200
N.D.
N.D.
N.D.
N.D.
0.283212
N.D.
0.283186
0.283288
N.D.
0.283191
N.D.
0.283195

18.511
18.627
18.594
18.748
18.746
18.597
18.569
18.522
18.480
18.484
18.569
18.495
18.561
18.542
18.569
18.502
18.384
18.565
18.381
18.373
18.393
18.392
18.536
18.405
18.534
18.476
18.474
18.474
18.395
18.484

15.507
15.533
15.531
15.556
15.555
15.530
15.522
15.509
15.502
15.503
15.524
15.504
15.515
15.513
15.522
15.503
15.478
15.520
15.475
15.478
15.478
15.479
15.514
15.482
15.512
15.493
15.492
15.492
15.480
15.490

90

38.026
38.184
38.158
38.315
38313
38.151
38.110
38.045
37.994
37.998
38.120
38.120
38.089
38.072
38.110
38.013
37.858
38.104
37.851
37.850
37.865
37.867
38.066
37.885
38.057
37.955
37.955
37.975
37.861
37.962

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)



TN182-11-001
TN182-11-005
TN182-10-004
S0201-1b-09-010
S0201-1b-10-010
S0201-1b-10-011
S0201-1b-09-011
S0201-1b-20-005
TN182-01-004
S0201-1b-09-014
TN182-03-004
TN182-03-005
TN182-03-008
TN182-03-002
TN182-03-009
TN182-07-009
TN182-07-004
TN182-07-005
TN182-04-004
TN182-01-006
TN182-01-001
TN182-01-003
TN182-04-003
TN182-01-007
S0201-1b-33-001
S0201-1b-36-003
S0201-1b-35-004
V3842Y3
V3842Y REP
ADKO04L7

Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians
Aleutians

Aleutians

0.702735
0.702705
0.702717
0.703111
0.702830
0.702960
0.703013
0.702627
0.702821
0.702750
0.702916
0.702780
0.702761
0.702942
0.702783
0.702743
0.702774
0.702672
0.702689
0.702772
0.702824
0.702795
0.702620
0.702767
0.702640
0.702657
0.702620
N.D.
N.D.
N.D.

0.513106
0.513083
0.513091
N.D.

N.D.

N.D.

N.D.

N.D.

0.513102
N.D.

0.513083
0.513084
0.513093
0.513098
0.513110
0.513123
N.D.

0.513108
N.D.

0.513115
0.513088
N.D.

0.513132
0.513097
0.513123
0.513094
0.513114
0.513101
0.513076
0.513101

0.283191
0.283172
0.283240
N.D.
N.D.
N.D.
N.D.
N.D.
0.283192
N.D.
0.283242
N.D.
0.283194
N.D.
0.283176
0.283210
0.283201
0.283187
N.D.
0.283176
0.283186
0.283168
0.283192
0.283178
N.D.
N.D.
N.D.
0.283188
0.283186
0.283183

18.488
18.493
18.443
18.468
18.417
18.486
18.479
18.353
18.491
18.427
18.492
18.450
18.466
18.457
18.462
18.423
18.424
18.423
18.384
18.426
18.447
18.427
18.383
18.427
18.340
18.490
18.344
17.897
N.D.

18.338

15.495
15.497
15.488
15.500
15.489
15.501
15.501
15.467
15.501
15.492
15.500
15.483
15.492
15.488
15.488
15.482
15.482
15.479
15.474
15.479
15.495
15.481
15.470
15.483
15.457
15.502
15.458
15.421
N.D.

15.473
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37.977
37.982
37918
37.974
37.903
37.988
37.982
37.807
37.995
37.928
37.991
37.922
37.951
37.937
37.941
37.900
37.899
37.893
37.844
37.891
37.937
37.895
37.836
37.899
37.756
38.011
37.765
37.376
N.D.

37.795

Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015), Yogodzinski et al. (2017)
Yogodzinski et al. (2015)

Yogodzinski et al. (2015)

Yogodzinski et al. (2015)



1986A-1
S2-1

N4-1

1469
1983-2903
MJ-12-02
MJ-12-05
3102804
0302812A
3103009
881105-2 lava
T87071906
1

11

24

37

NJ-2

NJ-1
JB-2-std
10-5

10-6

10-9

JB-2

TS-5
TS-10
TS-12
TS-13
uJ-2

UJ-8

Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu

Izu

0.703679
0.703629
0.703654
0.703445
0.703471
0.703434
0.703466
0.703556
0.703556
0.703513
0.703395
0.703421
0.703462
0.703467
0.703454
0.703570
0.703326
0.703361
0.703662
0.703665
0.703681
0.703628
0.703668
0.703420
0.703410
0.703393
0.703391
0.703239
0.703236

0.513114
0.513114
0.513114
0.513113
0.513115
0.513112
0.513112
0.513109
0.513108
0.513103
0.513088
0.513087
0.513125
0.513127
0.513118
0.513124
0.513075
0.513067
0.513067
0.513079
0.513057
0.513093
0.513069
0.513098
0.512999
0.513046
0.512990
0.513019
0.513094

0.283290
0.283286
0.283289
0.283262
0.283263
0.283261
0.283256
0.283234
0.283236
0.283226
0.283218
0.283219
0.283277
0.283273
0.283272
0.283266
0.283229
0.283230
0.283252
0.283290
N.D.

N.D.

0.283272
0.283294
N.D.

N.D.

N.D.

0.283209
N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
18.360
18.355
18.377
18.299
18.228
18.216
18.211
18.197
18.168
18.169

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
15.530
15.527
15.528
15.540
15.508
15.509
15.510
15.478
15.514
15.506
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N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
38.308
38.301
38.343
38.260
38.207
38.188
38.191
38.188
38.139
38.139

Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Freymuth et al. (2016)
Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)



uJ-9
UJ-10a
UJ-10b
NJ-1
NJ-2
NJ-5
NJ-6a
10182E
F-864
1ZU-2
1ZU-3

AN-1
AN-12B
SA-2
SA-P
SA-B
GU-6
GU-9
GU-10
GU-20
GU-21
ALA-1
PA-4
PA-5
PA-F3B
AG-1A
AG-6
AS-2
M-1

Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu
Izu

Izu

Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana

Mariana

0.703265
0.703275
0.703264
0.703286
0.703343
0.703298
0.703382
N.D.
N.D.
N.D.
N.D.

N.D.

0.703385
0.703365
0.703355
0.703355
0.703365
0.703415
0.703385
0.703475
0.703485
0.703525
0.703455
0.703405
0.703435
0.703305
0.703405
0.703375
0.703495

0.513077
0.513073
0.513081
0.513137
0.513019
0.513055
0.513089
0.513063
0.513024
0.513049
0.513056

N.D.

0.512977
0.512950
0.512956
0.512948
0.512988
0.513028
0.513034
0.513043
0.513034
0.513000
0.513018
N.D.

0.512998
0.512981
0.512981
0.513043
0.513027

0.283209
N.D.
N.D.
N.D.
0.283213
N.D.
N.D.
0.283248
0.283230
0.283280
0.283190

0.283211
0.283208
0.283186
0.283194
0.283176
0.283236
0.283223
0.283226
0.283230
0.283240
0.283226
0.283230
0.283223
0.283210
0.283203
0.283193
0.283247
0.283223

18.175
18.143
18.115
18.260
18.244
18.266
18.123
N.D.
N.D.
N.D.
N.D.

N.D.

18.747
18.908
18.877
18.904
18.713
18.727
18.710
18.649
18.829
18.674
18.788
18.781
18.728
18.644
18.739
N.D.

N.D.

15.495
15.516
15.513
15.513
15.509
15.508
15.538
N.D.
N.D.
N.D.
N.D.

N.D.

15.541
15.578
15.609
15.560
15.548
15.573
15.563
15.558
15.582
15.550
15.574
15.577
15.580
15.563
15.578
N.D.

N.D.
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38.120
38.109
38.060
38.218
38.214
38.223
38.096
N.D.
N.D.
N.D.
N.D.

N.D.

38.309
38.411
38.468
38.368
38.275
38.368
38.335
38.269
38.432
38.290
38.401
38.420
38.387
38.265
38.415
N.D.

N.D.

Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)
Kimura et al. (2010)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)

Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)



Ul
U2

U4

u7
AN4
SAB
SAP
GUN
ALAI
AG1
M3

Ul
AN.D.t10
D50-1-1
D50-1-2
D50-1-3
D49-1-1
D49-1-2
D49-1-3
D48-1-1
D48-1-2
D48-1-3
D48-1-4
D48-2-1
D48-2-2
D48-3-1
D48-3-2
D48-3-3
D48-4-1
D46-1-1

Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana

Mariana

0.703465
0.703495
0.703585
0.703435
0.703430
0.703370
0.703370
0.703490
0.703540
0.703320
0.703530
0.703480
0.703456
0.703469
0.703469
0.703528
0.703192
0.703178
0.703200
0.703112
0.703105
0.703192
0.703368
0.703150
0.703156
0.703170
0.703159
0.703126
0.703142
0.703060

0.512993
0.513004
0.513017
0.512977
0.512988
0.512959
0.512967
0.513013
0.513011
0.512992
0.513053
0.513004
0.512981
0.513038
0.513070
0.512987
0.513020
0.512979
0.512989
0.512957
0.512992
0.512956
0.512948
0.513004
0.512978
0.512999
0.512967
0.512953
0.512966
0.512945

0.283219
0.283232
0.283228
0.283199
0.283273
0.283225
0.283217
0.283172
0.283246
0.283180
0.283305
0.283229
0.283200
N.D.
N.D.
0.283193
0.283229
N.D.
N.D.
0.283172
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
0.283229
N.D.
0.283173

18.824
18.788
18.738
18.814
18.789
18.904
18.877
18.743
18.674
18.644
18.686
18.824
18.816
18.804
18.766
18.767
18.687
18.691
18.684
18.866
18.827
18.826
18.911
18.836
18.830
18.835
18.822
18.849
18.834
18.672

15.597
15.576
15.552
15.585
15.591
15.560
15.609
15.542
15.550
15.553
15.535
15.597
15.579
15.577
15.546
15.552
15.539
15.540
15.547
15.587
15.553
15.556
15.575
15.554
15.550
15.553
15.558
15.570
15.557
15.545
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38.523
38.459
38.371
38.480
38.486
38.368
38.468
38.262
38.290
38.265
38.297
38.523
38.442
38.410
38.307
38.318
38.296
38.295
38.326
38.496
38.374
38.377
38.450
38.381
38.363
38.380
38.318
38.418
38.404
38.295

Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhed et al. (1989)
Woodhed et al. (1989)
Woodhed et al. (1989)
Woodhed et al. (1989)
Woodhed et al. (1989)
Woodhed et al. (1989)
Woodhed et al. (1989)
Woodhed et al. (1989)
Wade et al. (2005)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)
Stern et al. (2006)



D46-1-2

D46-1-5

D30/6

P5

P8

AG-1

AG-4

115263

AL-7

AL-1

SA-B

SA-P

AN-4

GU-N

M-3

U-1
TN273-24D-01-01
TN273-42D-01-01
TN273-44D-01-01
HPD1147R01
HPD1147R04
HPD1147R09
HPD1147R11
HPD1147R13
HPD1147R15
HPD1147R16
HPD1147R17
HPD1147R19
HPD1147R23
HPD1148R01

Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana
Mariana

Mariana

0.703081
0.703095
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
0.703312
0.703126
0.703243
0.703417
0.703419
0.703437
0.703440
0.703372
0.703439
0.703440
0.703443
0.703441
0.703399
0.703313

0.512934
0.512944
0.512862
0.512989
0.512992
0.512984
0.512984
0.512997
0.513038
0.513011
0.512959
0.512967
0.512988
0.513013
0.513053
0.513004
0.513064
0.513016
0.513070
0.513137
0.513133
0.513120
0.513122
0.513112
0.513111
0.513105
0.513114
0.513108
0.513061
0.513062

0.283171
N.D.

0.283241
0.283170
0.283170
0.283181
0.283220
0.283235
0.283220
0.283246
0.283225
0.283217
0.283270
0.283172
0.283305
0.283229
0.283187
0.283164
0.283178
0.283225
0.283212
0.283219
0.283209
0.283198
0.283208
0.283206
0.283198
0.283202
0.283190
0.283158

18.707
18.697
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
19.036
19.052
18.997
18.878
18.874
18.863
18.865
18.867
18.899
18.901
18.900
18.896
18.831
18.891

15.573
15.544
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
15.581
15.577
15.580
15.566
15.563
15.572
15.568
15.570
15.573
15.573
15.571
15.568
15.568
15.572
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38.402
38.321
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
38.563
38.565
38.551
38.428
38.419
38.440
38.422
38.429
38.466
38.471
38.469
38.458
38.434
38.472

Stern et al. (2006)
Stern et al. (2006)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Pearce et al. (1999)
Ribeiro et al. (2017)
Ribeiro et al. (2017)
Ribeiro et al. (2017)
Tamura et al. (2014)
Tamura et al. (2014)
Tamura et al. (2014)
Tamura et al. (2014)
Tamura et al. (2014)
Tamura et al. (2014)
Tamura et al. (2014)
Tamura et al. (2014)
Tamura et al. (2014)
Tamura et al. (2014)
Tamura et al. (2014)



HPD1148R08
HPD1148R14

7088.0
10378
10415
14840
HH basal
HH upper
F30-69
F39-69
Metis
Late 13
Late 7-69
Late 21-69
T102
T103C
64T6
TI113
NT64-T2
NT64-T8
X161

C/8 (V445)
7088.0
7005.0
7005.0
10378
10380.0
10415.0
14840

Mariana

Mariana

Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec
Tonga-Kermadec

Tonga-Kermadec

0.703446
0.703404

0.703495
0.703325
0.703469
0.704358
0.703678
0.703812
0.703735
0.703802
0.703551
0.703636
0.703617
0.703653
0.703302
0.703329
0.703280
0.703916
0.703983
0.704010
0.703641
0.704264
0.703533
N.D.

0.703513
0.703363
0.703473
0.703507
0.704396

0.513083
0.513108

0.513114
N.D.

0.513037
0.512984
0.513028
0.512949
0.512943
0.512949
0.512992
0.512967
0.512966
0.512975
0.513038
0.513041
0.513040
0.512917
0.512891
0.512885
0.513051
0.512975
0.512972
0.513053
0.512972
0.513047
0.513047
0.513130
0.513000

N.D.
N.D.

0.283141
0.283108
0.283102
0.283126
0.283197
0.283176
0.283174
0.283180
0.283180
0.283281
0.283191
0.283192
0.283176
0.283184
0.283172
0.283227
0.283219
0.283223
0.283151
0.283106
0.283108
0.283102
0.283126
0.283138
0.283153
0.283141
0.283126

18.836
18.828

18.642
18.664
18.678
18.723
18.666
18.598
18.599
18.599
18.613
18.583
18.586
18.583
18.622
18.623
18.613
19.329
18.994
18.990
18.708
18.778
18.638
N.D.

18.635
18.659
18.620
18.673
18.718

15.571
15.571

15.564
15.597
15.596
15.625
15.575
15.563
15.563
15.563
15.572
15.567
15.566
15.565
15.566
15.566
15.562
15.625
15.601
15.599
15.577
15.609
15.559
N.D.

15.561
15.592
15.571
15.591
15.620
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38.438
38.434

38.318
38.392
38.437
38.605
38.317
38.262
38.263
38.265
38.285
38.240
38.242
38.238
38.246
38.249
38.231
38.980
38.748
38.741
38.476
38.643
38.295
N.D.

38.320
38.369
38.323
38.414
38.582

Tamura et al. (2014)
Tamura et al. (2014)

Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Hergt and Woodhead (2007)
Todd et al. (2010)

Todd et al. (2010)

Pearce et al. (2007)

Pearce et al. (2007)

Pearce et al. (2007)

Pearce et al. (2007)

Pearce et al. (2007)

Pearce et al. (2007)

Pearce et al. (2007)



14831.0 Tonga-Kermadec 0.704163  0.512974 0.283126 18.729 15.590 38.480 Pearce et al. (2007)

ATAS-8 Tonga-Kermadec 0.703357  0.513061 0.283184 18.716 15.555 38.336 Pearce et al. (2007)

23208.0 Tonga-Kermadec 0.703561  0.513001 0.283185 18.647 15.578 38.281 Pearce et al. (2007)

111550-1 Tonga-Kermadec 0.703672  0.513032 0.283198 18.665 15.584 38.311 Pearce et al. (2007)

LATE 13 Tonga-Kermadec 0.703693  0.512935 0.283195 18.520 15.555 38.132 Pearce et al. (2007)

FON8 Tonga-Kermadec 0.703791  0.512970 0.283190 18.593 15.551 38.215 Pearce et al. (2007)

NTT28/2 Tonga-Kermadec 0.704022  0.512891 0.283215 19.015 15.570 38.669 Pearce et al. (2007)

NTT26/1 Tonga-Kermadec 0.704020  0.512896 0.283223 19.027 15.578 38.704 Pearce et al. (2007)

NT64-T8 Tonga-Kermadec 0.703993  0.512895 0.283233 18.920 15.578 38.640 Pearce et al. (2007)

TAF3/2 Tonga-Kermadec 0.703899  0.512941 0.283227 19.238 15.582 38.791 Pearce et al. (2007)

TAF40 Tonga-Kermadec 0.703930  0.512955 0.283220 18.988 15.582 38.608 Pearce et al. (2007)

D7-17 Tonga-Kermadec N.D. N.D. 0.282979 N.D. N.D. N.D. Turner et al. (2009)

T116 Tonga-Kermadec N.D. N.D. 0.283239 N.D. N.D. N.D. Turner et al. (2009)

NTT25/4 Tonga-Kermadec 0.703990  0.512956 0.283375 19.032 15.595 38.765 Turner et al. (2009), Turner et al. (1997)

Fonll Tonga-Kermadec N.D. N.D. 0.283183 N.D. N.D. N.D. Turner et al. (2009)

Fon39 Tonga-Kermadec 0.703780  0.513074 0.283162 18.545 15.575 38.185 Turner et al. (2009), Turner et al. (1997)

Late2 Tonga-Kermadec N.D. N.D. 0.283103 N.D. N.D. N.D. Turner et al. (2009)

26821.0 Tonga-Kermadec N.D. N.D. 0.283186 N.D. N.D. N.D. Turner et al. (2009)

HHTop (HHHTOP) Tonga-Kermadec 0.703700  0.513132 0.283192 18.520 15.557 38.109 Turner et al. (2009), Turner et al. (1997)

482-8-12 Tonga-Kermadec 0.703460  0.513169 0.283171 18.698 15.547 38.285 Turner et al. (2009), Turner et al. (1997)

14807.0 Tonga-Kermadec N.D. N.D. 0.283149 N.D. N.D. N.D. Turner et al. (2009)

45653.0 Tonga-Kermadec 0.703450  0.513106 0.283124 18.687 15.569 38.351 Turner et al. (2009), Turner et al. (1997)

14868.0 Tonga-Kermadec N.D. N.D. 0.283132 N.D. N.D. N.D. Turner et al. (2009)

37486.0 Tonga-Kermadec 0.703920  0.512960 0.283117 18.697 15.588 38.483 Turner et al. (2009), Turner et al. (1997)

Hot subduction zones

TW 36 Luzon-Philippine 0.706010  0.512298 0.282920 18.425 15.648 38.843 Defant et al. (1990), McDermott et al. (1993), Marini et al. (2005)
TW 40 Luzon-Philippine 0.706098  0.512319 0.282937 18.429 15.646 38.828 Defant et al. (1990), McDermott et al. (1993), Marini et al. (2005)
TW 41 Luzon-Philippine 0.704827  0.512606 0.282995 18.414 15.620 38.982 McDermott et al. (1993), Marini et al. (2005)

TW 31 Luzon-Philippine 0.704307  0.512736 0.283058 18.295 15.582 38.557 Defant et al. (1990), McDermott et al. (1993), Marini et al. (2005)
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TW 32
B3m
B10
B42
B80
B88
BIS
Bb20
Bb39
Cm5
Cm 54
Ca9
Ca26
47 A

7414
11498
7421
7678
7422
7423
9047
71-1002
13672
71-969
71-970
71-979
71-982
71-985
71-989

Luzon-Philippine
Luzon-Philippine
Luzon-Philippine
Luzon-Philippine
Luzon-Philippine
Luzon-Philippine
Luzon-Philippine
Luzon-Philippine
Luzon-Philippine
Luzon-Philippine
Luzon-Philippine
Luzon-Philippine
Luzon-Philippine
Luzon-Philippine

Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda

0.705433
0.704759
0.704455
0.703933
0.703954
0.705443
N.D.

0.704556
0.704483
0.703274
0.704043
0.703864
0.703955
0.703769

0.704345
0.704353
0.705672
0.704766
0.704665
0.704190
0.704352
0.704555
0.703972
0.704416
0.704593
0.705098
0.704860
0.705886
0.705833

0.512640
0.512484
0.512568
0.512527
0.512554
0.512394
0.512627
0.512563
0.512597
0.513038
0.512796
0.512658
0.512888
0.512939

0.512724
0.512695
0.512665
0.512681
0.512745
0.512815
0.512729
0.512748
0.512827
0.512572
0.512549
0.512595
0.512611
0.512447
0.512459

0.283067
0.282799
0.282793
0.282781
0.282889
0.282688
N.D.

0.283079
0.283139
0.283221
0.283181
0.283173
0.283165
0.283183

0.283095
0.283085
0.283124
0.283043
0.283119
0.283133
0.283149
0.283108
0.283144
0.282915
0.282923
0.283079
0.283033
0.282822
0.282853

18.393
18.432
18.406
18.364
N.D.

18.382
N.D.

18.536
18.520
18.375
18.505
18.508
18.575
18.349

18.661
18.664
18.770
18.608
18.636
18.571
18.780
18.704
18.572
18.687
18.679
18.808
18.885
18.911
18.919

15.631
15.598
15.590
15.567
N.D.

15.603
N.D.

15.623
15.630
15.552
15.618
15.583
15.624
15.541

15.649
15.648
15.703
15.616
15.649
15.626
15.689
15.675
15.616
15.609
15.607
15.690
15.698
15.726
15.732
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38.780
38.500
38.640
38.522
N.D.

38.664
N.D.

38.843
38.789
38.431
38.737
38.652
38.812
38.346

38.884
38.888
39.181
38.651
38.906
38.759
39.137
39.031
38.766
39.139
39.113
39.144
39.197
39.363
39.395

Defant et al. (1990), McDermott et al. (1993), Marini et al. (2005)
Defant et al. (1990), McDermott et al. (1993), Marini et al. (2005)
McDermott et al. (1993), Marini et al. (2005)

McDermott et al. (1993), Marini et al. (2005)

Defant et al. (1990), Marini et al. (2005)

Defant et al. (1990), McDermott et al. (1993), Marini et al. (2005)
Marini et al. (2005)

Defant et al. (1990), McDermott et al. (1993), Marini et al. (2005)
McDermott et al. (1993), Marini et al. (2005)

McDermott et al. (1993), Marini et al. (2005)

McDermott et al. (1993), Marini et al. (2005)

McDermott et al. (1993), Marini et al. (2005)

McDermott et al. (1993), Marini et al. (2005)

Defant et al. (1990), McDermott et al. (1993), Marini et al. (2005)

Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)
Woodhead et al. (2001)



GO1A
GO01B
G10
Gl6
G17
G18
G19
G20
G21
G22
G23
G25
G26
G28
G30
G33
G35
G36A
G40
G42
G44
G46
G49
G51
G52
G55
GUI/T
GUS/T
GU7/T
GU9/T

Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.512647
0.512653
0.512700
0.512629
0.512681
0.512660
0.512701
0.512675
0.512678
0.512664
0.512656
0.512677
0.512694
0.512683
0.512646
0.512699
0.512646
0.512654
0.512679
0.512660
0.512702
0.512682
0.512722
0.512656
0.512737
0.512687
0.512982
0.512907
0.512917
0.512904

0.282977
0.282951
0.282975
0.282952
0.282976
0.282963
0.282988
0.282975
0.282972
0.282968
0.282957
0.282975
0.282997
0.282974
0.282956
0.282990
0.282939
0.282955
0.282972
0.282967
0.282994
0.282982
0.283058
0.282951
0.283067
0.282978
0.283157
0.283147
0.283134
0.283142

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
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N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011)
Handley et al. (2011)



GUI15/T
GU16/T
M95-026
M95-028
M96-050
M96-056
M96-073
M96-102
M96-137
M96-142
M96-175
M97-021
M97-031
M97-0392
M97-068
M98-107
M98-031
M98-047
M98-0532
M98-096
BA11A2
BN3A2
BN4Al
MA2D
MASA
MAG6A1
SE9A3
SE21A
SE25A
NI1AL

Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda

N.D.
N.D.
0.705252
0.705793
0.705539
N.D.
0.705384
0.705515
0.705269
N.D.
0.705105
N.D.
N.D.
N.D.
0.705703
N.D.
0.705540
N.D.
N.D.
0.705635
0.704783
0.704775
0.704772
N.D.
0.705225
N.D.
0.708323
0.708984
0.709489
0.707699

0.512882
0.512893
0.512738
0.512729
0.512742
0.512776
0.512785
0.512753
0.512769
0.512734
0.512752
0.512723
0.512712
0.512725
0.512682
0.512733
0.512746
0.512723
0.512770
0.512697
0.512880
0.512873
0.512877
N.D.

0.512750
N.D.

0.512500
0.512444
0.512410
0.512636

0.283137
0.283142
0.283146
0.283146
0.283160
0.283131
0.283157
N.D.

0.283148
0.283128
0.283185
0.283138
0.283141
0.283137
0.283128
0.283144
0.283141
0.283144
0.283160
0.283147
0.283139
0.283101
0.283114
0.283057
0.283058
0.283050
0.282802
0.282755
0.282689
0.282997

N.D.
N.D.
18.769
N.D.
N.D.
N.D.
18.759
N.D.
18.759
N.D.
N.D.
N.D.
N.D.
N.D.
18.763
N.D.
N.D.
N.D.
N.D.
18.771
18.697
N.D.
18.686
N.D.
18.750
N.D.
19.025
19.045
19.026
19.374

N.D.
N.D.
15.693
N.D.
N.D.
N.D.
15.695
N.D.
15.695
N.D.
N.D.
N.D.
N.D.
N.D.
15.694
N.D.
N.D.
N.D.
N.D.
15.697
15.646
N.D.
15.634
N.D.
15.643
N.D.
15.691
15.702
15.701
15.740
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N.D.
N.D.
39.130
N.D.
N.D.
N.D.
309.139
N.D.
39.139
N.D.
N.D.
N.D.
N.D.
N.D.
39.141
N.D.
N.D.
N.D.
N.D.
39.156
38.935
N.D.
38.879
N.D.
38.946
N.D.
39.215
39.256
39.251
39.599

Handley et al. (2011)

Handley et al. (2011)

Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011)

Handley et al. (2011)

Handley et al. (2011), Gertisser and Keller (2003)
Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011)

Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011), Gertisser and Keller (2003)
Handley et al. (2011)

Handley et al. (2011), Gertisser and Keller (2003)
Handley et al. (2011), Gertisser and Keller (2003)
Handley et al. (2011), Gertisser and Keller (2003)
Handley et al. (2011), Handley et al. (2014)
Handley et al. (2011), Gertisser and Keller (2003)
Handley et al. (2011), Gertisser and Keller (2003)
Handley et al. (2011), Gertisser and Keller (2003)
Handley et al. (2011), Gertisser and Keller (2003)
Handley et al. (2011), Handley et al. (2014)
Nebel et al. (2011), Vroon et al. (1993)

Nebel et al. (2011), Vroon et al. (1993)

Nebel et al. (2011), Vroon et al. (1993)

Nebel et al. (2011)

Nebel et al. (2011), Vroon et al. (1993)

Nebel et al. (2011)

Nebel et al. (2011), Vroon et al. (1993)

Nebel et al. (2011), Vroon et al. (1993)

Nebel et al. (2011), Vroon et al. (1993)

Nebel et al. (2011), Vroon et al. (1993)



NISA
NI17A
NI18ALl
TE1C
TE2B2
TE4B
TE15
DAl
DA9B
RO2
RO8C6

TGI1 (TGI-5)
NBY-11 (NBY-5)
SNM-8¢

SG-1

SD407

SD265 (SD-261)
SD264 (MDYB-2)
SD411

CHO

SD504

UuDY

SD512

SD516

EHJ

SD438 (SDSYB)

SD424
TK-17

Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda
Sunda-Banda

Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi

Setouchi

Setouchi
Setouchi

Setouchi

N.D.
N.D.
0.706434
0.707938
N.D.
N.D.
0.707315
0.706698
N.D.
0.708491
0.709166

0.705127
0.705353
0.705242
0.704664
0.705017
0.704895
0.704861
0.704909
0.705380
0.704975
0.705164
0.704993
0.705281
0.705325

0.704382
0.704561
0.704335

N.D.
N.D.
0.512696
0.512522
N.D.
N.D.
0.512585
0.512580
N.D.
0.512461
0.512439

0.512576
0.512541
0.512555
0.512723
0.512712
0.512689
0.512720
0.512706
0.512662
0.512687
0.512634
0.512633
0.512658
0.512669

0.512736
0.512770
0.512730

0.282996
0.282993
0.283010
0.282812
0.282899
0.282877
0.282904
0.282895
0.282908
0.282685
0.282676

N.D.
N.D.
N.D.
N.D.
0.282985
N.D.
0.282981
0.283018
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.283052
0.283071
N.D.

N.D.
N.D.
19.389
19.423
N.D.
N.D.
19.426
19.367
N.D.
19.154
19.192

18.446
18.421
N.D.
N.D.
18.358
18.366
18.366
18.364
N.D.
N.D.
N.D.
18.343
N.D.
18.368

18.311
N.D.
N.D.

N.D.
N.D.
15.736
15.733
N.D.
N.D.
15.734
15.736
N.D.
15.695
15.707

15.606
15.598
N.D.
N.D.
15.583
15.599
15.594
15.592
N.D.
N.D.
N.D.
15.594
N.D.
15.607

15.578
N.D.
N.D.
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N.D.
N.D.
39.605
39.652
N.D.
N.D.
39.638
39.729
N.D.
39.577
39.578

38.672
38.635
N.D.
N.D.
38.558
38.586
38.552
38.572
N.D.
N.D.
N.D.
38.555
N.D.
38.612

38.482
N.D.
N.D.

Nebel et al. (2011)
Nebel et al. (2011)
Nebel et al. (2011), Vroon et al. (1993)
Nebel et al. (2011), Vroon et al. (1993)
Nebel et al. (2011)
Nebel et al. (2011)
Nebel et al. (2011), Vroon et al. (1993)
Nebel et al. (2011), Vroon et al. (1993)
Nebel et al. (2011)
Nebel et al. (2011), Vroon et al. (1993)
Nebel et al. (2011), Vroon et al. (1993)

Ishizaka and Carlson (1983), Shimoda et al. (1998)
Ishizaka and Carlson (1983), Shimoda et al. (1998)
Ishizaka and Carlson (1983)

Ishizaka and Carlson (1983)

Ishizaka and Carlson (1983), Shimoda et al. (1998)
Ishizaka and Carlson (1983), Shimoda et al. (1998)
Ishizaka and Carlson (1983), Shimoda et al. (1998)
Ishizaka and Carlson (1983), Shimoda et al. (1998)
Ishizaka and Carlson (1983)

Ishizaka and Carlson (1983)

Ishizaka and Carlson (1983)

Ishizaka and Carlson (1983), Tatsumi et al. (2002)
Ishizaka and Carlson (1983)

Ishizaka and Carlson (1983), Tatsumi et al. (2002)
Ishizaka and Carlson (1983), Shimoda et al. (1998), Hanyu et al.
(2002)

Ishizaka and Carlson (1983), Hanyu et al. (2002)
Ishizaka and Carlson (1983)



TK-101
Hgl30
0S-5
Hg44
72032312
0S-24
SD812
SH7201
JA-2
TGI-6
NJSB
NJIB
SD249
SD261

AN160
ANI179
AN182
ANSI
M32
M34
M69
RAMI101
RAM215
RAM22
RAM452
RAMA453
RAMS592
ASC-1
ASC43B

Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi
Setouchi

Setouchi

Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico

Central Mexico

0.704071
0.705181
0.704925
0.704903
0.704209
0.704234
N.D.
0.706030
0.706252
0.705095
N.D.
N.D.
N.D.
N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.512819
0.512498
0.512665
0.512681
0.512680
0.512684
N.D.
0.512518
0.512565
0.512577
N.D.
N.D.
N.D.
N.D.

0.512906
0.512863
0.512875
0.512913
0.512898
0.512945
0.512886
0.512869
0.512915
0.512932
0.512927
0.512940
0.512963
0.512746
0.512900

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
0.282876
N.D.
N.D.
N.D.
0.282950
0.282950

0.283046
0.283037
0.283088
0.283044
0.283047
0.283058
0.283026
0.283032
0.283066
0.283065
0.283062
0.283067
0.283050
0.282868
0.283030

18.294
N.D.
N.D.
N.D.
N.D.
N.D.
18.362
18.388
18.389
18.439
18.408
18.434
N.D.
N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

15.568
N.D.
N.D.
N.D.
N.D.
N.D.
15.594
15.606
15.610
15.596
15.584
15.605
N.D.
N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
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38.469
N.D.
N.D.
N.D.
N.D.
N.D.
38.552
38.654
38.674
38.622
38.587
38.654
N.D.
N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

Ishizaka and Carlson (1983), Shimoda et al. (1998)
Ishizaka and Carlson (1983)

Ishizaka and Carlson (1983)

Ishizaka and Carlson (1983)

Ishizaka and Carlson (1983)

Ishizaka and Carlson (1983)

Shimoda et al. (1998)

Shimoda et al. (1998)

Shimoda et al. (1998), Hanyu et al. (2002)
Shimoda et al. (1998)

Shimoda et al. (1998)

Shimoda et al. (1998)

Hanyu et al. (2002)

Hanyu et al. (2002)

Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)



ASC44B
ASC45B
ASC47
SX1
CP22
CP35
CP40A
C46
SCI30
SCI32
SCI33
SCI34
SCI35
SCi42
SCI43
Co4
ASC24C
SPO53
SPO55
SPO56
SPO57
SPO58B
LPO18
LPO2
SPO34
TP10C
TP13
LPO7
PW115
PW293

Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico

Central Mexico

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.512930
0.512922
0.512761
0.512810
0.512759
0.512912
0.512780
0.512657
0.512567
0.512700
0.512680
0.512663
0.512586
0.512635
0.512582
0.512767
0.512818
0.512880
0.512833
0.512828
0.512920
0.512800
0.512879
0.512817
0.512885
0.512940
0.512851
0.512787
0.512990
0.512914

0.283017
0.283007
0.282920
0.282931
0.282899
0.283003
0.282933
0.282860
0.282779
0.282890
0.282870
0.282857
0.282771
0.282835
0.282755
0.282878
0.282995
0.282991
0.283028
0.283040
0.283023
0.282954
0.283032
0.282964
0.283011
0.283058
0.283015
0.282901
0.283086
0.283093

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
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N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)
Cai et al. (2014)



PW141
PW296
ASC6B
ASCTC
ASWAS
ASWA9
ASCI1-S
CH-05-1
CH-05-11
CH-05-12
CH-05-14
CH-05-16
CH-05-17
CH-05-2
CH-05-6
CH-07-1
CH-07-12
CH-07-14
CH-07-15
CH-07-16
CH-07-18
CH-07-19
CH-07-2
CH-07-5
CH-07-6
CH-07-7
CH-07-8
CH-07-9
CH-08-10
CH-08-11

Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico

Central Mexico

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

0.704378
0.703566
0.703760
0.703811
0.703837
0.703805
0.704222
0.703630
0.704430
0.703596
0.704106
0.704182
0.704100
0.704057
0.704506
0.704544
0.703410
0.703661
0.704147
0.704140
0.704192
0.704170
0.703421
0.703371

0.512951
0.512967
0.512872
0.512907
0.512878
0.512876
0.512757
0.512945
0.512943
0.512818
0.512938
0.512824
0.512858
0.512967
0.512898
0.512942
0.512948
0.512916
0.512795
0.512799
0.512733
0.512964
0.512923
0.512949
0.512925
0.512925
0.512927
0.512922
0.512940
0.512942

0.283030
0.283066
0.283011
0.283015
0.283001
0.282996
N.D.
N.D.
N.D.
0.282914
N.D.
0.282918
0.283014
N.D.
0.283031
0.283019
0.283050
0.283029
N.D.
0.282923
N.D.
0.283006
0.283012
N.D.
0.283030
N.D.
N.D.
0.283020
N.D.
0.282985

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
18.642
18.778
N.D.
18.780
N.D.
N.D.
18.648
N.D.
18.635
18.651
N.D.
18.741
N.D.
18.716
18.689
N.D.
18.623
18.621
N.D.
18.635
N.D.
18.722

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
15.584
15.621
N.D.
15.619
N.D.
N.D.
15.589
N.D.
15.587
15.593
N.D.
15.610
N.D.
15.604
15.589
N.D.
15.581
15.583
N.D.
15.585
N.D.
15.595
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N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
38.369
38.586
N.D.
38.582
N.D.
N.D.
38.393
N.D.
38.379
38.409
N.D.
38.528
N.D.
38.504
38.410
N.D.
38.353
38.351
N.D.
38.374
N.D.
38.446

Cai et al. (2014)

Cai et al. (2014)

Cai et al. (2014)

Cai et al. (2014)

Cai et al. (2014)

Cai et al. (2014)

Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)



CH-08-15
CH-08-17
CH-08-19
CH-08-3
CH-08-4
CH-08-5
CH-08-6
CH-08-7
CH-08-8
CH-09-11
CH-09-16
CH-09-19
CH-09-2
CH-09-20
CHO5-11
CHO5-12
CHO5-16
CHO05-6
CHO07-12
CHO7-14
CHO7-16
CHO7-19
CHO07-2
CHO07-6
CHO07-7
CHO07-9
CHO8-11
CHO8-15
CHO8-17
CHO8-19

Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico

Central Mexico

0.704295
0.703455
0.703061
0.704416
0.703592
N.D.
0.703601
0.703601
0.703652
0.703053
0.704501
0.704582
0.703811
0.704291
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.512934
0.512910
0.512992
0.512823
0.512884
N.D.
0.512946
0.512946
0.512958
0.512994
0.512837
0.512774
0.512936
0.512864
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.282981
0.282979
0.283043
0.282958
0.282969
0.282876
0.283037
0.283002
0.283038
0.283056
0.282976
0.282951
0.283043
0.282999
N.D.

0.282910
0.282920
0.283030
0.283050
0.283030
0.282920
0.283006
0.283010
0.283030
N.D.

0.283020
0.282990
0.282981
0.282980
0.283040

18.682
18.784
18.722
18.682
N.D.

N.D.

18.649
N.D.

18.644
18.708
18.674
18.687
N.D.

18.648
18.642
18.778
18.780
18.648
18.635
18.651
18.741
18.716
18.689
18.623
18.621
18.635
18.722
18.682
18.784
18.722

15.598
15.608
15.591
15.607
N.D.

N.D.

15.584
N.D.

15.583
15.594
15.596
15.606
N.D.

15.590
15.584
15.621
15.619
15.589
15.587
15.593
15.610
15.604
15.589
15.581
15.583
15.585
15.595
15.598
15.608
15.591
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38.446
38.531
38.431
38.475
N.D.

N.D.

38.373
N.D.

38.365
38.433
38.433
38.498
N.D.

38.397
38.369
38.586
38.582
38.393
38.379
38.409
38.528
38.504
38.410
38.353
38.351
38.374
38.446
38.446
38.531
38.431

Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)



CHO8-3
CHO08-6
CHO8-8
CHO09-11
CHO09-16
CHO09-19
CHO09-20
MCH-06-1
MCH-06-11
MCH-06-12
MCH-06-3
MCH-06-5
MCH-06-8
MCH-06-9
MCHO06-11
MCHO06-12
MCHO06-3
MCHO06-5
MCHO06-9
POS-1
POS-10
POS-2
POS-3
POS-4
POS-5
POS-6
POS-7
POS-8
POS-9

S1

Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico

Central Mexico

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
0.704353
0.703607
0.703087
0.704203
0.704208
0.703629
0.703632
N.D.
N.D.
N.D.
N.D.
N.D.
0.704519
0.704368
0.704512
0.704533
0.704060
0.704697
0.704371
0.704430
0.704319
0.704308
0.704055

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
0.512749
0.512866
0.512987
0.512775
0.512757
0.512916
0.512928
N.D.
N.D.
N.D.
N.D.
N.D.
0.512816
0.512846
0.512820
0.512815
0.512909
0.512785
0.512785
0.512792
0.512877
0.512882
0.512801

0.282960
0.283040
0.283040
0.283060
0.282980
0.282950
0.283000
N.D.

0.282949
0.283059
N.D.

0.282876
N.D.

0.282994
0.282950
0.283060
N.D.

0.282880
0.282990
0.283013
0.282966
0.282999
0.282998
0.283043
0.282959
0.283001
0.282969
0.282981
0.282978
0.282931

18.682
18.649
18.644
18.708
18.674
18.687
18.648
N.D.

18.783
18.724
18.805
18.808
N.D.

18.694
18.783
18.724
18.805
18.808
18.694
18.673
18.676
18.676
18.679
18.636
18.659
18.656
18.674
18.669
18.662
18.741

15.607
15.584
15.583
15.594
15.596
15.606
15.590
N.D.

15.615
15.594
15.628
15.628
N.D.

15.594
15.615
15.594
15.628
15.628
15.594
15.600
15.596
15.600
15.600
15.586
15.593
15.593
15.600
15.594
15.591
15.611
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38.475
38373
38.365
38.433
38.433
38.498
38397
N.D.

38.556
38.443
38.628
38.633
N.D.

38.433
38.556
38.443
38.628
38.633
38.433
38.458
38.444
38.462
38.464
38377
38410
38.427
38.475
38.424
38.413
38.529

Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)



S10
S11
S12A
S2

S3

S4

S5

S7

S8

S9
SPO38
SPO56a
SPO60
T-11
T-16
T-17
T-21

BRCO1-3
BRCO02
BRCO03-4
BRC04
BRCO05-1
BRC06
BRCO07-2
BRC09-3
BRC10
SGO1-2
SG02-3
SG10

Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico
Central Mexico

Central Mexico

Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade

Cascade

N.D.

0.704490
0.703826
0.704475
0.704399
0.704392
0.704386
0.704489
0.704528
0.704493
N.D.

N.D.

0.704419
0.703700
0.703807
0.704199
0.704186

0.703204
N.D.

0.703211
0.703176
0.703111
0.703167
0.703090
0.702977
0.703044
0.703132
0.703135
0.703114

N.D.

0.512754
0.512938
0.512743
0.512745
0.512746
0.512751
0.512734
0.512743
0.512733
N.D.

N.D.

0.512836
0.512874
0.512850
0.512854
0.512856

N.D.
N.D.
0.512968
N.D.
N.D.
N.D.
0.513014
0.513026
0.513033
0.513023
0.513003
N.D.

0.282868
N.D.
N.D.
N.D.
N.D.
0.282872
N.D.
N.D.
0.282879
0.282868
0.282990
0.282980
0.282988
0.282981
0.282973
0.282973
0.282970

0.283067
N.D.

0.283052
0.283026
0.283040
0.283018
0.283027
0.283007
0.283025
0.283017
0.283021
0.283012

18.820
N.D.
N.D.
N.D.
N.D.
18.811
N.D.
N.D.
18.819
18.820
N.D.
N.D.
18.671
18.608
18.606
18.594
18.599

18.790
18.751
18.836
18.740
18.762
18.749
18.765
18.737
18.776
18.749
18.756
18.739

15.634
N.D.
N.D.
N.D.
N.D.
15.632
N.D.
N.D.
15.634
15.634
N.D.
N.D.
15.597
15.582
15.584
15.577
15.577

15.565
15.559
15.562
15.566
15.552
15.557
15.549
15.550
15.560
15.546
15.545
15.553
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38.660
N.D.
N.D.
N.D.
N.D.
38.648
N.D.
N.D.
38.662
38.660
N.D.
N.D.
38.442
38.329
38.339
38.309
38313

38.251
38.197
38.274
38.203
38.135
38.190
38.129
38.132
38.157
38.116
38.116
38.136

Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)
Straub et al. (2015)

Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)



SG12
SG16
MMO1-1
MMO02
MMO04
MMO8
LIB-21
02-MB-05
07-MB-112
02-MB-1
06-MB-82
07-MB-114
06-MB-97
BRCO05-1
BRCO06
BRCO07-2
BRC09-3
BRC10
THEC-1
SGO1-1
SGO1-2
SGO1-3
SG10
SG12
SGl16
MMO02
MMO04
MMO8
EVO0I1-1
EV01-2

Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade

Cascade

0.703057
0.703093
0.703756
0.703124
0.703136
0.703156
0.703956
0.703101
0.703232
0.703505
0.703148
0.703205
0.703165
0.703111
0.703167
0.703090
0.702977
0.703046
0.703034
N.D.

0.703132
0.703135
0.703114
0.703059
0.703093
0.703131
0.703136
0.703173
0.703357
0.703360

0.513015
N.D.

0.512932
0.512938
0.513032
N.D.

0.512836
0.513003
0.513036
0.512901
0.512988
0.513039
0.512995
0.513005
0.512996
0.513014
0.513027
0.513032
0.513007
0.513007
0.513023
0.513002
0.512992
0.513000
0.513000
0.513032
0.513031
0.513025
0.512988
0.512997

N.D.

0.283023
0.283063
0.283050
0.283056
0.283022
0.283084
0.283100
0.283114
N.D.

N.D.

N.D.

N.D.

0.283040
0.283018
0.283027
0.283007
0.283025
0.283043
N.D.

0.283017
0.283021
0.283012
N.D.

0.283023
0.283056
0.283056
0.283026
0.283053
0.283047

18.776
18.762
18.806
18.706
18.711
18.692
18.926
18.800
18.841
18.854
18.831
18.849
18.838
18.762
18.749
18.765
18.746
18.776
18.739
18.772
18.749
18.756
18.739
18.702
18.762
18.706
18.711
18.700
18.757
18.755

15.556
15.557
15.573
15.551
15.551
15.559
15.589
15.554
15.561
15.568
15.556
15.560
15.557
15.552
15.557
15.549
15.550
15.560
15.546
15.550
15.546
15.544
15.553
15.566
15.557
15.551
15.551
15.550
15.558
15.558
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38.179
38.166
38.274
38.108
38.112
38.082
38.478
38.257
38.315
38.367
38.273
38.282
38.267
38.135
38.190
38.129
38.132
38.157
38.117
38.160
38.116
38.116
38.136
38.156
38.166
38.108
38.112
38.066
38.185
38.184

Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2013)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)



MG11-8
MG28-4
MG36-4
MG198-1
MG71-1
MG435
206-2
126-41
HC-454
HC-456
HC-460
06-MB-97
02-MB-5
06-MB-82
07-MB-112
07-MB-114
08-MB-122
DG-02-1
DG-03-1
DG-04
WCO01-3
WCO01-5
IPO1-2
GP11-01
MA-120
MA-953
75SV-3
75SH-268
81C621
82C894 (40 cycles d)

Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade

Cascade

N.D.

0.703155
N.D.

0.703162
N.D.

0.703241
N.D.

N.D.

0.703805
0.703784
0.703801
0.703165
0.703101
0.703148
0.703232
0.703205
0.703240
0.703367
0.703344
N.D.

0.703176
0.703194
0.703542
N.D.

0.702859
0.703635
0.703668
0.703448
0.703491
0.703390

N.D.

0.513006
N.D.

0.512994
N.D.

0.512994
N.D.

N.D.

0.512883
0.512877
0.512893
0.512995
0.513003
0.512989
0.513035
0.513039
0.513030
0.512981
0.512982
0.512981
0.513077
0.513071
0.512982
0.512949
0.513018
0.512920
0.512890
0.512899
0.512924
0.512942

N.D.
0.283017
N.D.
0.283029
N.D.
0.283051
N.D.
N.D.
0.283047
0.283054
N.D.
N.D.
0.283100
N.D.
0.283114
N.D.
N.D.
0.283131
0.283109
N.D.
0.283143
0.283148
0.283140
N.D.
0.283088
0.283062
0.283049
0.283049
0.283073
0.283087

N.D.

18.709
N.D.

18.704
N.D.

18.692
N.D.

N.D.

18.779
18.807
18.780
18.838
18.800
18.837
18.841
18.849
N.D.

18.819
18.821
18.820
18.674
18.659
18.835
18.843
18.866
18.982
18.949
18.952
18.896
18.844

N.D.

15.550
N.D.

15.552
N.D.

15.553
N.D.

N.D.

15.570
15.568
15.575
15.557
15.554
15.556
15.561
15.560
N.D.

15.577
15.577
15.574
15.540
15.536
15.577
15.579
15.552
15.598
15.613
15.606
15.584
15.563
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N.D.

38.107
N.D.

38.119
N.D.

38.152
N.D.

N.D.

38.294
38.332
38.301
38.267
38.257
38.279
38.315
38.282
N.D.

38.407
38.405
38.401
38.188
38.161
38.428
38.450
38.397
38.669
38.614
38.596
38.516
38.426

Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen and Weis (2015)
Mullen et al. (2017)

Mullen et al. (2017)

Mullen et al. (2017)

Mullen et al. (2017)

Mullen et al. (2017)

Mullen et al. (2017)



88C1521
88C1523
88C1557
80C354
LC86-855
LC85-671
LC86-1009
82-72f
767M
851M
881M
1161M
NS-01-16
NS-02-101
NS-03-132
NS-02-29
NS-02-38
NS-02-66
NS-03-164
NS-03-165
KI1iN.D .klini
Nichols Valley
PJA-2009-1
CC07-3
MA-767
MA-696
MA-120
MA-953
MA-332
SM-27

Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade

Cascade

0.703615
0.703699
0.703469
0.703696
0.703962
0.703886
0.703092
0.703398
0.703394
0.703394
0.703353
0.703422
0.703512
0.703496
0.703490
0.703497
0.703520
0.703635
0.703483
0.703525
0.703335
0.703044
0.703669
0.703368
0.702818
0.702861
0.702859
0.703635
0.703264
0.703032

0.512886
0.512885
0.512938
0.512889
0.512839
0.512843
0.512888
0.512962
0.512964
0.512967
0.512958
0.512918
0.512923
0.512913
0.512923
0.512915
0.512897
0.512905
0.512902
0.512899
0.512934
0.512999
0.512947
0.512973
0.513006
0.513009
0.513018
0.512920
0.512965
0.512894

0.283041
0.283039
0.283042
0.283044
0.283031
0.283027
0.283045
0.283100
0.283108
0.283115
0.283101
0.283081
0.283061
0.283070
0.283065
0.283054
0.283068
0.283062
0.283064
0.283051
0.283009
0.283042
0.283104
0.283118
0.283053
0.283070
0.283088
0.283062
0.283094
0.282979

18.907
18.929
18.871
18.909
18.979
18.967
18.821
18.815
18.883
18.879
18.859
18.912
18.839
18.840
18.837
18.836
18.851
18.916
18.840
18.884
18.874
18.742
18.775
18.663
19.029
18.940
18.866
18.982
18.886
18.687

15.594
15.598
15.588
15.602
15.619
15.617
15.584
15.564
15.571
15.575
15.564
15.590
15.583
15.586
15.584
15.581
15.584
15.595
15.579
15.594
15.560
15.544
15.571
15.545
15.577
15.562
15.552
15.598
15.573
15.532
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38.541
38.569
38.488
38.556
38.646
38.634
38.395
38.450
38.490
38.491
38.475
38.561
38.461
38.467
38.463
38.457
38.476
38.554
38.457
38.518
38.304
38.112
38.291
38.154
38.565
38.457
38.397
38.669
38.512
38.290

Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)



75SH-270
75SV-3
75SH-317
75SH-268
81C621
82C894
84C1143
88C1540
88C1530
88C1521
88C1523
88C1557
80C354
LC88-1398
LC86-1046
LC82-970
LC88-1311
LM87-1384
LC88-1312
LC82-905
LC86-855
LC85-671
LC86-1009
82-72-f
767TM
1085M
851M
1376M
881M
1161M

Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade

Cascade

0.704090
0.703668
0.703603
0.703448
0.703490
0.703390
0.703507
0.703480
0.703548
0.703615
0.703699
0.703469
0.703695
0.704143
0.703772
0.703745
0.703807
0.704039
0.703136
0.703941
0.703961
0.703886
0.703092
0.703398
0.703394
0.703395
0.703394
0.703480
0.703352
0.703422

0.512829
0.512890
0.512889
0.512899
0.512924
0.512942
0.512897
0.512916
0.512925
0.512976
0.512885
0.512938
0.512889
0.512864
0.512879
0.512886
0.512885
0.512837
0.512947
0.512805
0.512839
0.512843
0.512888
0.512962
0.512964
0.512962
0.512967
0.512949
0.512958
0.512918

0.283017
0.283049
0.283078
0.283049
0.283073
0.283087
0.283079
0.283039
0.283057
0.283041
0.283039
0.283042
0.283044
0.283035
0.283064
0.283058
0.283073
0.283018
0.283056
0.283004
0.283031
0.283027
0.283045
0.283100
0.283108
0.283114
0.283115
0.283096
0.283101
0.283081

19.082
18.949
18.924
18.952
18.896
18.844
18.901
18.931
18.913
18.907
18.929
18.871
18.909
18.963
18.973
18.974
18.978
18.937
18.818
18.974
18.979
18.967
18.821
18.815
18.883
18.885
18.879
18.887
18.859
18.912

15.634
15.613
15.603
15.606
15.584
15.563
15.578
15.597
15.599
15.594
15.598
15.588
15.602
15.617
15.621
15.619
15.625
15.617
15.589
15.621
15.619
15.617
15.584
15.564
15.571
15.575
15.575
15.591
15.564
15.590
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38.798
38.614
38.563
38.596
38.516
38.426
38.517
38.573
38.562
38.541
38.569
38.488
38.556
38.631
38.655
38.653
38.667
38.621
38.427
38.651
38.646
38.634
38.396
38.450
38.490
38.500
38.491
38.539
38.475
38.561

Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)



NS-01-16
NS-02-101
NS-03-132
NS-02-29
NS-02-38
NS-02-46
NS-02-65
NS-02-75
NS-02-92
NS-02-135
NS-03-153
NS-03-164
NS-03-165
BPCB-1
BORG-1
BPB-1
BBL-05
BAS-44-01
BRVB-1

S7
S13
S 14
S15
S17
S33
S43
S 47
S 49
S52

Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade
Cascade

Cascade

New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia

New Georgia

0.703512
0.703496
0.703490
0.703497
0.703520
0.703486
0.703634
0.703524
0.703490
0.703502
0.703482
0.703483
0.703525
0.703388
0.703805
0.703869
0.703931
0.703521
0.703977

0.703788
0.703889
0.703830
0.703667
0.703878
0.704298
0.703559
0.703563
0.703632
0.703390

0.512923
0.512913
0.512923
0.512915
0.512897
0.512906
0.512905
0.512902
0.512918
0.512915
0.512903
0.512902
0.512899
0.512928
0.512866
0.512829
0.512861
0.512950
0.512835

0.512979
0.513049
0.513039
0.513025
0.513020
0.512966
0.513015
0.513010
0.513052
0.513003

0.283061
0.283070
0.283065
0.283054
0.283068
0.283080
0.283062
0.283058
0.283063
0.283068
0.283056
0.283064
0.283051
0.283052
0.283055
0.283059
0.283057
0.283094
0.283035

0.283118
0.283177
0.283177
0.283182
0.283130
0.283161
0.283158
0.283159
0.283155
0.283167

18.839
18.840
18.837
18.836
18.851
18.820
18.916
18.867
18.813
18.835
18.850
18.840
18.884
18.845
18.901
18.957
18.967
18.924
18.980

18.519
18.496
N.D.

18.474
18.542
18.552
18.588
N.D.

18.579
18.592

15.583
15.586
15.584
15.581
15.584
15.577
15.595
15.583
15.573
15.580
15.583
15.579
15.594
15.594
15.605
15.617
15.622
15.610
15.620

15.573
15.552
N.D.

15.546
15.532
15.575
15.521
N.D.

15.523
15.531
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38.461
38.467
38.463
38.457
38.476
38.434
38.554
38.499
38.418
39.448
38.473
38.457
38.518
38.471
38.546
38.620
38.658
38.571
38.653

38.435
38.415
N.D.

38.385
38.323
38.434
38.307
N.D.

38.324
38.301

Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Mullen et al. (2017)
Walowski et al. (2016)
Walowski et al. (2016)
Walowski et al. (2016)
Walowski et al. (2016)
Walowski et al. (2016)
Walowski et al. (2016)

Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004)

Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004)

Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004), Schuth et al. (2009)



858
S 66
867

S 70
S72
76
SE3
SE 16
SS1
VL 102
VL 103
VL 110
VL 111
RG 113
RG 117
RG 118
RG 119
SB 121
SB 123
SB 125
SB 126
SB 128
SB 129
RG 131
SB 132
SB 133b
S3
S4
S5
S9

New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia

New Georgia

0.703576
0.703500
0.703575
0.703541
0.703542
0.703755
0.703280
0.704031
0.703581
0.703454
0.703804
0.703513
0.703740
0.703500
0.704024
0.703635
0.703543
0.703500
0.703547
0.703532
0.703513
0.703548
0.703478
0.703649
0.703505
0.703583
0.703201
0.703831
0.703843
0.703858

0.513012
0.513013
0.513018
0.513018
0.513015
0.513006
0.513025
0.512937
0.513026
0.513025
0.513035
0.513033
0.513029
0.513056
0.512981
0.513026
0.513010
0.513049
0.513037
0.513006
0.512995
0.513028
0.512987
0.513010
0.513010
0.512991
0.513063
0.512985
0.512961
0.512992

0.283173
0.283172
0.283172
0.283184
0.283186
0.283136
0.283148
0.283139
0.283172
0.283154
0.283170
0.283154
0.283145
0.283161
0.283147
0.283168
0.283179
0.283112
0.283110
0.283137
0.283132
0.283125
0.283133
0.283172
0.283134
0.283122
0.283139
0.283171
0.283105
0.283126

18.595
N.D.

18.615
18.593
18.596
18.459
18.536
18.470
N.D.

18.438
18.438
18.478
N.D.

18.528
18.548
18.558
18.518
18.528
18.548
18.438
18.438
18.498
18.478
18.518
18.478
18.438
N.D.

18.566
N.D.

N.D.

15.533
N.D.

15.538
15.545
15.534
15.527
15.542
15.539
N.D.

15.551
15.511
15.521
N.D.

15.521
15.521
15.571
15.511
15.511
15.541
15.501
15.541
15.561
15.541
15.551
15.531
15.501
N.D.

15.557
N.D.

N.D.
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38.344
N.D.

38.363
38.390
38.343
38.329
38.306
38.313
N.D.

38.189
38.169
38.269
N.D.

38.279
38.309
38.450
38.249
38.179
38.279
38.159
38.249
38.369
38319
38.389
38.249
38.179
N.D.

38.435
N.D.

N.D.

Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004)
Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004), Schuth et al. (2009)
Schuth et al. (2004)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Konig et al. (2007)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)



S18
S20

S23

S27
S28
SE15
S31

S35
S36b
S37

S 44

S 46

S53

S 54
S74

S75

S78
SN2

S 84 Ghi
S87VL
S 88 A+ Fau
S 90 Fau
S 95 Sho
S 98 Fau
S 100 VL
S 107 VL
S 108 VL
S 134 Ren
S 137 Ren
S 142 NG

New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia

New Georgia

0.703361
0.703622
0.703438
0.703666
0.703687
0.704212
0.704199
0.703826
0.703566
0.703551
0.703620
0.703613
0.703673
0.703529
0.703669
0.704149
0.703604
0.703881
0.703738
0.703556
0.703756
0.703750
0.705201
0.703872
0.703576
0.704075
0.703747
0.704044
0.703930
0.703662

0.512971
0.512999
0.513029
0.513006
0.513011
0.512992
0.512995
0.512987
0.513010
0.512993
0.513008
0.512989
0.513040
0.513013
0.513012
0.513031
0.512997
0.513041
0.512976
0.512999
0.513070
0.512976
0.513133
0.513035
0.512991
0.513015
0.513060
0.512989
0.513009
0.513009

0.283140
0.283161
0.283135
0.283158
0.283152
0.283141
0.283146
0.283084
0.283166
0.283189
0.283173
0.283169
0.283123
0.283144
0.283191
0.283169
0.283180
0.283150
0.283103
0.283130
0.283137
0.283069
0.283157
0.283086
0.283151
0.283137
0.283160
0.283148
0.283144
0.283109

N.D.
18.628
18.507
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
18.469
N.D.
N.D.
18.588
18.523
N.D.
18.578
18.468
N.D.
N.D.
N.D.
18.477
N.D.

N.D.
15.537
15.528
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
15.536
N.D.
N.D.
15.551
15.491
N.D.
15.531
15.541
N.D.
N.D.
N.D.
15.537
N.D.
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N.D.
38.375
38.262
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
38.326
N.D.
N.D.
38.409
38.256
N.D.
38.379
38.259
N.D.
N.D.
N.D.
38.284
N.D.

Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)



S 143 NG

S 149 Kol
S 152 Kol
S 153 Mbo
S 158 Pav
S 160 Mba
S 162 Mak
S 163 Mak
S 164 Mak
SV 78

S 171 Sav
S 176 Sav
S 178 Sav
S 179 Gua
S 182 Gua
S 185 Gua
S 187 Van
S 193 Van
S 194 Van
S 200 Utu
S 204 Utu
S 206 Utu
S 207 Tin

S 210 Tin

S 215 Tin

S217SC

S220SC

IRAO-05

New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia
New Georgia

New Georgia

Chugoku,
Japan

SwW

0.703569
0.704213
0.703825
0.703792
0.703663
0.703748
0.703155
0.702868
0.702896
0.704078
0.704026
0.704137
0.704025
0.703664
0.703639
0.703987
0.703606
0.703545
0.703699
0.703605
0.703284
0.703479
0.702969
0.702961
0.703096
0.704514
0.703696

0.704537

0.513061
0.512953
0.512991
0.513023
0.513014
0.512970
0.513045
0.513096
0.513071
0.513014
0.512932
0.512935
0.513060
0.513006
0.513033
0.512971
0.513047
0.513046
0.513055
0.513058
0.513045
0.513006
0.513057
0.513089
0.513066
0.513000
0.512974

0.512726

0.283116
0.283131
0.283171
0.283159
0.283161
0.283156
0.283105
0.283139
0.283135
0.283144
0.283127
0.283115
0.283116
0.283133
0.283148
0.283127
0.283159
0.283192
0.283188
0.283141
0.283171
0.283123
0.283157
0.283160
0.283128
0.283129
0.283115

0.282970

18.510
N.D.
18.448
N.D.
N.D.
18.428
N.D.
18.625
N.D.
18.480
18.498
18.478
N.D.
N.D.
N.D.
18.423
18.668
N.D.
18.631
18.734
18.678
N.D.
18.619
N.D.
18.620
18.529
18.589

18.227

15.500
N.D.
15.511
N.D.
N.D.
15.521
N.D.
15.500
N.D.
15.551
15.541
15.541
N.D.
N.D.
N.D.
15.512
15.531
N.D.
15.541
15.575
15.541
N.D.
15.507
N.D.
15.509
15.499
15.527

15.555
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38.238
N.D.
38.179
N.D.
N.D.
38.259
N.D.
38.134
N.D.
38.377
38.379
38.339
N.D.
N.D.
N.D.
38.244
38.339
N.D.
38.366
38.491
38.349
N.D.
38.177
N.D.
38.182
38.160
38.298

38.464

Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)
Schuth et al. (2009)

Kimura et al. (2014)



sugi-01
UYAMA-01
KAN-02
KATA-02
KATA-04
KA-02
KA-03
KASA-01
NAB-01
NG-09
DAI-03
HG-1
HG-25
HIRA-01
HORI-01
IRAO-05
K-01
KA-02
KA-03
KAN-02
KASA-01

KATA-01

Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan

SwW

SW

SW

SwW

SW

SW

SwW

SW

SW

SwW

SW

SW

SW

SW

SW

SwW

SwW

SW

SwW

SwW

SW

SwW

0.705182

0.703590

0.703991

0.703532

0.703619

0.704348

0.704388

0.704211

0.704158

0.704165

0.703737

0.703527

0.704020

0.704494

0.706025

0.704537

0.707142

0.704348

0.704388

0.703991

0.704211

0.703557

0.512612

0.512790

0.512862

0.512904

0.512926

0.512771

0.512771

0.512781

0.512769

0.512761

0.512913

0.512896

0.512805

0.512722

0.512624

0.512726

0.512747

0.512771

0.512771

0.512862

0.512781

0.512888

0.283013

0.282973

0.282975

0.283133

0.283159

0.282937

0.282973

0.282974

0.283090

0.283017

0.283017

N.D.

N.D.

0.282923

N.D.

0.282970

N.D.

0.282937

0.282973

0.282975

0.282974

0.283128

18.381

18.239

18.168

18.032

18.034

18.219

18.317

18.345

18.330

18.332

18.268

N.D.

N.D.

18.322

18.542

18.227

18.797

18.219

18.317

18.168

18.345

18.038

15.604
15.550
15.521
15.509
15.510
15.587
15.578
15.573
15.574
15.559
15.556
N.D.

N.D.

15.565
15.605
15.555
15.600
15.587
15.578
15.521
15.573

15.512
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38.637

38.383

38.146

38.042

38.047

38.387

38.494

38.494

38.498

38.411

38.357

N.D.

N.D.

38.462

38.672

38.464

38.717

38.387

38.494

38.146

38.494

38.055

Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)

Kimura et al. (2014)



Chugoku, SW

KATA-02 Japan 0.703532  0.512904 0.283133 18.032 15.509 38.042 Kimura et al. (2014)

Chugoku, SwW
KATA-04 Japan 0.703619  0.512926 0.283159 18.034 15510 38.047 Kimura et al. (2014)
NAB-01 Chugoku, SW

Japan 0.704158  0.512769 0.283090 18.330 15.574 38.498 Kimura et al. (2014)
NG-09 Chugoku, SW

Japan 0.704165  0.512761 0.283017 18.332 15.559 38.411 Kimura et al. (2014)
NKO-01 Chugoku, SwW

Japan 0.705167  0.512819 N.D. 18.280 15.557 38.274 Kimura et al. (2014)
0G-03 Chugoku, SW

Japan 0.703920  0.512837 0.283047 18.230 15.545 38.310 Kimura et al. (2014)
Sugi-01 Chugoku, SW

Japan 0.705182  0.512612 0.283013 18.381 15.604 38.637 Kimura et al. (2014)
TATA-03 Chugoku, SwW .

Japan 0.704565  0.512708 0.282925 18.242 15.562 38.485 Kimura et al. (2014)
TATA-05 Chugoku, SW '

Japan 0.703822  0.512849 0.283043 18.203 15.539 38.259 Kimura et al. (2014)

Chugoku, SW
UYAMA-01 Japan 0.703590  0.512790 0.282973 18.239 15.550 38.383 Kimura et al. (2014)
AO-1 Chugoku, SwW

Japan 0.703475  0.512838 N.D. N.D. N.D. N.D. Kimura et al. (2014)
AO2 Chugoku, SW

Japan 0.703444  0.512865 N.D. N.D. N.D. N.D. Kimura et al. (2014)
AO3 Chugoku, SW

Japan 0.703433  0.512841 0.283104 18.152 15.534 38.223 Kimura et al. (2014), Kimura et al. (2015)
AO-4 Chugoku, SW .

Japan 0.703462  0.512874 N.D. N.D. N.D. N.D. Kimura et al. (2014)
AN-1 Chugoku, SW

Japan 0.703590  0.512890 N.D. N.D. N.D. N.D. Kimura et al. (2014)
SI-1 Chugoku, SW

Japan 0.703461  0.512884 0.283096 N.D. N.D. N.D. Kimura et al. (2014)
SL2 Chugoku, SW .

Japan 0.703514  0.512904 N.D. N.D. N.D. N.D. Kimura et al. (2014)
SI3 Chugoku, SW '

Japan 0.703475  0.512885 N.D. N.D. N.D. N.D. Kimura et al. (2014)
SE-1 Chugoku, SW

Japan 0.703469  0.512867 0.283057 18.084 15.519 38.131 Kimura et al. (2014), Kimura et al. (2015)
SE-2 Chugoku, SW

Japan 0.703510  0.512877 N.D. N.D. N.D. N.D. Kimura et al. (2014)
MI-1 Chugoku, SW

Japan 0.703509  0.512930 0.283104 18.104 15.510 38.094 Kimura et al. (2014), Kimura et al. (2015)
MI-2 Chugoku, SW

Japan 0.703423  0.512951 N.D. N.D. N.D. N.D. Kimura et al. (2014)
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Chugoku, SW

TA-1 Japan 0.703486  0.512873 N.D. N.D. N.D. N.D. Kimura et al. (2014)
TA-2 Chugoku, SwW . .

Japan 0.703443  0.512863 0.283109 18.116 15.530 38.211 Kimura et al. (2014), Kimura et al. (2015)
DS-3 Chugoku, SW '

Japan 0.704853  0.512760 N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS-4 Chugoku, SW ‘

Japan 0.704740  0.512698 N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS-5 Chugoku, SwW .

Japan 0.704979  0.512759 N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS-2 Chugoku, SW '

Japan 0.704065  0.512806 N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS99-1 Chugoku, SW ‘

Japan 0.704089  0.512806 N.D. N.D. N.D. N.D. Kimura et al. (2014)

Chugoku, SwW
K5090802 Japan 0.704130  0.512821 0.283038 N.D. N.D. N.D. Kimura et al. (2014)

Chugoku, SW
K5090804 Japan 0.704196  0.512803 0.283101 N.D. N.D. N.D. Kimura et al. (2014)
DS-6 Chugoku, SW ‘

Japan 0.704765  0.512769 0.282869 N.D. N.D. N.D. Kimura et al. (2014)
DS-7 Chugoku, SwW

Japan 0.704909  0.512724 N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS-8 Chugoku, SW '

Japan 0.705016  0.512722 N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS-9 Chugoku, SW

Japan 0.705101 0.512731 N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS-10 Chugoku, SW .

Japan 0.704964  0.512717 N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS-11 Chugoku, SW '

Japan 0.704791  0.512739 N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS-12 Chugoku, SW

Japan 0.704952  0.512730 N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS-13 Chugoku, SW

Japan 0.704595  N.D. N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS-14 Chugoku, SW

Japan 0.704802  0.512790 N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS-15 Chugoku, SW

Japan 0.704776  0.512765 0.282948 18.297 15.574 38.493 Kimura et al. (2014), Kimura et al. (2015)
DS99-2 Chugoku, SW

Japan 0.704799  0.512758 N.D. 18.283 15.570 38.459 Kimura et al. (2014), Kimura et al. (2015)
DS99-3 Chugoku, SW

Japan 0.704932  0.512743 0.282962 18.292 15.573 38.468 Kimura et al. (2014), Kimura et al. (2015)
DS99-4 Chugoku, SW

Japan 0.704506  N.D. N.D. N.D. N.D. N.D. Kimura et al. (2014)
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Chugoku, SW

DS99-5 Japan 0704895 0512750  N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS99-6 Chugoku, SwW .

Japan 0.705012  0.000000 N.D. N.D. N.D. N.D. Kimura et al. (2014)
DS99-7 Chugoku, SW '

Japan 0.704868  0.512784 N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ-1 Chugoku, SW ‘

Japan 0.704738  0.512765 N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ2 Chugoku, SwW .

Japan 0.704708  0.512749 N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ-3 Chugoku, SW '

Japan 0.704995  0.512721 N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ99-1 Chugoku, SW ‘

Japan 0.704781  N.D. N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ99-2 Chugoku, SwW .

Japan 0.704856  0.512761 N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ99-3 Chugoku, SW '

Japan 0.704795  0.512776 N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ00-4 Chugoku, SW ‘

Japan 0.704750  0.512770 N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ00-5 Chugoku, SwW .

Japan 0.704697  0.512755 N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ00-9 Chugoku, SW '

Japan 0.704694  0.512795 N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ00-12 Chugoku, SW ‘

Japan 0.705065  0.512739 N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ00-14 Chugoku, SW .

Japan 0.704851 0.512747 N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ00-19 Chugoku, SW '

Japan 0.704860  0.512736 N.D. N.D. N.D. N.D. Kimura et al. (2014)
HZ00-20 Chugoku, SW ‘

Japan 0.704445  0.512784 0.282969 N.D. N.D. N.D. Kimura et al. (2014)
033002-1 Chugok, SW . )

Japan 0.704710  0.512749 N.D. 18.305 15.576 38.498 Kimura et al. (2014), Kimura et al. (2015)
12 Chugoku, SW

Japan 0.704753  N.D. N.D. N.D. N.D. N.D. Kimura et al. (2014)
22 Chugoku, SW

Japan 0.704773  0.512710 N.D. 18.298 15.575 38.495 Kimura et al. (2014), Kimura et al. (2015)
31 Chugoku, SW

Japan 0.704746  N.D. N.D. N.D. N.D. N.D. Kimura et al. (2014)
5. Chugoku, SW

Japan 0.704762  0.512738 0.283071 N.D. N.D. N.D. Kimura et al. (2014)
59 Chugoku, SW

Japan 0.704761  0.512735 N.D. N.D. N.D. N.D. Kimura et al. (2014)
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Chugoku, SW

6-2 Japan 0.704784  0.512733 N.D. 18.297 15.575 38.497 Kimura et al. (2014), Kimura et al. (2015)
71 Chugoku, SwW
Japan 0.704720  0.512729 N.D. 18.298 15.576 38.500 Kimura et al. (2014), Kimura et al. (2015)
8-1 Chugoku, SW
Japan 0.704769  0.512686 0.282834 18.298 15.574 38.492 Kimura et al. (2014), Kimura et al. (2015)
Chugoku, SW
I-FKNHD Japan 0704982  0.512653 0.282999 N.D. N.D. N.D. Kimura et al. (2014)
Chugoku, SwW
7-FKNTB2 Japan 0705249 0.512649 0282879  N.D. N.D. N.D. Kimura et al. (2014)
19-FMDR Chugoku, SW
Japan 0.707966  0.512394 0.282753 N.D. N.D. N.D. Kimura et al. (2014)
Chugoku, SW
9-FKNOT Japan 0.707942  0.512372 0.282860 N.D. N.D. N.D. Kimura et al. (2014)
17-FTKN Chugoku, SwW
Japan 0.706656  0.512495 0.282924 N.D. N.D. N.D. Kimura et al. (2014)
14-FGGB Chugoku, SW
Japan 0.707576  0.512392 0.282873 N.D. N.D. N.D. Kimura et al. (2014)
Chugoku, SW
2-FRNAK Japan 0.704924  0.512662 N.D. N.D. N.D. N.D. Kimura et al. (2014)
Chugoku, SwW
S-FKNSF Japan 0704959 0512664  N.D. N.D. N.D. N.D. Kimura et al. (2014)
Chugoku, SW
4-FRKNHT Japan 0.704978  0.512651 N.D. N.D. N.D. N.D. Kimura et al. (2014)
Chugoku, SW
3-FKNJG Japan 0.705048  0.512672 N.D. N.D. N.D. N.D. Kimura et al. (2014)
Chugoku, SW
6-FKNTCI3 Japan 0705217 0.512674 0.282985  N.D. N.D. N.D. Kimura et al. (2014)
Chugoku, SW
10-FKNKBI Japan 0.705281 0.512655 0.282913 N.D. N.D. N.D. Kimura et al. (2014)
Chugoku, SW
H-FKNNK Japan 0706456 0.512525 N.D. N.D. N.D. N.D. Kimura et al. (2014)
16-FTTK Chugoku, SW
Japan 0.706460  0.512578 0.282875 N.D. N.D. N.D. Kimura et al. (2014)
15-FMSK Chugoku, SW
Japan 0.706657  0.512523 0.282955 N.D. N.D. N.D. Kimura et al. (2014)
Chugoku, SW
13-FKMS Japan 0706690  0.512505 N.D. N.D. N.D. N.D. Kimura et al. (2014)
18-FTOG Chugoku, SW
Japan 0.706712  0.512507 0.282802 N.D. N.D. N.D. Kimura et al. (2014)
Chugoku, SW
8-FKNBR Japan 0.706954  0.512476 0.282794 N.D. N.D. N.D. Kimura et al. (2014)
Chugoku, SW
12-FKNMG Japan 0.707261 0.512460 0.282779 N.D. N.D. N.D. Kimura et al. (2014)
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K5090301

K5091904

IWT-5

IWT-6

TRD-1

KSB-5

KSB-7-1

KSB-8

KSB-10

KSB-12

KSB-15

KHM-1

KHM-3

NEU-1

NEU-2

OKD-3

NTD-2

NRO-3

UND-1

UND-6

SMN-1

1ID-2

Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan

SwW

SW

SW

SwW

SW

SW

SwW

SW

SW

SwW

SW

SW

SW

SW

SW

SwW

SwW

SW

SwW

SwW

SW

SwW

0.706000

0.706296

0.703770

0.704074

0.703849

0.705190

0.705023

0.705084

0.704962

0.704908

0.705153

0.705079

0.705065

0.704352

0.704546

0.704322

0.704264

0.704853

0.704462

0.703877

0.705454

0.705068

0.512585

0.512554

0.512826

0.512748

0.512784

0.512711

0.512693

0.512692

0.512698

0.512724

0.512674

0.512698

0.512718

0.512844

0.512803

0.512635

0.512674

0.512744

0.512665

0.512715

0.512662

0.512712

0.282783

0.282868

0.282960

N.D.

0.282884

N.D.

0.282918

N.D.

N.D.

0.282916

0.282939

N.D.

N.D.

0.283007

0.283009

0.282976

0.282977

0.282964

N.D.

0.283006

N.D.

N.D.

18.326

18.364

18.181

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

18.241

N.D.

N.D.

18.242

18.278

N.D.

18.298

N.D.

N.D.

15.586
15.596
15.545
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
15.563
N.D.
N.D.
15.562
15.561
N.D.
15.580
N.D.

N.D.
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38.560

38.620

38.335

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

38.420

N.D.

N.D.

38.435

38.450

N.D.

38.511

N.D.

N.D.

Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)

Kimura et al. (2014)



1ID-5

KND-1

TDN-4

KBH-2

KBH-4

KRB-1

KRB-2

ONG-1

MSK-2

MSK-3

KSG-1

SMA-2

SMA-6

URD-3

KMA-3

KMA-4

BID-2

BID-4

NMR-2

NMR-35

NMR-24

NMR-27'

Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan
Chugoku,
Japan

SwW

SW

SW

SwW

SW

SW

SwW

SW

SW

SwW

SW

SW

SW

SW

SW

SwW

SwW

SW

SwW

SwW

SW

SwW

0.705474

0.703419

0.703333

0.704392

0.704506

0.704124

0.704117

0.704630

0.704877

0.704882

0.705128

0.704510

0.704223

0.704149

0.705659

0.705303

0.704895

0.705657

0.705011

0.705468

0.705464

0.705514

0.512672

0.512870

0.512878

0.512669

0.512663

0.512715

0.512693

0.512634

0.512705

0.512737

0.512701

0.512674

0.512671

0.512686

0.512636

0.512691

0.512723

0.512643

0.512707

0.512691

0.512682

0.512665

N.D.

0.283002

0.282975

N.D.

N.D.

0.282947

N.D.

0.282903

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

0.282915

N.D.

N.D.

N.D.

N.D.

0.282918

N.D.

N.D.

N.D.

N.D.

18.077

N.D.

N.D.

18.238

N.D.

18.158

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

18.330

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

15.519

N.D.

N.D.

15.559

N.D.

15.531

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

15.580

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.
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N.D.

N.D.

38.177

N.D.

N.D.

38.412

N.D.

38.280

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

38.525

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)
Kimura et al. (2014)

Kimura et al. (2014)



Chugoku, SW

YKT-4 Japan 0.705367  0.512686 0282899 18289 15.554 38.434 Kimura et al. (2014)

Note: Isotopic compositions are time corrected if age and parent-daughter element abundance are available (thus these are denoted in parentheses with subscript 1).
Isotopic compositions are renormalized relative to the reference standard materials with the following values: 8’Sr/**Sr = 0.710240 for NIST SRM 987 (¥’Sr/%¢Sr =
0.707990 for Eimer & Amend SrCO3), '*Nd/"**Nd = 0.511860 for La Jolla ("*Nd/***Nd = 0.511973 for Renne Nd, 0.512648 for BCR-1, 0.512117 for INdi-1),

6 H£/'THE = 0.282160 for IMC 475 (V7°Hf/V7Hf = 0.282192 for IMC 14745), 2°°Pb/?*Pb = 16.943, 2’Pb/>**Pb = 15.500, and 2®*Pb/?**Pb = 36.729 for NIST SRM 981
(?°Pb/2%Pb = 18.299, 207Pb/2%Pb = 15.541, and 2®Pb/?*Pb = 38.258 for GSJ JB-3); N.D. = data not available or data not included as erroneous analysis

Table 2-3. Parameters used for the two-component mixing model

Input elemental concentrations'

Sr Nd Hf Pb
AOC 203 12 2.79 1.18
SED 165 31 4.29 334
Input isotopic ratios?

(7Sr/*Sr), (“ONd/Nd), ("TSHE/ TTHI), (2%pb2%Ph),
AOC 0.70330 0.51310 0.28325 17.78
SED 0.71300 0.51238 0.28265 18.45
Input partition coefficients betweem solid and fluid during melting’
D Sr Nd Hf Pb
AOC 0.05 0.66 1.93 0.03
SED 0.51 1.53 1.60 1.29
Input mobilities of fluids during dehydration*
M Sr Nd Hf Pb
AOC 30 3.20 1.42 81

'Data are from Ishizuka et al. (2009) and Plank and Langmuir (1998) for AOC and SED, repsectively
’Data are from Pineda-Velasco et al. (2018) and Plank and Langmuir (1998) for AOC and SED, repsectively
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3Data are from Kessel et al. (2005) and Johnson and Plank (1999) for AOC and SED, repsectively

*Data are from Kessel et al. (2005)

Table 2-4: Hf, Sr, Nd and Pb isotopic composition of OIB lavas from eastern China, the Korean Peninsula. (Reference therein)

Region 87Sr/36Sr SNd/"Nd  SHE/'HE 2%Pb/2%Pb 20Pb/2%Pb 208Pb/2%Pb  Division Reference
Wudalianchi 0.705640 0.512360 0.282615 16.47 15.43 36.44 NE China Sun et al. (2014)
Wudalianchi 0.705540 0.512378 0.282615 16.47 15.40 36.38 NE China Sun et al. (2014)
Wudalianchi 0.705713 0.512315 0.282609 16.50 15.40 36.41 NE China Sun et al. (2014)
Wudalianchi 0.705418 0.512376 0.282633 16.51 15.40 36.41 NE China Sun et al. (2014)
Wudalianchi 0.705458 0.512355 0.282625 16.52 15.42 36.49 NE China Sun et al. (2014)
Wudalianchi 0.705516 0.512386 0.282621 16.47 15.41 36.40 NE China Sun et al. (2014)
Wudalianchi 0.705436 0.512388 0.282633 16.54 15.47 36.60 NE China Sun et al. (2014)
Wudalianchi 0.705459 0.512402 0.282634 16.55 15.45 36.58 NE China Sun et al. (2014)
Wudalianchi 0.705503 0.512383 0.282628 16.48 15.42 36.45 NE China Sun et al. (2014)
Wudalianchi 0.705465 0.512409 0.282633 16.50 15.41 36.44 NE China Sun et al. (2014)
Wudalianchi 0.705532 0.512396 0.282629 16.50 15.42 36.46 NE China Sun et al. (2014)
Wudalianchi 0.705520 0.512372 0.282629 16.49 15.44 36.50 NE China Sun et al. (2014)
Wudalianchi 0.705330 0.512423 0.282638 16.50 15.44 36.49 NE China Sun et al. (2014)
Wudalianchi 0.705625 0.512371 0.282610 16.49 15.46 36.55 NE China Sun et al. (2014)
Jining 0.704999 0.512581 0.282860 17.40 15.48 37.75 CE China Zhang et al. (2012)
Jining 0.705144 0.512583 0.282861 CE China Zhang et al. (2012)
Jining 0.705036 0.512575 0.282854 17.37 15.46 37.69 CE China Zhang et al. (2012)
Jining 0.705039 0.512630 0.282857 17.42 15.50 37.93 CE China Zhang et al. (2012)
Jining 0.705028 0.512560 0.282856 17.40 15.50 37.82 CE China Zhang et al. (2012)
Jining 0.704932 0.512646 0.282859 CE China Zhang et al. (2012)
Jining 0.704933 0.512656 0.282862 17.43 15.50 37.93 CE China Zhang et al. (2012)
Jining 0.704811 0.512723 0.282948 17.16 15.44 37.51 CE China Zhang et al. (2012)
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Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Jining
Abaga
Abaga
Abaga

0.703993
0.705206
0.705152
0.704680
0.705285
0.705187
0.705176
0.704768
0.704803
0.705084
0.705146
0.705347
0.705233
0.705159
0.704205
0.704406
0.704064
0.704104
0.704119
0.704644
0.704071
0.705357
0.704981
0.705107
0.704222
0.705358
0.704706
0.703804
0.704041
0.704062

0.512843
0.512688
0.512673
0.512728
0.512690
0.512700
0.512642
0.512681
0.512562
0.512549
0.512646
0.512578
0.512450
0.512578
0.512729
0.512796
0.512862
0.512843
0.513008
0.512775
0.512913
0.512475
0.512727
0.512806
0.512799
0.512501
0.512699
0.512967
0.512933
0.512932

0.282987
0.282897
0.282907
0.282939
0.282938
0.282938
0.282887
0.282921
0.282909
0.282872
0.282884
0.282864
0.282851
0.282847
0.282935
0.282881
0.282942
0.282932
0.282970
0.282935
0.282972
0.282767
0.282866
0.282949
0.282978
0.282795
0.282886
0.283079
0.283037
0.283026

17.66
17.08
17.06
17.27
17.46
17.50
17.43
17.53
17.41
17.20
17.10
17.05
16.95
16.94

15.48
15.45
15.45
15.47
15.48
15.49
15.48
15.54
15.42
15.42
15.42
15.42
15.41
15.40
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37.86
37.31
37.31
37.51
38.03
38.04
37.81
38.26
37.77
37.52
37.33
37.27
37.82
37.20

CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
CE China
NE China
NE China
NE China

Zhang et al. (2012)
Zhang et al. (2012)
Zhang et al. (2012)
Zhang et al. (2012)
Zhang et al. (2012)
Zhang et al. (2012)
Zhang et al. (2012)
Zhang et al. (2012)
Zhang et al. (2012)
Zhang et al. (2012)
Zhang et al. (2012)
Zhang et al. (2012)
Zhang et al. (2012)
Zhang et al. (2012)
Guo et al. (2014)
Guo et al. (2014)
Guo et al. (2014)
Guo et al. (2014)
Guo et al. (2016)
Guo et al. (2016)
Guo et al. (2016)
Guo et al. (2016)
Guo et al. (2016)
Guo et al. (2016)
Guo et al. (2016)
Guo et al. (2016)
Guo et al. (2016)
Guo et al. (2016)
Guo et al. (2016)
Guo et al. (2016)



Abaga

Abaga

Abaga

Abaga

Abaga

Abaga

Weichang
Weichang
Weichang
Weichang
Weichang
Weichang
Weichang
Weichang
Weichang
Weichang
Weichang
Weichang
Weichang
Weichang
Weichang
Weichang
Shandong
Shandong
Shandong
Shandong
Shandong
Ulleung-Liancourt
Ulleung-Liancourt
Ulleung-Liancourt

0.705284
0.705136
0.705265
0.704105
0.704313
0.704329
0.704343
0.704331
0.704805
0.704386
0.704447
0.704379
0.703956
0.703864
0.703829
0.703988
0.703905
0.703859
0.703905
0.704540
0.704211
0.704338
0.703296
0.703277
0.703300
0.703281
0.703152
0.704867
0.704724
0.704976

0.512980
0.512912
0.512901
0.512941
0.512896
0.512943
0.512772
0.512762
0.512821
0.512830
0.512769
0.512894
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Chapter 3. Slab melting beneath the Southwest Japan Arc
driven by dehydration of altered oceanic serpentinite:

Evidence from Boron isotopes

Abstract

The mechanism that drives slab melting beneath the Southwest Japan arc and other warm-
slab subduction zones have been debated because oceanic crust beneath the volcanic front is
predicted to be largely dehydrated so that hardly initiates its melting. Andesitic and dacitic
lavas with high St/Y and La/YD ratios (i.e., adakites) from subduction zones are interpreted to
be the products of slab melting under hydrous conditions, and hence may shade insight into the
source of fluids to facilitate slab melting. In this study, we first report the B isotope data of
high-Sr andesites and dacites (adakites) from a modern subduction zone, the Chugoku district
in the Southwest Japan Arc. The adakitic lavas have 8''B values of —7.2%o to +0.3%o, which
are higher than unaltered MORB range (—7.1 + 0.9%o), and show a clear along-arc variation;
the highest §''B values are found in the western part of the arc (-2.2 to +0.3%o) and decrease
toward the eastern ends (—7.2 to —3.3%o). Such a change in B isotope composition is similar to
the along-arc variations in Sr, Nd and Pb isotope compositions found in these lavas.
Accordingly, the 8''B values are correlated with '**Nd/'*Nd ratios, %’Sr/%¢Sr ratios,
206pb/204Ph, and 2°7Pb/**Pb ratios (correlation factor » = 0.71~0.77). Results from slab
dehydration modeling and mixing calculations suggest that the B isotopic compositions of the
SW Japan adakites are not consistent with melts derived from altered oceanic crust (AOC) and
sediments, or fluids from wedge serpentinites (formed in the mantle wedge). Instead, the heavy

B-isotope signature in these adakites can be best explained by melting of AOC and sediments
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with fluids from a slab mantle serpentinite. These correlations between §''B values and
radiogenic isotopes point toward the mixing of two compositions: (1) a high-5!'B hybrid
component (60-80%), which is composed of a serpentinite fluid from slab mantle serpentinite
(20%-40%) and a melt from dehydrated oceanic crust (60%—-80%); (2) a low-5''B melt from
the progressive dehydration of subducted sediments (20—40%). Our modelling shows that, in
the hotter subduction zone, fluids were released from the deeper plate interior and migrate into
the upper crust of the subducting slab, which was dehydrated at shallower depths, causing those
to melt.

1. Introduction

In subduction zone, oceanic lithosphere sinks into the mantle and the crustal layer of
subducting oceanic lithosphere (slab) progressively metamorphoses with increasing depth.
Fluids released from the slab lead to hydration and melting of the overlying mantle and
formation of volcanic arcs (Ishikawa and Nakamura, 1994; Nakamura et al., 1985; Sakuyama
and Nesbitt, 1986).

When a young (<25 Myr) and hot slab subducts, the oceanic crust can partially melt and
produce magmas of intermediate to felsic compositions. Defant and Drummond (1990) noted
peculiar geochemical characteristics of these magmas such as high-Sr abundance and referred
to such magma as adakite, in reference to its first documented occurrence on the island of Adak
in the Aleutians (Kay, 1978). There is geochemical evidence for melting of the oceanic crust
beneath some warm-slab endmembers such Mexico (Cai et al., 2014), the Cascades (Walowski
et al., 2016), and SW Japan (Kimura et al., 2014; Pineda-Velasco et al., 2018; Nguyen et al.,
2020). However, slab melting has proved to be a challenge to our current understanding of arc
magmatism. Because the hotter nature of the young, subducted plate causes most dehydration

of the oceanic crust to occur beneath the forearc rather than the arc (Rondenay et al., 2008;
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Aber et al., 2009; Walowski et al., 2015), little H2O may reach sub-arc depths to initiate the
melting of anhydrous MORB-like basalts (> 1100 °C under 1-3 GPa; Bouilhol et al., 2015),
unless there is an extra water supplier.

The hydrated upper mantle portion of the subducted plate is able to carry H20 to greater
depths in the form of antigorite and chlorite until the slab top reaches ~80—100 km depth,
which corresponds to volcanic fronts in the subduction zones (Spandler et al., 2008;van Keken
et al. 2011; Walowski et al., 2015). As a result, dehydration of the serpentinized peridotite in
the slab mantle portion have great potential to provide H20 for the partial melting of the oceanic
crust (Freymuth et al., 2016; Spandler and Pirard, 2013).

Boron (B) isotopes (8''B = [("'B /'°B)sampte/(!'B /!°B)srmos1—1]x1,000) are a powerful tool
for tracing subducted serpentinites (e.g., Cannao et al., 2016; De Hoog and Savov, 2018;
Harvey, Garrido, etal., 2014; Martin et al., 2016, 2020; Yamada et al., 2019). First, B is
enriched in serpentinites ([B] up to 100 ppm, where brackets indicate concentration) but is
extremely depleted in the pristine mantle ([B] <0.1 ppm) (Figure 3-1; Leeman, 1996;
Marschall, 2018). Second, large differences in §''B exist among the slab serpentinites (+5.5%o
to +40.5%0; Martin et al., 2020), mantle wedge serpentinites (—14%o to +10%o; Martin
et al., 2020), sediments (mostly negative; Ishikawa and Nakamura, 1993), AOC (mostly 0 to
+5%0; Marschall, 2018), and mantle (—7.1 + 0.9%o; Marschall et al., 2017) (Figure 3-1). Thus,
B isotopes have been employed to identify the presence of recycled serpentinites in arc magmas
(e.g., Bouvier et al., 2019; Cooper et al., 2020; Jones et al., 2014; Leeman et al., 2017; Tonarini
etal., 2007, 2011; Zhang et al., 2021).

Although serpentinites and the fluids released from their dehydration are implicated in slab
melting, little B isotope studies exist to explore that link due to the lack of B isotope data for

slab melts (‘true’ adakites; De Hoog and Savov, 2017). The southwest (SW) Japan arc is an
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example of a volcanic field in which high-Sr andesites and dacites (“adakites” and ADK) occur
(Feineman et al., 2013; Kimura et al., 2014; Morris, 1995). It is generally accepted that these
andesites and dacites in SW Japan are attributed to melting of the young, subducted plate
(Shikoku Basin Plate) in late Cenozoic time (Feineman et al., 2013; Kimura et al., 2014; Morris,
1995; Shibata et al., 2014). In this study, we analyzed the B isotopes and B concentrations of
the andesites and dacites from the Chugoku district of SW Japan to explore that link between

fluids released from serpentinites and slab melting.

Abyssal Serp. W
Wedge Serp.m*

Low-T AOC WAk %
Detrital Sed.  Yilldrk
Aver. N-MORB *

-15 10 -5 0 5 10 15 20 25 30
&"B (%o)

&l

Figure 3-1. Boron isotope (3''B) compositions of some arc volcanic rocks, back-arc volcanic rocks,
serpentinite (Serp.), altered oceanic crust (AOC), mid-ocean ridge basalts (MORB), and sediment.
The figure is cited from (Zhang et al., 2019). Data sources: Abyssal serpentinite (Boschi et al., 2008,
2013; Harvey et al., 2014; Martin et al., 2016, 2020; Vils et al., 2009), Mantle wedge serpentinite
(Martin et al., 2016, 2020), Low-temperature AOC (Ishikawa & Nakamura, 1992; Smith et al., 1995),
Detrital sediment (Chetelat et al., 2009), and Average (Aver.) N-MORB (Marschall, 2018).

2. Analytical methods

Boron isotopic compositions (!'B/!°B) were analyzed for 19 ADK samples at the Pheasant
Laboratory for Geochemistry and Cosmochemistry, Institute for Planetary Materials, Okayama
University at Misasa (Nakamura et al., 2003). Isotopic measurements were performed by a
thermal ionization mass spectrometry using a Thermo Fisher Scientific TRITON

Plus following the procedure described in Nakamura et al. (1992). The B-isotopic compositions
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of samples are presented as deviation in parts per thousand (%) from the standard (NIST
NBS951); 8B = (["'B/'BJsampte/['B/!°Bstandard — 1) X 1000 where ['B/'°BJstandara = 4.0545 +
0.0007, 20, n=8). The analytical reproducibility for natural samples in B isotopic analyses are

better than 0.2%o (20), respectively.
3. Results

New &''B data for the selected ADK samples from the Chugoku district are reported in
Table 3-1. The 3''B values of high-Mg andesites (HMA) from Setouchi reported in Ishikawa
and Nakamura (1994) are also present. Major and trace element compositions, and Sr-Nd-Hf-
Pb isotopes data of the studied samples are reported in the literature (Ishizaka and Carlson,
1983; Ishikawa and Nakamura, 1994; Moriguti and Nakamura,1998; Feineman et al., 2013;
Pineda-Velasco et al., 2018; Nguyen et al., 2020). Boron concentrations of ADK range from
3.5t0 9.6 ppm and the §''B values range from —7.2 %o to +0.3 %o (Figure 3-2A). The observed
8!'B are larger than that in unaltered MORB (~7.1%o + 0.9%o; Marschall et al., 2017). The 5''B
values of HMA show a smaller variation (—6.3 to —6.8%o, Ishikawa and Nakamura, 1994) and
overlap with those of unaltered MORB (Figure 3-2). It should also be noted that the ''B values
of HMA are also close to those of subducted sediments (—6 to —8%eo; Ishikawa and Nakamura,
1994).

Among ADK samples, those from Aonoyama volcanic field, located in the western section
of Chugoku district, have higher §''B values (-2.2 to +0.3%o) than other regions (7.2 to —
3.3%o) (Figure 3-3). The lowest values among ADK (—7.2%o) occur in Daisen ADK (KARA1)
from central region.

Overall, §''B values of AKD and HMA are not correlated with mobile/immobile
incompatible element ratios, such as B/Nb (Figure 3-2B). However, broad positive correlations

are found between §!'B values and '*Nd/'*/Nd ratios, while roughly negative correlations are
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found between §''B values and ¥7Sr/*Sr ratios, 2°°Pb/2%*Pb, and 2°’Pb/***Pb ratios (Figure 3-
4).

To evaluate the possibility of magma differentiation affecting B-isotope signatures, 5''B
values of the Chugoku ADK are plotted against SiO2 and MgO contents (Figure 3-5). There is
no observable correlation between §''B values and SiO2 or MgO, suggesting that magma
differentiation has a negligible effect on the !'B/!°B ratios. This inference is supported by the
variations in Sr, Nd, Hf and Pb isotopic compositions (Pineda-Velasco et al., 2018; Nguyen et
al., 2020). Post-emplacement weathering is also considered to alter ''B /'°B ratio in volcanic
rocks, mainly due to uptake of B into clay minerals formed by alteration of primary silicates
(Tanaka and Nakamura, 2005). The loss on ignition (LOI) is considered to represent the extents
of H20 addition during weathering. Most samples have LOI lower than 1.5 wt. % and the §''B
and LOI of our samples does not show a clear correlation (Figure 3-6), supporting that §''B of

our samples have not been largely modified by secondary alteration.
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Figure 3-2. 3!'B (%o) versus boron concentrations and B/Nb ratios obtained for ADK from the
Chugoku district and HMA from the Setouchi district in SW Japan

3'"B (%o) plotted against (A) boron concentrations (ppm) and (B) B/Nb ratios obtained for ADK from
the Chugoku district and HMA from the Setouchi district in SW Japan. Error bars on the values represent

propagated analytical uncertainties at the 2o level.
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Figure 3-5. Plots of 3''B values against (A) SiO, abundance and (B) MgO abundance of ADK

Uncertainty (20) of 8''B value (£ 0.2%o) is shown as an error bar in the corner of each plot.
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Figure 3-6. Plots of 3''B in ADK of the Chugoku district in SW Japan versus LOI (Loss on
ignition).
26 error of §''B for the Chugoku district samples is £0.2%o.

4. Discussion

Given that the subducted slabs experienced heating and dehydration, the mechanism and
rate of slab-derived fluid will depend on the thermal structure of the subduction zone and slab
depth. The upper slab (i.e., sediment and AOC) may be much higher temperature than the
mantle portion of the subducted plate, and such a strong thermal gradient may cause diverse
metamorphism and dehydration processes (e.g., Leeman et al., 1996, Syracuse et al., 2010).
The AOC and sediment portions of the slab are likely to be significantly dehydrated and may
even reach the melting condition in hot conditions, while slab mantle can preserve significant
water content. As a result, dehydration of the serpentinized peridotite in the slab mantle portion
have potential to provide H20 for the partial melting of the oceanic crust (Freymuth et al., 2016;

Spandler and Pirard, 2013). Below, we evaluate several reservoirs/processes that potentially
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could facilitate the formation of slab melt using B isotopic data of adakites from SW Japan.
4.1. Potential sources of boron in arc magmas

Boron sources which may contribute to arc magmas include the depleted mantle wedge,
altered oceanic crust (AOC), the subducted sediments and serpentinized peridotite from
oceanic lithosphere or mantle wedge, all of which have varied boron contents and boron isotope
compositions.

The formation of adakites have little contribution from mantle peridotite, but HMA have
more source contribution from mantle component. SW Japan mantle wedge has been
considered a depleted or PUM mantle (e.g., Kimura et al., 2014; Pineda-Velasco et al, 2018;
Nguyen et al., 2020). In any case, the mantle (both depleted and enriched) is characterized by
very low boron content. Therefore, melting of the mantle wedge contributes negligible boron
to primary arc magmas and has little impact upon their §'"'B compositions for HMA samples
(Pineda-Velasco et al., 2018)

Mafic portions of the oceanic crust have low B contents when formed, but due to
hydrothermal interaction with seawater (~4.5 ppm B with §''B=+39.5%o; Spivack and
Edmond, 1987), altered oceanic crust has considerably higher B concentrations (>1 to 69 ppm)
and 8''B values (~0%o to +5%o) (Smith et al., 1995, Spivack and Edmond, 1987, Yamaoka et
al., 2011, Yamaoka et al., 2012). Subducting sediments are also a potentially important
reservoir, although sediments have highly variable boron concentrations and isotope
ratios (Ishikawa and  Nakamura, 1993), reflecting variable proportions  of
continental detritus with negative §''B values (30—100ppm B and 8''B = —8%o to —13%o),
and pelagic sediments with positive 8''B values (1-150 ppm B and §''B = +2.1%o to +26.2%o).

A final potential source of B in subduction zones is serpentinized peridotite. Serpentinite

can form in the subducted oceanic lithosphere at intermediate and fast spreading centers as a
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result of seawater penetration through the slab bending faults outboard of subduction zones
(Altetal., 2012). An alternative serpentinite may form in the forearc by dehydration fluids and
dragged down by subduction-induced mantle flow [e.g., Hattori and Guillot, 2003]. During
serpentinization, boron and preferentially ''B is added to peridotite, resulting in
positive 3''B values (8!'B=+5.5%0 to +40.5%o; Martin et al., 2020) and high boron
concentrations (50—81 ppm) (Spivack and Edmond, 1987). As serpentinite can contain >13 wt%
H>0, its breakdown has the potential to release large quantities of water into the mantle wedge
(e.g., Riipke et al., 2004, Spandler and Pirard, 2013).

In order to define the geochemical features of the subduction-related components and their
relative contributions to magma genesis, we modeled the Sr, Nd, Pb and B isotopic composition
of fluids from the different reservoirs beneath the volcanic front and their subsequent mixing
processes.

4.2. Parameters for B isotopic fractionation during the dehydration modeling

Progressive metamorphic dehydration of the slab during subduction releases boron, and
preferentially ''B, into slab-derived fluids (King et al., 2007, Moran et al., 1992, Peacock and
Hervig, 1999). Therefore, fluids released from the slab become isotopically lighter in B and
contain less boron as the slab is subducted to greater depths. A significant fraction (> ~ 75%;
Leeman and Sisson, 1996) of the initial B inventory in subducting slabs is contained in the
uppermost few km, consisting of sediments and altered oceanic crust.

Marschall et al. (2006b) developed a stepwise mass balance-based dehydration model
which predicted water loss in combination with B depletions. Prograde metamorphism can be
modeled as small steps of batch dehydration. This approach was adopted in several B isotope
studies aimed at identifying fluid sources in subduction zones, such as in S. Sandwich and

Salvador Arc (Tonarini et al. 2007, 2011; Scambelluri and Tonarini 2012). The model was
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refined further by Jones et al. (2014), who incorporated the thermal regime of the subduction
zone in their dehydration scenarios in order to calculate more realistic water and B fluxes from
different segments of the subducting slab. In order to account for the reduction in both §''B
values and the boron contents in slab-derived fluids with progressive heating and dehydration
of the slab, dehydration of the subducting slab has been modelled in 10 km intervals. The
modeling applied the equations of Marschall et al. (2006) to simulate boron release linked to
water content and boron isotopic fractionation calculated using the temperature-dependent B
fractionation factor according to Hervig et al. (2002) and a partition coefficient of Boron (D5)
between hydrous fluids and restite slab. The slab surface temperature from thermal parameters
for the SW Japan (Chugoku) arc section (Syracuse et al., 2010; Kimura et al., 2014) are
combined with the dehydration depths estimated from Kimura et al. (2014) to calculate the
5''B values and B contents in each step (Figure 3-7; Syracuse et al., 2010).

Boron isotopic fractionation in previous studies was normally calculated using a bulk
partition coefficient of B between hydrous fluids and restite slab of 0.1 (Brenan et al., 1998).
However, Brenan et al. (1998) presented the partition coefficients for Boron between aqueous
fluid and different minerals (cpx, opx, grt, mica etc.) in the basaltic portion of the downgoing
slab. Since mica (or phengite) has relatively large partition coefficients (0.2 for mica, 0.7 for
phengite) compared to other minerals (<0.1), the bulk partition coefficients of eclogite would
be largely controlled by the proportion of mica or phengite (Marschall et al., 2006). A partition
coefficient of B of 0.1 would require the proportion of phengite more than 10%, which is
unlikely in the eclogite system and thus overestimated. On the other hand, previous study
suggested that >80% and 60-80% of the subducted B in the subducted sediment (You et al.
1995, 1996; Savov et al. 2007) and slab serpentinites (Scambelluri et al. 2004; Deschamps et

al. 2011; Kodolanyi and Pettke 2011; Vils et al. 2011; Debret et al. 2013) are recycled in the
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fore-arc, as B strongly partitions into such fluids. AOC at about 20—40 km depth is considered
to be much lower than the average AOC value of §!'B = +3.4%o, due to the loss of heavy B to
the forearc at shallow depth (Pabst et al. 2012). Using the partition coefticient of B of 0.1 will
require > 15 wt.% and >30 wt.% of water to be lost in the forearc to achieve the Boron loss of
60% and 80%, respectively, which are highly unlikely to occur in the forearc (Rupke et al.,
2004).

The selection of bulk partition coefficient of B would be highly uncertain and of challenge,
because of the variation of mineral assemblage. Nevertheless, Adakites are special samples,
because the composition is dominated by slab contribution, rather than mantle component.
Therefore, the mixing modeling of Boron isotope do not involve mantle peridotite, which has
extremely low Boron content (0.06 ppm). For adakites, the boron from only AOC melt and
sediment melt could constrain the minimal value of slab-derived Boron, when the additional
contribution from serpentinite is not considered. ADK from Chugoku district have Boron
content ranging from 5 ppm to 10 ppm. If we apply a simple calculation following the model
in Pineda-Velasco et al. (2018), the [B] of AOC and sediment protolith before melting should
be less than 2 ppm and 4 ppm, respectively. However, Shikoku basin basalts (AOC) and Nankai
sediments have average boron concentration of 32 ppm (Shu et al., 2017) and ~80 ppm (You
et al., 1995), respectively. Therefore, more than 90% of boron are required to be lost by the
dehydration processes beneath the Chugoku district, hence a bulk partition coefficient of B
should be lower than 0.01 to fit the scenario. Using a bulk partition coefficient of 0.01 would
be feasible, because using it can cause the loss of 80% boron in the forearc in the condition of

water loss of ~3% in the forearc (Rupke et al., 2004).
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Figure 3-7. (A) Slab temperature change (°C) and (B) dehydration water loss (wt. %) as a function
of slab depth (km) of the slab sediment, oceanic crust (AOC), mantle wedge peridotite and slab
lithosphere peridotite in the Chugoku subduction zone,

Data are from Kimura et al. (2014) and Syracuse et al. (2010). The gray shadows indicate the P-T
conditions of the slab beneath the the Chugoku district in SW Japan (90-110 km; Zhao et al., 2012).
4.3 Dehydration of the upper slab (AOC + sediments)

The Sr, Nd and Pb concentration and isotopic compositions of AOC and sediments are
from Pineda-Velasco et al. (2018) and are assumed to be constant during the metamorphic
dehydration. The composition of the endmembers and the model results are reported in Table
3-2 and 3-3 and plotted in Figures 3-8 and 3-9.

Boron content and §''B values of sediment components are from sediments subducting
into Nankai Trough (80 ppm and —3%eo; You et al., 1995). Much of the pore waters and weakly
bound water in clays are lost during compaction and diagenesis at shallow depths. We assume
that adsorbed, interstitial and pore waters (~3 wt. % water) was expulsed prior to ~20 km depth)
(Figure 3-8; Brown et al., 2001; Toki et al., 2014; Hiipers et al., 2016). The dehydration in the
forearc cause the loss of ~80% of the subducted B recycled to wedge mantle, which is
consistent with previous studies (You et al. 1995, 1996; Savov et al. 2007). After water contents

were reduced from 4.2% to 0.9% in the sediments from 20 km to 100 km depth (gray lines in
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Figure 3-7B; Rupke, 2004; Kimura et al., 2014), the sediment residue in the model evolves to
—32 %o at ~100 km depth directly underneath the volcanic front (Figure 3-8).

Boron content of altered oceanic crust (AOC) are from Shikoku basin basalts (32 ppm,;
Shu et al., 2017) and their 8''B values are represented by the average of global altered oceanic
crust (+5%o; Smith et al., 1995; Leeman et al., 2004). The B isotopic composition of AOC
through dehydration is difficult to be estimated because of the uncertainties involved with
shallow fluid release (Jones et al., 2014; Zhang et al., 2019). We estimated the boron isotopic
composition of AOC at 30 km depth was reduced to —6%o from +5%o after the shallow fluid
release (1 wt. %; Figure 3-8). This value is in good agreement with the blueschist clasts in the
Mariana forearc (average 8''B value: —6%o), which represent material from a slab-derived
mafic material that metamorphosed at about 20-40 km depth and thus were the closest
equivalent material (Pabst et al. 2012). After water contents were reduced from 5.2% to 0.05%
in the AOC from 20 km to 100 km depth (yellow lines in Figure 3-7B; Kimura et al., 2014),
the AOC residue in the model evolves to ~—19 %o at ~100 km depth due to the continuous
release of !'B into slab-derived fluids (Figure 3-8).

A basic outcome of the modeling is that the release of shallow fluid takes a large proportion
of the initial B, and strongly fractionates 5''B. Water released from the uppermost slab become
depleted at Benioff zone depths (>~80 km) beneath the arc proper (Van Keken et al. 2011),
therefore residual slabs and their melt are predicted to have very low §''B (i.e., —19%0~—32%o;
Figure 3-8, Table 3-2), which was demonstrated by many studies (Tonarini et al., 2007, 2011;
Jones et al., 2014; Zhang et al., 2019; Cooper et al., 2020). Thus, the simple mixing between
an AOC melt and a sediment melt at depths directly beneath the volcanic front, cannot

reasonably account for the §''B ratios in SW Japan ADK lavas.
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Figure 3-8. Dehydration model showing the variation of 3''B and B concentrations of the slab
sediment (SED), oceanic crust (AOC), mantle wedge peridotite (MWP) and slab lithosphere
peridotite (SLP) as well as their dehydration fluids with subduction depth from 30 km until 110
km with 10 km intervals.

The initial water contents of the slab sediment, oceanic crust, mantle wedge peridotite and slab
lithosphere peridotite were assumed to be 7.2 %, 6.3 %, 13.0 % and 13.0 %, respectively. The
dehydration of different proportion of slab was based on P-T parameters in Figure 3-7. Thus, the
compositions of the AOC (B = 32 ppm; 3'"B = 5.5%o0; Leeman et al., 2004, Smith et al., 1995) and the
sediments (B = 80 ppm; 8''B = -3%o; You et al., 1998), mantle wedge peridotite (B = 46.7 ppm; 5''B =
30%o; Scambelluri et al. 2004; Boschi et al., 2008; Jones et al., 2014) and slab lithosphere peridotite (B
=46.7 ppm; 8!"B = 30%o; Scambelluri et al. 2004; Boschi et al., 2008; Jones et al., 2014) were used as
the starting values. The model used a temperature-dependent B fractionation factor from Hervig et al.
(2002) and a rock/fluid B partition coefficient of 0.01.

4.4 Dehydration of the serpentinized peridotite

The serpentinites formed in the mantle wedge are a potential fluid source for arc magmas
(Martin et al., 2016, 2020). However, since the subducting Shikoku basin Plate is relatively

young and warm, the antigorite near the slab surface would totally breakdown at 600 °C to
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650 °C before reaching the depth (< 75 km depth) before the arc front (orange line in Figure
3-7; Syracuse et al., 2010). Although H20 can be carried to sub-arc depths beneath the Chugoku
region by chlorite in the wedge serpentinite (Van Keken et al., 2011; Walowski et al., 2015).
Because nearly all B is released from hydrated peridotite beneath the forearc during antigorite
breakdown, chlorite-derived fluids is thought to be poor in B (Marschall et al. 2006a) and
contribute little B to the subduction component (Spandler et al., 2014). Modelled §''B value
and B concentration in the fluids released from slab serpentinites were calculated in the same
way as the dehydration of the upper slab. Our calculation suggests that after the multi-stage
dehydration, the fluid released from wedge serpentinite in the model decrease from 30%o to
—4 %o at ~100 km depth (Figure 3-8), which can hardly explain the §''B values of ADK.
Furthermore, the initial §''B composition of wedge serpentinite may be overestimated
because recent studies have shown that the mantle wedge serpentinites have relatively light and
variable B isotopes (8''B = —14.5%o to +10%o), as the slab-derived metamorphic fluids have
decreasing 8''B values with increasing depth (Martin et al., 2016, 2020; Yamada et al., 2019).
On the other hand, a roughly linear correlation between B isotopes and other radiogenic
isotopes (Sr, Nd and Pb) can be observed in our samples (Figure 3-6). This correlation can be
explained by simple binary mixing between a low-5''B endmember (with low '*Nd/!*Nd, and
high ¥Sr/36Sr, 2°Pb/2%*Pb and 2°’Pb/>***Pb) and a high-8''B endmember (with high "*Nd/"#**Nd,
and low ¥Sr/%6Sr, 20°Pb/2%Pb and 2°’Pb/?**Pb). If serpentinite-derived fluids are from wedge
mantle, mixing of sediment melt and AOC melt should occur prior to the contribution of fluid
from wedge serpentinite. However, a mixing between a hybrid AOC+Sediment component
with lower 8''B and Boron and a serpentinite-derived fluid (such as wedge serpentine) with
higher 8''B and Boron is unlikely, because the large differences in their B/Sr (or B/Nd, B/Pb)

ratios would not produce a line, but instead a strongly convex hyperbolic curve. Therefore, the
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low-3!'B endmember represent sediment melt, and the high-8''"B endmember may be a
composite of components derived from AOC melt and the dehydration of ocean lithospheric
mantle.

In comparison, slab serpentinites can be insulated within the subducting slab and
dehydrate at greater depth (Riipke et al., 2004). The serpentine minerals within the slab are at
P-T conditions of the antigorite-chlorite transition beneath the Chugoku district (600 °C to 700 °C
at 90 km to 110 km; blue lines in Figure 3-7), and antigorite breakdown can release significant
amounts of ''B-rich fluid (Harvey et al., 2014; Scambelluri et al., 2004). On the other hand, the
fluids from slab serpentinites underlying the oceanic crust also have more potential to ascend
and facilitate the slab melting than mantle wedge serpentinites, which are above the slab.
Shallow hydrothermal metasomatism at mid-oceanic ridges can produce serpentinized
peridotites with 8''B as high as 30 to 40%o (Vils et al., 2009). Therefore, we assume Boron
content and §''B values of the slab serpentinites to be 46.7 ppm (Scambelluri et al. 2004) and
+30%o0 (Boschi et al., 2008; Jones et al., 2014), respectively (Table 3-2). The Sr, Nd and Pb
concentrations of the slab serpentinites are from Tonarini et al. (2007) and their isotopic
compositions are assumed to be the same as that of AOC (Pineda-Velasco et al., 2018) (Table
3-3).

Modelled §''B value and B concentration in the fluids released from slab serpentinites
were calculated in the same way as the dehydration of the upper slab. The Moho temperature
for the SW Japan arc (Chugoku section) are from Syracuse et al. (2010) and the dehydration
depths are estimated from Kimura et al. (2014) (blue lines in Figure 3-7). Initial water content
was assumed to be 13% in the abyssal serpentinites. Upon subduction, lizardite and chrysotile
break down at about 250-300 °C and will lose 1-2% water and a large amount of B of ~ 70%

(Figure 3-8; Scambelluri et al. 2004; Deschamps et al. 2011; Vils et al. 2011). Fluid was also
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release during the breakdown of brucite to olivine (at ca. 450 °C; Kimura et al., 2014). Despite
the sizeable shallow loss, considerable amounts of B carrying their original heavy isotope
signature are retained in antigorite serpentinite (Deschamps et al. 2011; Scambelluri and
Tonarini 2012) until extensive dehydration during antigorite breakdown occurs at ca. 650—
700 °C. The breakdown of antigorite in the slab serpentinites occurs at 100—120 km depth
underneath the volcanic arc front in the Chugoku district (Figure 3-7; Syracuse et al., 2010).
The serpentinites-derived fluids in the model evolves to ~7 %o at ~100 km depth (Figure 3-8).

We calculated the mixing of sediment melt and a composite component derived from AOC
melt and slab serpentinite-derived fluid in different proportions based on the composition of
modelled Sr-Nd-Pb and B isotopic compositions of slab serpentinite-derived fluid and slab melt
(Figure 3-9). The mixing of sediment melt (~—16 %o0) was mixed with a composite component
derived from AOC melt and slab serpentinite-derived fluid (~+3.5 %o) can well explain the B
isotopic composition of ADK samples from SW Japan (Figure 3-9). The composite component
of Boron is composed of 20-40% serpentinite-derived fluid and 60-80% AOC melt (Figure 3-
9). This scenario is feasible, because the water from the serpentinites enters upward to the
oceanic crust before the overlying sediments and serpentinite-derived fluid will mix with AOC

melt and later mix with sediment melt.
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Figure 3-9. Plot of 8"'B in volcanic rocks from the Chugoku district in SW Japan versus
(A) 'Sr/A%Sr)q, (B) (**Nd/'*Nd);, (C) (**Pb/***Pb), and (D) (**’Pb/***Pb)..

References include melts from Nankai sediment (gray star symbols), melts from Shikoku basin basalts
(yellow star symbols) and fluids from slab lithosphere serpentinite (blue star symbols). Sr-Nd-Pb
radiogenic isotopic data of the Chugoku district lavas are from Pineda-Velasco et al. (2018) and Nguyen
et al. (2020). [B] contents and §''B values of input dehydrated components of slab are from the
calculated results in the modeling (shown in Figure 3-8 and Table 3-2). Sr-Nd-Pb concentrations and
radiogenic isotopes of Nankai sediments and Shikoku basin basalts are from Pineda-Velasco et al. (2018)
(Table 3-3). The Sr, Nd and Pb concentrations of the slab serpentinites are from Tonarini et al. (2007)
and their isotopic compositions are assumed to be the same as that of AOC (Pineda-Velasco et al., 2018)
(Table 3-3). 2 error of 8''B for the Chugoku district samples is +0.2%o.

4.5 Implications for slab melting
Because melting of the upper oceanic crust takes place in the garnet stability field, a
hallmark of slab melting is the geochemical signature imposed by garnet, such as high Sr/Y

and La/Yb. Lavas from the Chugoku district, and other relatively hot-slab subduction zones
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such as Cascades and Mexico (Cai et al., 2014; Kimura et al., 2014; Walowski et al., 2016),
have values of these ratios that are higher than most other arc magmas, and are interpreted to
be slab melts. However, during subduction, the sediment, oceanic crust, and uppermost mantle
of the subducting plate undergo progressive metamorphism accompanied with dehydration
reactions (Poli and Schmidt, 2002). The depth of dehydration reactions varies with temperature
of the subducting slabs (Peacock, 2009). The crustal section of young and hot plate, such as the
Shikoku Basin Plate, releases most water at shallow depth (50-80 km) with transformation to
dry eclogite-facies rocks (Figure 3-7; Kimura, 2017; Kimura et al., 2014; Peacock and Wang,
1999).

Melting temperatures for subducting slabs are largely affected by the presence of water.
Experimental studies have demonstrated that solidus temperatures of dry basaltic rocks are
higher by 500-700 °C at depths for slab melting than that of wet basaltic rocks (Kessel et al.,
2005; Yasuda et al., 1994). The temperatures of subducted Shikoku Basin Plate, predicted by a
numerical model (Syracuse et al., 2010), surpass wet basalt solidus at 90—-110 km, indicating
the likelihood of slab melting if it is hydrated. The occurrence of hornblende in high-Sr
andesites and dacites is consistent with melt production under hydrous condition (2 wt % or
more water in melts; Green, 1972). Therefore, beneath the Chugoku district, the upper, upper
portions of the plate are likely to intersect with the MORB + H20 and sediment + H20O solidi
(Figure 3-7).

Fluids released from serpentinite in the mantle section of the subducting slab are most
potential reservoirs to provide water to upper slab (Kimura et al., 2014; Poli and Schmidt, 2002;
Portnyagin et al., 2007; Walowski et al., 2015). However, sediment melt normally dominates
the trace-element and radiogenic isotopic signature (Sr-Nd-Pb isotopes) on arc magma,

including ADK in the Chugoku district (Pineda-Velasco et al., 2018), and mutes the signals
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from the subducted lithosphere peridotite. Our modeling results by B isotopes suggest sediment
+ AOC signals are subordinate to contributions from the subducted lithosphere peridotite from
the perspective of Boron isotopic systematics. Our results provide strong evidence for melting
of sediments and basalt in the upper part of the subducted oceanic plate fluxed by the fluids
rising from deeper parts of the slab beneath Chugoku district. Our work in the Chugoku
segment of Southwest Japan predict that H2O-rich fluids are released from the slab interior
during serpentine breakdown at sub-arc depths, providing H20 that could cause partial melting
of the slab top in the hot subduction zone.

5. Conclusions

The mechanism of melt generation in warm-slab subduction zones, such as Southwest
Japan, has been debated due to the high slab surface temperatures lead to most dehydration of
upper slab beneath the forearc rather than the arc. We report the B isotopic compositions of
adakitic lavas (ADK) from the Chugoku section of Southwestern Japan in order to constrain
the influence of subduction components (AOC, sediments, and serpentinites) on the fluid
source of the slab melt beneath the Southwestern Japan. The ADK lavas have the §!'B values
from -6.6%o to 0.3%o. Dehydration models suggest that composite fluids/melts derived from
AOC, sediments, and wedge serpentinites fail to explain the 8''B values of the ADK lavas.
Rather, we infer that they may be produced from sources that were influenced by slab-
serpentinite-derived fluids, as has been proposed for the origin of heavy B isotopes in some
other arc lavas (e.g., Mariana, Tonga, and South Sandwich). Our results provide strong
evidence that hydrous slab melt in the Chugoku section of SW Japan arc is driven by fluid

addition from the slab mantle peridotite.
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Tables

Table 3-1. [B] and 6''B data of studied samples from the Chugoku district of Southwest Japan

Sample name Region Age Ma) 8B (%) B (ppm) Nb(ppm) B/Nb SiO2 MgO LOI
KARAI Daisen 72 15 64.67 1.74

KORI1 Daisen 42 9.26 6324 215 1.69
MISEN1 Daisen 6.3 13.28 65.09 175 0.16
MISEN4 Daisen 5.9 11 649 1.8

SAN3 Daisen 6.9 13.14 6448 189 0.19
0S4 Sambe 33 16.67 6529 1.62

SAM3 Sambe 3.8 11 6543 171

OET1 Oe-takayama -4.9 8.95 63.68 1.55

SHIK 1 Aonoyama 0.3 10.06 60.5 2.7 1.28
AON4 Aonoyama 22 9 64.48 2.01 0.74
AON2 Aonoyama -1.5 10 642 198 043
DAKE] Wakurayama 36 5.45 64.07 199 0.17
AON-04 Aonoyama 0.1 22 4.7 5.05 093 6531 213 045
OE-1 Oe-takayama 1.5 3.9 5.6 5.46 1.02 65.85 1.01 0.51
WAK-1 Wakurayama 0.9 37 9.5 432 221 6425 505 0.19
KUR-1 Kurayoshi 1.9 -4.3 5.9 3.96 148 6387 274 0.28
YOK-05 Yokota 1.3 34 3.5 4.49 0.78 51.19 947 0.48
3053002 Daisen 0.1 3.3 9.2 4.93 1.86 65.59 1214 0.32
SAM-19 Sambe 4.7 9.6 9.36 1.02 185 02
JA-2 Setouchi 13.4 77 22.7 8.31 273 564 6.8

TGl Setouchi 14.0 6.8 30.7 5.8 529 585 945

SD264 (MDYB-2)  Setouchi 12.8 63 64.5 5.4 11.94 5842 6.05

Table 3-2. [B] and ''B of different endmembers for the mixing model in Figure 3-9

Endmember B (ppm) "B
A0C [a]

Starting comp. 32 5.5
Fluid (at 100 km depth) 77.4 -14.7
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Residue (at 100 km depth)

Sediment [b]
Starting comp.

Fluid (at 100 km depth)

Residue (at 100 km depth)

Ultramafic slab + serpentine [c]

Starting comp.
Fluid (at 100 km depth)

Residue (at 100 km depth)

Recycled forearc serpentinites [d]

Starting comp.
Fluid (at 100 km depth)

Residue (at 100 km depth)

Mantle

0.8

80

263

2.6

46.7
46

0.5

46.7
9

0.1

0.06

-19.5

30

0.2

30
-3.6

-8.3

-5

Data source

a: [B] content is from Shu et al. (2017), and §''B value is from the average value of global AOC by Smith

et al. (1995);

b: [B] content and §''B value are from You et al. (1997);

c: [B] content is from Scambelluri et al. (2004), and &''B value is from Vils et al. (2009) (abyssal

serpentinites);

d: [B] content and §''B value are from Benton et al., 2001 (Mariana forearc serpentinites)

Table 3-3. Parameters of Sr-Nd-Pb contents and isotopic ratios for mixing models

87Sr/ Sr(ppm)  'Nd/ Nd (ppm) 2°°Pb/ 207pb/ Pb

86SI‘ 144Nd 204Pb 204Pb (ppm)
AOC? 0.703 203 0.5131 12 17.75 15.41 1.18
Sediment?® 0.715 165 0.5123 30.9 18.5 15.64 334
Serpentinite® 0.703 40 0.5131 0.004 17.75 15.41 0.08

?From Pineda-velasco et al. (2018).
®The Sr, Nd and Pb concentrations of the slab serpentinites are from Tonarini et al. (2007) and their

isotopic compositions are assumed to be the same as that of AOC (Pineda-Velasco et al., 2018).
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Chapter 4. A rapid method of simultaneous
chromatographic purification of Li and Mg for isotopic

analyses using MC-ICP-MS

Abstract

Lithium (Li) and Magnesium (Mg) isotopes have been widely used as valuable tracers to
study geological processes. In general, several column separation procedures have been used
to separate Li and Mg. In this study, we present an optimized protocol for the rapid and
simultaneous purification of Li and Mg, which significantly reduces the separation time,
required reagent volume, and procedural blanks compared to previous methods. Samples with
small amounts of Li (generally 5 ng Li yielding Mg masses of 1-1200 pg) were separated, with
the corresponding yields of Li and Mg being nearly 100%. Lithium and Mg isotope analyses
were performed using an MC-ICP-MS (Thermo Scientific NEPTUNE Plus) and only <0.2 ng
Li and <150 ng Mg were consumed for each analysis. Matrix-doping experiments reveal that
the matrix effect is negligible for the determination of Li and Mg isotopes from a wide array
of geological samples using our protocol. The robustness of the protocol has been validated by
replicated analyses of standard solutions and geological standards, which yield long-term
external 26 precision better than +0.6%o for 8’Li and £0.08%o for §**Mg. Lithium and Mg
isotopic ratios of all reference materials measured in this study agreed well with previous data
within uncertainties. The method developed in this study allows for the rapid and high-purity
separation of Li and Mg and subsequent high-precision isotopic analyses of these elements.
Keywords: Li isotope; Mg isotope; Single-step separation; Rapid separation; MC-ICP-MS;

Matrix effect
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1. Introduction

Lithium and Magnesium are moderate to highly soluble and mobile elements. Their
isotopic ratios (i.e., 'Li/’Li, »Mg/**Mg, and 2*Mg/**Mg) are significantly fractionated, in
particular under low-temperature geological conditions due to their large relative differences
in mass. Considering the differences in elemental partitioning and fluid mobility, combinations
of Li and Mg isotopic variability in oceanic island basalts, arc lavas, and seafloor serpentinites
provide valuable constraints for investigating crustal assimilation, fluid sources, and the nature
of water—rock interactions (e.g., Moriguti and Nakamura, 1998; Teng, 2017; Penniston-
Dorland and Liu, 2017).

Generally, a multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS)
has been used for the high-precision determination of Li and Mg isotopes. To eliminate
potential isobaric interferences and the matrix effect for Li and Mg masses, it is necessary to
analyze purified mono-elemental solutions for the isotopic measurements. Accordingly, a
multi-step sample preparation procedure is required, including separating Li and Mg from the
sample matrices through cation-exchange chromatography. In general, the purification of Li
from geological samples requires one to four separate column step(s) (e.g., Moriguti and
Nakamura, 1998; Tomascak et al., 1999; James and Palmer, 2000; Misra et al., 2009) and of
Mg two to three steps (e.g., Chang et al., 2003; Tipper et al., 2006; Wiechert and Halliday,
2007). Thus, separating both Li and Mg from the geological samples generally requires more
than three steps of ion-exchange chromatography to achieve sufficient purification. Recently,
a single column separation method was used to separate Li and Mg from geological samples
(Bohlin et al., 2018), but this method still used a relatively large volume of reagents (60 mL)
and a relatively long time for separation of both elements (~24 h).

In this study, we present a rapid method for the purification of Li and Mg based on a single-
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step separation method (Bohlin et al., 2018), and the volume of resin and reagents are reduced
to 1.5 mL and ~22 mL, respectively. As a result, the blanks of Li and Mg are reduced to <2 pg
and <0.8 ng, respectively, and the separation time is reduced to about 4.5 h (< 2 h to collect the
Li fraction). Li and Mg isotopic measurements were performed using a multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS). Li isotopic analyses were
performed using 103 Q amplifiers, which allows the measurement of sub-nanogram samples
of Li with a high precision of £0.6%o (26) and consumes less than 0.2 ng of sample per an
analysis. Mg isotopic analyses were performed using 10'! Q amplifiers and consumed less than
150 ng of sample per analysis with a high precision of £0.08%o (25). To verify the reliability
of the analytical protocol, the Li and Mg isotopic compositions of nine geological reference
standards (PCC-1, JP-1, DTS-1, BHVO-2, BCR-1, JB-2, AGV-1, G-2, and SGR-1) are also
presented.

2. Experimental Methods

2.1 Reagents and materials

Sample digestion, chemical separation, and mass spectrometric analyses were carried out
at the Pheasant Memorial Laboratory for Geochemistry and Cosmochemistry (PML), Institute
for Planetary Materials, Okayama University at Misasa (Nakamura et al., 2003). All
experiments were carried out on the clean bench of a class 100 all-fresh-type clean room, and
the temperature was maintained at 21 £ 1 °C.

Reagents and resins. High purity water (>18.2 MQ cm™!) was prepared using a Milli-Q
system (Merck Millipore, France). Guaranteed-grade 46% HF (FUJIFILM Wako Pure
Chemical Co.), electronics industry (EL)-grade 70% HNOs3 (Kanto Chemical Co., Inc.), and
EL-grade 36% HCI (Kanto Chemical Co. Inc.) that is diluted to 6 mol L' HCI were distilled
once using a PFA sub-boiling distillation apparatus. These once-distilled reagents are referred
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as 1D-grade. The HCI, HF, and HNOs3 used in the experiments were prepared by diluting 1D-
grade HCI, HF, and HNO3 with water, respectively. The molarities of HCI (0.70 and 1.50 mol
L) and HF (0.35 mol L") used for column separation were conditioned within a 1%
uncertainty by titration.

Li and Mg isotopic reference materials. The NIST SRM 8545 standard (LSVEC,
Li2CO3) dissolved in 0.5 mol L' HNO3 was used as a bracketing calibrator for Li isotopic
measurements. The DSM-3 standard (pure magnesium metal from Dead Sea Magnesium Ltd.,
Israel; (Galy et al., 2003)) dissolved in 0.5 mol L' HNO3 was used as a bracketing calibrator
for Mg isotopes. The Li and Mg isotopic compositions of the unknown samples are expressed
with the § notation (%o) relative to the standards as: 8’Li = ("Li/*Li)sample/("Li/°Li)rsvec — 1 and
523 0 26Mg = (*3 O 26M g/ M g)sample/ (3 " 2°Mg/**Mg)psm-3 — 1, respectively.

The Cambridge-1 standard (Romil Ltd., Waterbeach, Cambridge, UK; (Galy et al., 2003))
was measured as a secondary standard for Mg during the Mg isotope analysis. In addition, the
PML-Lil standard (an in-house Li standard prepared from 1000 pg mL' standard solution,
KANTO Chemical Co., Inc.), PML-Mg]1 (an in-house Mg standard prepared from 1000 pg mL"
! magnesium solution, FUJIFILM Wako Pure Chemical Co.), and PML-Mg2 (an in-house Mg
standard prepared from 10000 pg mL™!, Thermo Fisher Scientific Spectrum® 14430
magnesium solution) were also prepared as secondary standards.

Geological samples. The applicability and effectiveness of the developed separation
procedure were evaluated by analyzing nine reference materials. These included three
peridotites (JP-1 (GSJ), PCC-1 (USGS), DTS-1 (USGS)), three basalts (JB-2 (GSJ), BCR-1
(USGS), BHVO-2 (USGS)), an andesite (AGV-1 (USGS)), a shale (SGR-1 (USGS)) and a

granite (G-2 (USGY)).
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2.2 Sample and standard preparation

Approximately 20—100 mg powdered samples were weighed in a 7 mL Savillex® Teflon™
PFA screw jar and mixed with 0.6 mL of 30 mol L' HF and 0.3 mL of 7 mol L' HCIOsa.
Subsequently, the samples were digested into HF-HCIO4 solutions by the agitation using an
ultrasonic bath for three days. Afterward, the samples were dried following the method of
Yokoyama et al. (1999) to decompose fluorides. To ensure effective fluoride decomposition, a
further step involving the addition of 0.3 mL of 7 mol L"! HC1O4 was undertaken, followed by
sample drying. Subsequently, 0.3 mL of 6 mol L' HCI was added, and the sample was dried
up at 90 °C. Finally, the decomposed samples were redissolved into 0.7 mol L' HCI. Aliquots
of sample solutions containing ~5 ng of Li were used for chromatographic separations. The
masses of the matrix elements in the loading solution of each sample aliquot, adjusted to Li =
5 ng, are presented in Table 4-1.

A synthetic Li-Mg mixed solution (18.2 ug mL™"! for both Li and Mg dissolved in 0.7 mol
L' HCl) was used to examine the recoveries and elution curves of Li and Mg through
chromatographic separation. The Li-Mg mixed solution was prepared by mixing LSVEC and
in-house PML-Mg?2 standard solutions.

Table 4-1. Loaded masses on column for calibration seen in Figure 4-1.

Andesi Grani

Peridotite Basalt te te Shale
fleme“ unit JP-1  DTS-1 PCC-1 FZHVO fCR' JB-2 ‘IA‘GV' G-2 fGR'
Na ng 441 113 935 17374 9500 9407 16444 4466 755
Al ng 9998 2524 14948 75949 27653 47778 47228 12061 1174
P ng 14 15 17 1059 613 240 1038 84 43
K ng 26 28 31 2013 1165 457 1973 159 82
Ca ng 10959 2221 16837 85895 19205 43439 18211 2030 2036
Mn ng 2678 2348 4101 1389 548 999 370 35 11
Fe ng é7521 36339 272648 90725 36175 61637 24627 2751 721
Mg ng 7657 70259 122016 4sa00 8043 16407 4348 670 898

1 1 8
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Li ng 5 5 5 5 5 5 5 5 5

Li/Mg ng/n _66.4><10 _76.1><10 4.1x10° _14.1><10 ngI 3:9X1 _13.1><10 3:35><1 8:36><1
Li/Tota ng/m 5.1x10 5.7x10 33%10 1.6x10 4.9x1 2.8x1 4.4x10 2.2x1 8.7x1
lcation g -6 -6 : 5 0° 0° 5 0+ 0+

2.3 Column chromatography

Bohlin et al. (2018) developed a single cation-exchange chromatography procedure to
separate Li and Mg from geological samples using a cation-exchange resin (AGMP-50,
BioRad™, Hercules, CA, USA). The method used a column with an aspect ratio of c¢. 60:1 (25
cm height and 4 mm diameter) packed with 3 mL of cation-exchange resin. The use of such a
long column resulted in a relatively long time needed for separation of both Li and Mg (~24h)
and the method required 60 mL of reagents. In this study, the same cation-exchange resin
(AGMP-50) was used, but the column was prepared with 1/2 the aspect ratio (12.5 cm height,
4 mm diameter) and resin volume (1.5 mL) compared to that used by Bohlin et al. (2018), for
the separation of Li and Mg from matrix elements. Information concerning the elution protocol,
including the pretreatment and volume of each eluate, is presented in Table 4-2.

Before sample loading, the resin was cleaned with 7.5 mL of 6 mol L' HCl and 7.5 mL of
water, then conditioned with 4.5 mL of 0.7 mol L' HCI. After loading a sample solution
dissolved in 0.1 mL of 0.7 mol L' HCI, Al and Ti were extracted with 1.5 mL of 0.35 mol L"!
HF and 1 mL of 0.7 mol L' HCI (denoted as EO in Table 4-2). Lithium was then eluted in 0.7
mol L' HCI and collected as a 4.5 mL cut (E2 in Table 4-2). Pre- and post-E2 cuts (denoted as
El and E3 in Table 4-2, both with 1 mL) were collected to ensure that there was no
breakthrough of Li or matrix elements (Figure 4-1). Following the collection of Li, Na was
washed with 6 mL of 0.7 mol L' HCI (E4). The Mg cut was then collected in 5.5 mL of 1.5

mol L' HCI (E6), with a pre- and post-Mg cut of 0.5 mL (E5) and 1 mL (E7), respectively. The
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total volume of reagent used after sample loading was ~22 mL. All cuts collected were dried at
90 °C, then heated with concentrated HNO3 at 90 °C. The treatment with HNO3 transformed
the samples into nitrate salts and decomposed any organic matter derived from the resin. The
samples were heated at 90 °C till dryness, then dissolved in 0.5 mol L' HNOs. To re-use the
resin, the retained elements, divalent and trivalent cations such as Ca, Ba, and REE, were
washed out using 15 mL of 6 mol L' HCI, then preconditioned using 15 mL of water and
conditioned using 4.5 mL of 0.7 mol L™! HCI before loading the next sample solution.

The volume of resin and reagents used in this study were reduced to 0.5 and 0.4 times
those used in Bohlin et al. (2018), respectively. As a result, the duration of the ion-exchange
chromatography from the sample loading to the collection of the post-Mg cut was about 4.5 h,

which is about 20% of that used in Bohlin et al. (2018).

,0.35M HF

0.7M HCI 1.5M HCI

14000

4 12000

4 10000

8000

(ng)

6000

Mg,Na, K, Mn, Al, Ti

4 4000

1 2000

0

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Elution volume
{mL)

Figure 4-1. Elution curves for separation of Li and Mg from various sample matrices (reference

standard silicate rocks).
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The calibration was carried out by a collection of every 1 mL eluate fractions. Red lines indicate the Ti
fraction to distinguish it from the Al fraction. Fractions of Li and Mg are collected when eluent passes
through the column at 3.5-8 mL (in 4.5 mL eluate) and at 15.5-21 mL (in 5.5 mL eluate), respectively.
The grey-colored regions indicate the fractions which are collected for Li and Mg isotope analyses. Fe
and K are eluted about 2 mL after the Mg fraction (1.5 mol L™' HCI). For sample composition, see Table
4-1.

Table 4-2. Elution protocol for single-step separation of Li and Mg from sample matrices.

Elution cut Volume Reagent
, , 7.5 mL 6 mol L™ HCI
Resin cleaning o
7.5 mL Milli-Q
Conditioning 4.5 mL 0.7 mol L™ HCI
Load sample 0.1 mL 0.7 mol L' HCI
EO 1.5 mL 0.35 mol L' HF
Al and Ti washout
1 mL 0.7 mol L' HCI
El Pre-Li 1 mL 0.7 mol L' HCI
E2 Li fraction 4.5 mL 0.7 mol L' HCI
E3 Post-Li 1 mL 0.7 mol L' HCI
E4 Naremoval 6 mL 0.7 mol L' HCI
E5 Pre-Mg 0.5 mL 1.5 mol L™ HCI
E6 Mg fraction 5.5mL 1.5 mol L' HCI
E7 Post-Mg 1 mL 1.5 mol L™ HCI

2.4 Mass spectrometry

The mass fractions of Li, Mg, and matrix elements in the solutions during the ion
chromatographic calibrations were measured using a quadrupole ICP-MS (Thermo Scientific
iCAP-TQ), with wet plasma conditions. High-precision isotopic determination of both Li
("Li/’Li) and Mg (*Mg/**Mg and 2*Mg/**Mg) was performed by MC-ICP-MS (Thermo
Scientific NEPTUNE Plus). We adopted a standard-sample bracketing technique to correct the
instrumental drift and mass bias. Concentrations of Li and Mg in both the samples and the
standards were typically 0.3 and 200 ng mL™!, respectively, and the concentration of the sample

and standard solutions matched within 10%. An instrumental background measurement was
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performed by analyzing 0.5 mol L' HNO3 before analyzing each standard and sample solution.
Standard and sample measurements were bracketed by background measurements. Thus,
background correction was performed by subtracting an average of the background values
measured before and after each sample and standard. A secondary standard (PML-Lil and
Cambridge-1 for Li and Mg, respectively) was measured every six samples to determine the
external precision of isotope ratios. A gain calibration and electronic baseline measurement
were performed at the beginning of a given analytical session.

Li isotopic measurements: The sample introduction system consists of a self-aspirating
PFA nebulizer (50 pL/min, Elemental Scientific, USA) and an ARIDUS II (Cetac Technology,
USA) desolvation system. The measurement was performed using the combination of a Ni
“normal-type” sample cone and a “X-type” skimmer cone and in low-resolution mode.
Detection of Li ions was employed using Faraday cups (L5 and H4 cups for °Li and "Li,
respectively) equipped with 10'* Q amplifiers. The sensitivity of 'Li was 0.35 V per 0.3 ng mL"
!'Li. The advantage of using the 10'* Q amplifiers is the better baseline reproducibility (£1.0 pV,
1o, n = 300, normalized to 10! Q) relative to that of 10" Q amplifiers (4.5 uV, 1o, n = 300),
resulting in a 4.5-fold improvement in signal-to noise ratio (S/N) at a ’Li* beam intensity of
10-35mV (normalized to 10" Q). Such ultra-low electronic noise allows precise
determination of the "Li/°Li ratios with ®Li" and "Li" beam sizes of <35 mV and <0.51 V.
Additional details of the instrumental setup are presented in Table 4-3.

Mg isotopic measurements: The sample introduction system consists of a self-aspirating
PFA nebulizer (50 pL min™', Elemental Scientific, USA) and an APEX-IR desolvation system
(Elemental Scientific Inc., USA). The temperatures of the spray chamber and the Peltier
cooling coil of the desolvating system were set at 100°C and —3°C, respectively. The

measurement was performed using the combination of a Ni “normal-type” sample cone and a

177



“X-type” skimmer cone and in medium resolution mode. Detection of Mg ions was employed
using a Faraday cup (L3, C, and H3 cups for >*Mg", 2Mg", and Mg", respectively) equipped
with 10'" Q amplifiers. N2 gas was mixed with the sample aerosol within the desolvator.
Although the introduction of N2 gas increases '>C'*N* interference on 2Mg", the 2C!*N" can
be resolved by an offset of the H3 cup (**Mg") towards a higher mass in medium resolution
mode (Figure 4-2A and B). Beyond this drawback, the introduction of N2 gas improved the
signal intensity and stability (Figure 4-2C and D) and thus has the advantage of improving the
S/N by a factor of 30 to 40 compared to not using N2 gas. The sensitivity of 2*Mg was 20 V per
200 ng mL"! Mg solution. Additional details of the instrumental setup are presented in Table

4-3.
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Figure 4-2. Mass scan across m/z =25 amu on the center cup in (A) blank acid (0.5 mol L' HNO3)

with N; gas. (B) blank acid without N, gas; (C) 100 ppb DSM-3 solution with N, gas; and (D) 100

ppb DSM-3 solution without N, gas.
2CMN" interference (~7.5 mV) is located on the right-hand shoulder of the Mg peak and an offset of

the H3 cup towards a higher mass quantitatively avoids the CN interference on Mg in Figure 4-2B.

Table 4-3. Instrumental parameters for the analysis of Li and Mg isotopes on the NEPTUNE Plus.

Li

Mg

Preferred analyte

concentration

RF-power

Guard electrode

Inlet system

Nebulizer aspiration rate
Injector

Sample cone

0.3 ppb (0.35 V on "Li)

1200 W

On

Aridus

50 pL/min

1.8 mm (Platinum)
Normal (Nickel)
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200 ppb (20 V on **Mg)

1200 W

On

APEX-IR

50 puL/min

1.8 mm (Platinum)
Normal (Nickel)



Skimmer cone X (Nickel) X (Nickel)
L3 (*Mg), C (*Mg), H3

61 : S
Faraday cups L5 (°L1), H4 ('L1) (*Mg)

Amplifiers 107 Q 10" Q

Resolution Low Medium

Uptake time 200 s 100 s

Wash time 90 s 90 s

Blocks 1 1

Cycles 56 50

Integration time 42s 425

Total analysis time per sample 470.4 s 420's

Sample consumption <0.2 ng <150 ng

Matrix 0.5 mol L"' HNO; 0.5 mol L' HNO;
Bracketing standard LSVEC DSM-3

Secondary standard PML-Lil Cambridge-1

3. Results and discussion

3.1 Sample-standard concentration matching

Several studies have shown the importance of matching the concentrations between the
samples and bracketing standards for accurate isotopic analyses (e.g., Magna et al., 2004; An
et al., 2014; Teng et al., 2014; Bohlin et al., 2018). Instrumental backgrounds with very low
8’Li values (~—200%o) have been shown to affect measured ’Li/°Li when the concentrations of
the bracketing standard and sample have differed by more than 50% (Huang et al., 2010; Magna
et al., 2004; Bohlin et al., 2018). To examine the concentration-dependent mass fractionation,
"Li/%Li of the LSVEC was measured at varying concentrations against the bracketing LSVEC
standard (Figure 4-3A). The §’Li values were within the range of analytical uncertainty (0 +
0.6%o0) for all tested sample/standard concentration ratios from 20% to 160%.

The concentration-dependent Mg isotope fractionation between samples and standards has
also been evaluated in previous studies (e.g., Huang et al., 2009; Wang et al., 201). For example,
Huang et al. (2009) observed that the §°°Mg value of the sample does not depend on the
concentration when the concentrations of Mg in the samples and standards are matched to

within 50% for 'dry' plasma conditions. We evaluated the effects of concentration mismatch
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between the standards and samples on Mg isotope analysis by measuring DSM-3 with variable
concentrations (Figure 4-3B). The measured §**Mg values were within the range of analytical
uncertainty (0 £0.08%o0) when the sample/standard concentration ratios were between 80% and
180% (Figure 4-3B).

To avoid the analytical artifact caused by the difference in Li or Mg concentrations between
samples and bracketing standards, the concentrations of samples were measured against the
bracketing standard (LSVEC and DSM-3) before isotopic analysis. In this study, concentrations

of Li and Mg for samples and standards were matched within +10%.
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Figure 4-3. 8’Li values of LSVEC (A) and §**Mg values of DSM-3 (B) at varying sample/standard
concentration ratios.

The concentrations of Li and Mg of standards were fixed as 0.3 ppb and 200 ppb, respectively. The grey
field marks the 2SD external reproducibility in this study (+0.6%o0 for LSVEC and £0.08%o for DSM-
3).
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Figure 4-4. Effect of contaminant matrix elements on (A) 8’Li values of LSVEC and (B) $**Mg
values of DSM-3.

The concentrations of Li and Mg were fixed as 0.3 ppb and 200 ppb, respectively. The grey fields mark
the 2SD external reproducibility in this study (£0.6%o for 8’Li measurements and £0.08%o for 6*°Mg
measurements). In the mixture of Mg and multi-element solution, the ratio of each element (Zn, Cu, V

and Cr) over Mg was fixed as 0.01, 0.02, and 0.05.

3.2 Recovery yields and blanks of lithium and magnesium

The ion exchange method employed in this study achieved a recovery for Li of 100 + 3 %
and for Mg of 103 £ 4 % (n = 3) from the synthetic solution. The recovery yield of Li and Mg
from the geological samples was >99.4 % and >99.8 %, respectively (n = 9). The Li and Mg
abundances in the pre-cut (E1 and E5) and post-cut (E3 and E7) of the Li and Mg fractions
using geological samples were <0.2% of the loaded sample masses (n = 9), confirming the
quantitative recovery of the analytes. Total procedural blanks of Li and Mg were <2 pg and
<0.8 ng, respectively (n = 4), which are < 1%o of the loaded sample masses. Thus, the effect of
the total procedural blanks was negligible for the measured Li and Mg isotopic ratios.
3.3 Evaluation of the interfering elements removal procedure

Impurities that were not separated from Li, during column chromatography, could
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significantly change the plasma condition and further affect the isotopic ratio of samples
(Magna et al., 2004; Huang et al., 2010; Bohlin et al., 2018; Liu et al., 2018; Zhu et al., 2019).
Previous studies have reported that the use of a membrane-containing desolvation system (such
as Aridus) may result in large instrumental mass bias as a function of the Na/Li, Mg/Li, and
Al/Li ratio in the sample solution (Nishio and Nakai, 2002; Magna et al., 2004). The
concentrations of Na, Mg, Al, P, K, Ca, Ti, V, Cr, Mn, and Fe in the Li cuts from all nine
geological reference samples were measured. All the examined elements, except for Cr in five
samples, were below the detection limits (e.g., Na < 0.5 ng, Al < 1.3 ng, and Ti <0.3 ng). The
Cr/Li mass ratio yielded 3.2 for JP-1, 4.3 for DTS-1, 9.7 for BHVO-2, 0.6 for BCR-1, and 1.1
for JB-2.

To evaluate the possible matrix effects, the Li isotopic composition of the LSVEC standard
was measured by doping variable amounts of Cr (mass ratios of Cr/Li = 3, 6, and 12). Doping
experiments were also performed for Al and Na, which are eluted before and after the Li cut,
respectively, using the same Al/Li or Na/Li mass ratios as Cr/Li mass ratios (Figure 4-4A).
The §’Li values of the Na, Al, or Cr-doped Li solution are within the external precision of our
method in the examined solutions (Figure 4-4A). Therefore, the presence of Cr in the Li
fraction does not modify the measured isotopic compositions.

For Mg isotopic measurements, it has been reported that matrix elements present in the
analyzed solutions could affect the precision and accuracy (e.g., Galy et al., 2001; Huang et al.,
2009; Wang et al., 2011; An etal., 2014; Teng et al., 2014), because they not only suppress the
ionization and throughput of Mg in the plasma and interface region, but also produce “isobaric
interference” on the Mg isotopes. Polyatomic species such as '*C!2C*, 12C13C*, ¥Ar!2C?,
2C1N*, 12C*CH", 2*NaH" and doubly charged species such as **Ti**, ¥Ca?*, *'Ti**, 3°Cr**,

32Cr?* are the main isobaric interferences for 2*Mg, Mg, and 2Mg. The presence of matrix

183



elements, such as Na, Al, Ca, Mn, Ni, Fe, and Cu, in Mg isotopic analysis has been evaluated
previously and the general consensus is that an element/Mg ratio <0.05 does not affect the
accuracy of isotopic analyses (Galy et al., 2001; Huang et al., 2009; Wang et al., 2011; Teng
et al., 2010; Pogge von Strandmann et al., 2011). Concentrations of Na, Al, K, Ca, V, Cr, Mn,
Fe, Ni, Cu, Zn, and Ti in the Mg cuts from all nine geological reference samples were measured.
Among the examined elements, Na, Al, K, Ca, Fe, and Ti were below the detection limits for
all samples, but impurities of V, Cr, Mn, Ni, Cu, and Zn were detected. The recoveries of these
transition metal impurities in the Mg cut were V <30%, Cr<20%, Mn <7%, N1 >90%, Cu >95%
and Zn >95%. Although these elements were not fully separated from Mg, the mass ratios of
these elements relative to Mg were small: V/Mg <0.003, Cr/Mg<0.003, Mn/Mg <0.003,
Ni/Mg<0.011, Cu/Mg <0.007, and Zn/Mg<0.016 and the total matrix cations in the Mg cut are
<2%.

To evaluate the matrix effect for the Mg isotopic measurements, doping experiments were
performed for 200 ppb of Mg solution (DSM-3) by adding 2, 4, and 10 ppb of Mn, N1, K, or a
Zn-Cu-V-Cr mixed solution (i.e., mass ratio of each doped element to Mg was 0.01, 0.02, and
0.05) (Figure 4-4B). We observed that the measured Mg isotope ratios were within the external
precision of the instrument and remained constant with increasing concentrations of the
contaminant elements (Figure 4-3B). Although ~30 % of V and ~90-95% of Ni, Cu, and Zn
were recovered in the Mg cut, mass fractions of these elements relative to Mg in the silicate
rock samples is typically <0.05 (GeoReM database: http://georem.mpch-mainz.gwdg.de/).
Thus, the proposed separation protocol is applicable for high-precision Mg isotopic analysis of
most geological samples. If a sample with significantly high concentrations of these transition
metal elements (Ni, Cu, Zn, V and Cr) relative to Mg needs to be analysed, Mg can be further

purified using additional column chromatography (e.g., Marechal et al., 1999; Zhu et al., 2002;
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Schiller et al., 2014; Wu et al., 2016; Ratnayake et al., 2021).
3.4 Li and Mg isotopic compositions of reference materials

The long-term (24 months) mean &’Li values of PML-Lil was 0.0 + 0.6%o (2SD, n = 25).
Mg secondary standard Cambridge-1 yields a long-term (12 months) average §°°Mg value of
—2.60 £+ 0.08%o (2SD, n = 8), which was identical to published values (Tipper et al., 2006; Teng
et al., 2014; Bohlin et al., 2018). The long-term (6 months) mean values of PML-Mgl and
PML-Mg2 were —0.91 + 0.06%o (2SD, n =45) and —3.90 £ 0.08%o (2SD, n = 60).

To demonstrate the applicability of our technique to various sample matrices and to
contribute to the Li and Mg isotope database of the reference standards, Li and Mg isotopic
compositions for nine geological reference standards (PCC-1, JP-1, DTS-1, BHVO-2, BCR-1,
IJB-2, AGV-1, G-2, and SGR-1) were measured (Figures 4-5 and 4-6). Our measured Li and
Mg isotopic values, in general, are within the uncertainty of the previously published values,

validating the effectiveness of the proposed purification and analytical procedure.
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Figure 4-5. 8’Li values for the reference geological samples analyzed in this study in comparison
with literature data.

Numbers indicate the data sources, which are listed in Table 4-4. Error bars in this figure represent 2SD.
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Numbers indicate the data sources, which are listed in Table 4-5. Error bars in this figure represent 2SD.

Table 4-4. §’Li values of reference standards.

7 .
80 L 26 (%0)  Reference Reference
(%)
PCC-1 8.9 0.4 Magna et al., 2006 31
8.9 0.2 Seitz et al., 2004 32
8.3 0.5 This study
JP-1 3.9 0.1 Magna et al., 2008 33
3 02 Pogge von Strandmann et al., 24

2011
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DTS-1

BHVO-2

BCR-1

IJB-2

AGV-1

G-2

3.9
3.6
3.8

3.8

6.4

4.6
4.7

4.8
4.8
4.5
4.5
4.2
4.5

24
24
2.5
2.5
2.7

3.3

4.7
43
4.8
4.7
52
4.9
4.9

43
6.7
5.5
4.8
52
6.7
4.6
4.6
5.3

-1.2
-0.5
0.1

0.2
0.2
0.4
0.4
0.6

0.6

0.2
0.2

0.35
0.3
0.3
0.4
0.5
0.5

0.5
0.1
0.5
0.3
0.5
0.5
0.4

0.3
0.3
0.5
0.5
0.5
0.7
0.6

0.1
0.2
0.3
0.3
0.6
0.7
0.8
0.7
0.6

0.2
0.1
0.2

Magna et al., 2015
Magna et al., 2015
Ackerman et al., 2013
Magna et al., 2006
This study

This study

Huang et al., 2009

Pogge von Strandmann et al.,

2011

Liu et al., 2018
Bohlin et al., 2018
Magna et al., 2004
Choi et al., 2013
Vlastélic et al., 2014
This study

Magna et al., 2004
Phan et al., 2016
Phan et al., 2016
Phan et al., 2016
Rudnick et al., 2004
Aulbach et al., 2009
This study

Magna et al., 2004

Jeffcoate et al., 2004

Magna et al., 2004

Liuetal., 2018

Tomascak et al., 1999
Moriguti and Nakamura, 1998
This study

Phan et al., 2016
Magna et al., 2004
Lin et al., 2016
Lietal., 2016

Liu et al., 2015
Sauzeat et al., 2015
Liu et al., 2018
Liu et al., 2010
This study

James and Palmer, 2000
Lietal., 2016
Pogge von Strandmann, 2019
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34
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37
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38
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38
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39
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0.3 1.7 Barnes et al., 2012 45
0.3 1.9 Liuetal., 2010 43
0.5 0.4 Phan et al., 2016 38
0.6 1.8 Sauzeat et al., 2015 42
0.6 0.3 This study

SGR-1 4.4 0.1 Phan et al., 2016 38
4.7 0.1 Phan et al., 2016 38
5.1 0.2 Phan et al., 2016 38

Pogge von Strandmann et al.
3.6 0.4 ) 0%5 > 43
3.9 0.3 This study
Table 4-5. $**Mg and $**Mg values of reference standards.
25 26

?%j\)/[g 26 (%o) ?%g[g 26 (%)  Reference

PCC-1 -0.10 0.03 -0.20 0.03 Anetal.,, 2017
-0.10 0.04 -0.20 0.07 Suetal., 2015
-0.10 0.05 -0.20 0.07 Huetal., 2016
-0.13 0.02 -0.21 0.06 Gao et al., 2018
-0.13 0.07 -0.22 0.10 Huang et al., 2009
-0.13 0.07 -0.22 0.10 Huang et al., 2011
-0.10 0.01 -0.23 0.06 Teng et al., 2015
-0.12 0.03 -0.24 0.05 Anetal, 2014
-0.13 0.03 -0.25 0.03 Chen et al., 2018
-0.13 0.02 -0.24 0.05 Gao et al., 2019
-0.10 0.01 -0.28 0.04 This study

JP-1 -0.12 0.02 -0.23 0.03 Handler et al., 2009
-0.12 0.04 -0.25 0.04 Pogge von Strandmann et al., 2011
-0.13 0.05 -0.25 0.05 Pogge von Strandmann et al., 2011
-0.12 0.04 -0.24 0.05 Pogge von Strandmann et al., 2011
-0.12 0.02 -0.23 0.03 Pogge von Strandmann et al., 2011
-0.13 0.04 -0.26 0.06 Gao et al., 2019
-0.13 0.02 -0.23 0.02 This study

DTS-1 -0.14 0.03 -0.33 0.14 Huang et al., 2009
-0.14 0.03 -0.33 0.14 Huang et al., 2011
-0.16 0.04 -0.32 0.04 Ke et al., 2016
-0.14 0.04 -0.30 0.05 Huetal., 2016
-0.13 0.03 -0.30 0.03 Chen et al., 2018
-0.13 0.05 -0.30 0.09 Teng et al., 2010
-0.13 0.01 -0.30 0.01 Teng et al., 2015
-0.15 0.00 -0.28 0.04 Anetal, 2014
-0.13 0.04 -0.27 0.05 Anetal., 2017
-0.12 0.02 -0.24 0.04 This study

Reference

44
45
46
47
18
48
49
15
50
25

51
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24
24
24
25

18
48
52
46
50
53
49
15
44



BHVO-

BCR-1

JB-2

AGV-1

G-2

SGR-1

-0.16

-0.14
-0.10
-0.10
-0.10
-0.12
-0.12
-0.10

-0.06
-0.13
-0.17
-0.19
-0.18
-0.10
-0.13
-0.12
-0.07

-0.09
-0.09
-0.11
-0.08
-0.05

-0.01
-0.06
-0.16
-0.06

-0.03
-0.10
-0.07
-0.06
-0.07
-0.07
-0.08
-0.11
-0.06

-0.52

-0.50

-0.51
-0.51

0.11

0.04
0.03
0.05
0.03
0.05
0.04
0.05

0.06
0.05
0.08
0.07
0.04
0.01
0.02
0.02
0.03

0.04
0.02
0.03
0.02
0.04

0.01
0.04
0.05
0.03

0.04
0.03
0.05
0.02
0.14
0.04
0.06
0.08
0.04

0.03

0.06

0.03
0.03

-0.31

-0.26
-0.22
-0.20
-0.19
-0.23
-0.25
-0.22

-0.09
-0.16
-0.34
-0.37
-0.34
-0.19
-0.25
-0.20
-0.18

-0.20
-0.18
-0.24
-0.15
-0.12

-0.03
-0.12
-0.32
-0.14

-0.08
-0.20
-0.12
-0.12
-0.15
-0.13
-0.15
-0.18
-0.15

-0.97
-1.00
-0.98
-1.00
-0.98

0.19

0.07
0.04
0.07
0.07
0.07
0.06
0.06

0.27
0.12
0.12
0.11
0.06
0.02
0.04
0.05
0.04

0.04
0.09
0.12
0.13
0.06

0.10
0.06
0.08
0.06

0.02
0.04
0.03
0.02
0.07
0.05
0.07
0.13
0.08

0.02
0.04
0.06
0.08
0.06

Opfergelt et al., 2012

Bohlin et al., 2018
Anetal., 2014
Leeetal., 2014
Bizzarro et al., 2011
Ryuetal., 2016
Gao et al., 2019
This study

Wiecher and Halliday, 2007
Bourdon et al., 2010

Huang et al., 2009

Young and Galy, 2004
Teng et al., 2007

Anetal., 2014

Fan et al., 2016

Tao et al., 2018

This study

Gao etal., 2019
Wiecher and Halliday, 2007

Pogge von Strandmann et al., 2008

Bizzarro et al., 2005
This study

Wang et al., 2011
Teng et al., 2014
Huang et al., 2009
This study

Bohlin et al., 2018
Bao et al., 2019
Liu et al., 2014
Dai et al., 2017
Huang et al., 2009
Anetal., 2014
Teng et al., 2014
Bao et al., 2020
This study

Bohlin et al., 2018
Huang et al., 2009
Wombacher et al., 2009
Teng et al., 2015

Hu et al., 2017

54

10
15
55
56
57
25

58
18
59
60
15
61
62

25

63
64

19
16
18

10
65
66
67
18
15
65
68

10
18
69
49
70



-0.51 0.03 -0.99 0.07 This study

4. Conclusions

We developed a rapid chemical separation procedure for the simultaneous purification of
Li and Mg with short separation time (~4.5 h), small amounts of reagent (~22 mL), and low
blank level (<2 pg and <0.8 ng for Li and Mg, respectively). During Li and Mg isotopic
analyses, the matrix effect and effect of concentration-dependent isotopic fractionation
between the samples and the standards were evaluated using the NEPTUNE Plus MC-ICP-MS
with a dry plasma condition. The matrix effects are negligible both for Li and Mg isotopic
ratios for a wide array of geological samples. Based on repeated measurements of standard
solutions and geological reference materials, the external reproducibility of 8’Li and §*°Mg
was better than 0.6 %o and 0.08 %o (2SD), respectively. The 8'Li of the geological reference
materials lies in a range from 0.6 to 8.3%o, whereas the §°°Mg ranges from —0.99 to —0.12%o.
The §’Li and 3°°Mg ratios of geological reference materials are consistent with previously
published data, validating that the methods presented here can provide highly accurate and
precise measurements of the Li and Mg isotopic ratios in samples with a low Li or Mg
concentration.
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Chapter 5. Lithium isotope constraints on slab and mantle

contribution to arc magmas in SW Japan

Abstract

Dehydration of subducting oceanic lithosphere (slab) induces Li-isotope fractionation
between the fluid and the slab, suggested by the 8’Li variation (~10%o) in exhumed subduction
complexes. Given that arc magmas represent melt of the supraslab mantle, a large §’Li variation
is anticipated for arc volcanic rocks. However, the §’Li values in these rocks are mostly
homogeneous within the range of mid-ocean ridge basalts (+1.6 to +5.6%o0). The lack of a
subduction-related §’Li signature has been explained by (1) homogenization by mixing of
different magma sources, (2) loss of Li from the slab via dehydration, or (3) homogenization
by diffusive exchange of slab-derived Li and the mantle. The Chugoku district in SW Japan is
an ideal place to study the process responsible for Li-isotope variation in arc magmas, since
the Chugoku volcanic rocks show large 8’Li variation (—1.9 to +7.4%o). High 8’Li values (+6.3
to +7.4%o) are found in some high-Sr andesites and dacites (adakites) whereas low 8'Li values
(—1.0 to —0.1%0) are found in high-Mg andesites. The parental magmas of these rocks have
been sourced from subducted oceanic crust and sediments, respectively, with various extents
of the interaction with wedge mantle. The limited extents of Li isotope modification are
indicated by the similarity of the §’Li values of these rocks and their supposed sources. The
models for a slab dehydration and a diffusive exchange between slab-derived melt and mantle
demonstrate that the §’Li signatures of the sources can be preserved in the adakites if they

ascent rapidly in mantle.

1. Introduction
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It 1s generally accepted that fluids play a critical role in the production of arc magmas
(Ishikawa & Nakamura, 1994; Nakamura et al., 1985; Perfit et al., 1980; Sakuyama & Nesbitt,
1986). Fluids lower the solidi of magma sources, thus inducing melting without the need for
mantle with an anomalously high temperature. Fluids are considered to be expelled from
oceanic lithospheric rocks during their subduction beneath an arc. Fluids also transport
elements via dissolution of materials in subducted oceanic lithosphere (slab), resulting in
elemental enrichments in arc magmas. The extents of the enrichments are related to the
elemental solubility of a given element of group. For example, alkali metals and alkaline earth
metals are highly soluble in fluids and thus are enriched in arc magmas (Kessel et al., 2005).

Lithium represents an element with a high solubility in fluids (Kessel et al., 2005). It has
two isotopes ("Li and °Li) that fractionate during element partitioning between two substances;
e.g., fluid and rock or vapor and melt (Penniston-Dorland et al., 2017; Tomascak et al., 2016).
In general, 'Li are preferentially transferred into fluids (Caciagli et al., 2011; Wunder et al.,
2006), and as a result, arc volcanic rocks are expected to record high 8’Li values from their
hydrated sources. However, 8'Li values of most arc rocks fall within the range of unaltered
mid-ocean ridge basalts (MORB with §’Li = +1.6 to +5.6%o; Marschall et al., 2017; Tomascak
et al., 2008). Given that MORB likely represent a well-averaged melt extracted from the upper
mantle (Langmuir et al., 1992), the 8'Li value of MORB well approximates the §’Li value of
the upper mantle (+1.4 to +5.2%o), postulated by the analyses of pristine mantle rocks (Jeffcoate
et al., 2007; Lai et al., 2015; Magna et al., 2006a; Pogge von Strandmann et al., 2011; Seitz et
al., 2004). Accordingly, the similarity of 3’Li between MORB and arc volcanic rocks has been
interpreted to reflect the prevalence of the upper mantle as a source of Li in arc magmas
(Tomascak et al., 2002). The apparent similarity in 8’Li values of arc magmas and MORB has

been explained by the three scenarios: (1) homogenization by mixing of different magma
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sources, (2) loss of Li from the slab via dehydration, or (3) homogenization by diffusive
exchange of slab-derived Li and the mantle.

Scenario 1 explains the lack of a subduction-related 8’Li signal by the contributions of Li
from various materials of the subducting oceanic lithosphere, including sediments
(silicate/carbonate), basalts and serpentinites. Sediments have high [Li] (>10 mg-g™' except for
specific types such as foram ooze, marl and diatom, or volcano clastics; Bouman et al., 2004;
Brens et al., 2019; Chan et al., 2006; Plank, 2014; Tang et al., 2014; You et al., 1995), hence
fluids or melts from sediments could represent a significant Li budget in arc magma sources.
Some serpentinized abyssal peridotites have 8’Li values as high as +20%o (Brant et al., 2012;
Decitre et al., 2002; Vils et al., 2008), and hence could be another potential reservoir. Previous
studies found that 8’Li values of sediments subducting in some trenches [+3.9 + 2.3%o (10);
Plank, 2014; Tang et al., 2014] are similar to that of the mantle (i.e., §’Li of MORB, +1.6 to
+5.6%o). Thus, if sediment dominates subduction Li inputs, the arc magmas should have §’Li
values indistinguishable from MORB.

Scenario 2 explains the lack of subduction-related §’Li signal by extensive dehydration
of the oceanic lithosphere (Leeman et al., 2004; Magna et al., 2006b; Moriguti et al. 2004). The
dehydration was proposed to substantially lower [Li] and 8’Li values before the slab reaches
the depth (70-170 km; Syracuse & Abers, 2006) beneath arc volcanoes (Moriguti and
Nakamura, 1998; Zack et al., 2003). In particular, dehydration occurs at shallower depths in
relatively warm subduction zones (Abers et al., 2017). Accordingly, the sources of magmas in
warm subduction zones are considered to contain little slab-derived Li. Instead, the Li in the
magma source is dominated by that from the mantle, which should have a 8’Li value similar to
MORB. This inference is consistent with across-arc variations in [Li] and 8’Li value of some

arc lavas which include low-[Li] rocks with MORB-like §’Li value from back-arc regions (e.g.,
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central America; Tomascak et al., 2000).

Scenario 3 explains the lack of subduction-related 8’Li signal by re-equilibration of Li
between slab-derived fluids and the overlying mantle. When fluids ascend through the mantle,
they should react with the mantle. The abundance of Li in the mantle (~1 mg-g™!; Marschall et
al., 2017) appears to be high enough to alter Li isotope composition of fluids to be similar to
that of the mantle (Caciagli et al., 2011; Halama et al. 2009; Magna et al., 2006b; Parkinson et
al. 2007; Tomascak et al. 2000, 2002).

In this study, Li isotopic compositions of the late Cenozoic volcanic rocks from the
Chugoku district in Southwest (SW) Japan arc are investigated. This district hosts various types
of volcanic rocks which represent melts derived from subducted sediments (high-Mg andesite;
Shimoda et al., 1998) and oceanic crust [high-Sr andesites and dacite (adakite); Feineman et
al., 2013; Pineda-Velasco et al., 2018]. We find that these rocks show &’Li values beyond the
range of MORB, probably due to contributions from subducted sediments and oceanic crust.
This in turn allows us to examine the role of slab contribution in Li isotopic systematics of the
arc. We also investigate Li-isotope analyses of other types of volcanic rocks (basalts) and
integrate Sr-Nd-Hf-Pb isotope analyses in order to examine the role of slab-mantle interaction
in the Li isotopic systematics of the arc.

2. Results

New ’Li/®Li data for the selected samples of volcanic rocks from the Chugoku district are
reported in Table 5-1. The 3’Li values of the Chugoku volcanic rocks range from —1.9%o to
+7.4%o. The observed 8’Li variation is far larger than the range found in unaltered MORB (+
1.6%0 to +5.6%0; Marschall et al., 2017; Tomascak et al., 2008) and that of most other arcs
(Figure 5-1). HMA in the Setouchi district shows a lower-than-MORB &'Li signature with
smaller variation (—1.0 to —0.1%o, this study), compared with IAB and ADK in the Chugoku
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district (Figure 5-1). The 8'Li values of most IAB show a variation as small as 2%o (8'Li =
+1.5 to +3.6%o) and fall within the range of MORB. Three IAB samples have 8’Li values
outside the range of MORB. Among these samples, the sample MAT-04 (Matsue), erupted in
Episode 1, has a 8'Li value (+6.29%o) higher than 3’Li values of unaltered MORB, whereas
KUR-17 (Kurayoshi), erupted in Episode 2, has a 8’Li value (—1.95%o) lower than 8’Li values
of unaltered MORB. The second lowest 8’Li value (—1.02%0) among IAB is found in an
ultrapotassic lamprophyre, SER-11 (Sera), erupted in Episode 1, whereas the second highest
8’Li value (+5.02%o) is found in an ultrapotassic lamprophyre, KAW-03 (Kawamoto), erupted
in Episode 3. These lamprophyres also have Sr, Nd, or Hf isotopic compositions which define
the lowest or highest values among IAB or are close to these extreme values. SER-11 has the
highest (*’Sr/%¢Sr); (subscript t denotes age-corrected composition), the lowest ('**Nd/'"**Nd);,
and the second lowest (!"*Hf/'”’Hf); among IAB, whereas KAW-03 has the third highest
(¥7Sr/36Sr),, the second lowest ('**Nd/"**Nd);, and the lowest (!"*Hf/!”"Hf). among IAB (Figure
5-2).

The §’Li values of ADK (8Li = +1.2 to +7.4%o) largely overlap with those of IAB, and
some ADK have 8’Li values (+6.3%o to +7.4%o) significantly higher than 8’Li values of
unaltered MORB. Such ADK are from the volcanic fields in the central Chugoku district,
consisting of Wakurayama and Daisen. The eruption ages of the high-5’Li Daisen samples are
older (0.4—0.5 Ma) than those of the other Daisen samples (<0.4 Ma) (Feineman et al., 2013).
No samples with §’Li values lower than MORB were found among the ADK samples, when
the analytical uncertainty was taken into consideration.

IAB samples do not exhibit a clear temporal variation in 3’Li values, rather their 8'Li are

mostly falling within the range of 3’Li values for unaltered MORB irrespective of their eruption

ages (Figure 5-3). ADK samples also do not show a clear correlation between 8’Li value and

205



eruption age (2 Ma to <0.1 Ma; Pineda-Velasco et al., 2018; Nguyen et al., 2020; and reference
therein) (Figure 5-3). It is however noted that high §’Li values (> + 5.6%o) found in some ADK
samples are consistent with increased influence of the contribution from oceanic crust melt, as

St/Nd and Th/U show (Nguyen et al., 2020).

ADK —00-0uDe e & @b

Chugoku district,
Southwest Japan

IAB -@+@- HOIDEND i - @@
00— — 000~ 000 —8 80—
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Figure 5-1. 8’Li values in volcanic rocks from the Chugoku district in SW Japan (ADK: green
dots; IAB: blue dots; HMA: purple dots) compared to published values for mafic-intermediate
volcanic rocks (SiO: < 63 wt%, except for rocks classified as ‘adakite’) in other arcs.

Note that the data for altered rocks or atypical arc rocks are screened out; those include rocks with high

LOI (loss on ignition) or high CIA (chemical index of alteration), highly alkaline rocks (e.g., shoshonite),
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and intraplate-type mafic rocks (similar to our OIB). The range of 8’Li values of unaltered MORB is
shown as a gray band (+1.6%o < 8’Li < +5.6%o; Marschall et al., 2017; Tomascak et al., 2008). Data
sources of the 8'Li values of other arc volcanic rocks are as follows; Aleutians (Hanna et al., 2020;
Tomascak et al., 2002), Cascades (Magna et al., 2006b; Leeman et al., 2004), Central America (Chan et
al., 2002; Tomascak et al., 2000; Walker et al., 2009), Izu (Moriguti & Nakamura, 1998), Kamchatka
(Halama et al., 2009; Liu et al., 2020), Kurile (Tomascak et al., 2002), Lesser Antilles (Tang et al., 2014),
NE Japan (Moriguti et al., 2004), Sunda (Tomascak et al., 2002), Tonga-Kermadec (Brens Jr. et al.,
2019), Western Anatolia (Agostini et al., 2008). Analytical uncertainties of 5’Li values (as 2c external
reproducibility or 2oy, within-run precision) are shown as error bars (0.6%o for our study, and 0.07—1.2%o

for the literature data).
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Figure 5-2. Plot of 8’Li in volcanic rocks from the Chugoku district in SW Japan versus
(@) ¥'Sr/%Sr), (b) (**Nd/"*Nd)s, (c) (*Hf/'7"Hf), and (d) (**°Pb/**Pb)..

Correlation coefficients (r) for 8’Li values and Sr-Nd-Hf-Pb isotopic compositions are shown in each
plot (note that r is calculated for IAB and ADK shown by filled symbols). Sr-Nd-Pb-Hf radiogenic
isotopic data of the Chugoku volcanic rocks are from Pineda-Velasco et al. (2018) and Nguyen et al.
(2020). 8'Li values of subducted sediments are taken from the §’Li values measured by Moriguti and
Nakamura (1998) for metasedimentary rocks (shales) in the accretionary complex (Shimanto Belt). The
Sr-Nd-Pb-Hf isotopic compositions of sediments are from published data for the Shimanto shales/sand
stones or terrigenous sediments in Nankai Trough/Shikoku Basin (Ishikawa & Nakamura, 1994; Plank
& Langmuir, 1998; Shimoda et al., 1998; Shu et al., 2017; Terakado et al., 1988). Sr-Nd-Pb-Hf
radiogenic isotopes of Shikoku basin basalts are from Hickey-Vargas (1991, 1998), Ishizuka et al.
(2009), Shu et al. (2017), and Straub et al. (2010). The range of ’Li values in Shikoku Basin basalts is
assumed to be the same as the variation in global seafloor basalts (i.e., altered oceanic crusts) presented
in Penniston-Dorland et al. (2017). The 8’Li value of mantle wedge is assumed to be +3.5 = 0.5%o,
which is the mean 8’Li value of pristine peridotites (Jeffcoate et al., 2007; Lai et al., 2015; Magna et al.,
2006a; Pogge von Strandmann et al., 2011; Seitz et al., 2004). Uncertainty of §’Li values for the

Chugoku district samples is +0.6%o (26 external reproducibility).
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Data sources are from Nguyen et al., (2020) and this study.

3. Discussion

Volcanic rocks from the Chugoku district in SW Japan show a significant variation in 8’Li
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Figure 5-3. Temporal variations in (a) 8’Li value, (b) Sr/Nd ratio, and (c¢) Th/U ratios of the

(1.9 to +7.4%o0), far beyond the §’Li range found in unaltered MORB. The overall §’Li
variation is the largest among the volcanic rocks from global arcs (Figure 5-1). An exception
is the Western Anatolia-Aegean arc that contains Cenozoic mafic-intermediate volcanic rocks

with extremely low and high 8'Li values (—7.0%o to +8.2%o; Agostini et al., 2008). In the arc,




the difference in 8’Li value among samples is related to rock suites. The low-8'Li volcanic
rocks (=7.0%o to +3.2%o) are from the ultrapotassic suite, while the high-8Li volcanic rocks
(+5.7 to +8.2%0) are from the sub-alkaline andesitic suite. Therefore, SW Japan lavas may
provide a vital opportunity to examine the role of slab contribution and slab-mantle interaction
in Li isotopic systematics.

We first discuss whether the processes responsible for the large variation in §’Li of the
Chugoku volcanic rocks occurred at a shallow level (e.g., intracrustal) or deep level (e.g.,
mantle) (Section 5.1). Then, we discuss the §’Li variation via (1) sediment and altered oceanic
crust (AOC) contributions (Section 5.2), and (2) Li-isotope fractionation during subduction
(Section 5.3). Then, we address the interaction of slab-derived components and the mantle
(Section 5.4) Finally, we provide the implication of 8’Li variation in global arc magmas
(Section 5.5).

3.1 Processes responsible for 7Li/’Li variation
3.1.1 Post-emplacement processes

Fractionation of SLi and "Li could occur by degassing of magmas during their
emplacements (Neukampf et al., 2022; Schiavi et al., 2010). During degassing of felsic melts,
Li is partitioned into a vapor (fluid) phase (Webster et al., 1989). Fractionation of °Li and "Li
via degassing also results in the depletion of Li in a residual melt, and thus the [Li] and §’Li
values of co-magmatic samples show a positive correlation (e.g., Neukampf et al., 2022).
Such a positive correlation is not observed in IAB or ADK rocks from each volcanic field
(Figure 5-4). Thus, the §’Li variations in these rocks are dominantly controlled by processes
other than degassing.

Post-emplacement weathering is also considered to alter the 8’Li values of volcanic rocks

by the uptake of Li into clay minerals formed by alteration of primary silicates (e.g., Vigier et
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al., 2008). Between clay minerals and a fluid, isotope fractionation occurs, resulting in
enrichment of °Li in altered silicate rocks containing clay minerals (Vigier et al., 2008). Clay
minerals form from primary volcanic constituents, and their formations accompany a net loss
of the mobile elements, including Mg, Ca, Na and K (Babechuk et al., 2014). By contrast, Al
and Fe are preferentially retained in weathered rocks (Babechuk et al., 2014). Accordingly,
relative proportions of major element oxides show the variations among rocks with different
extents of weathering and alteration. The chemical index of alteration (CIA), given as molar
fractions of major oxides Al203/(Al203 + CaO* + Na20 + K20) x 100 (where CaO* refers to
Ca in silicates) represents a good measure of the extent of weathering/alteration (Nesbitt &
Young, 1982; McLennan 1993). The §’Li and CIA values of ADK and IAB samples in each
volcanic field do not show a clear correlation (Figures 5-5a and 5-6). Secondary alteration
could also result in elemental fractionation, resulting in variations in Cs/Rb and Li/Y, owing to
different susceptibility or resistivity against secondary alteration (Palmer & Edmond, 1989;
Seyfried Jr. et al., 1998). These element ratios are not correlated with 8’Li (Figure 5-7),
providing further support for an insignificant effect of secondary alteration on 8’Li variations
in IAB and ADK. In summary, the observed variation in 8’Li of the volcanic rocks in the
Chugoku district is largely attributed to the processes that occurred prior to the eruption of their

parent magmas.
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Figure 5-4. Comparison of Li contents ([Li] in pg-g™) and 8’Li values of volcanic rocks in each

volcanic field of the Chugoku district in SW Japan.

Comparison of Li contents ([Li] in ng-g™') and 8’Li values of volcanic rocks in each volcanic field (if

data are available for more than two samples) of the Chugoku district in SW Japan. The IAB samples

are shown by blue squares and the ADK samples are shown by green squares, respectively. Error bar

denotes analytical uncertainty (£0.6%o in 2G).
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Figure 5-5. Plots of 8’Li in ADK and IAB of the Chugoku district in SW Japan against (a) CIA
and (b) MgO.
Plots of ’Li in ADK and IAB of the Chugoku district in SW Japan against (a) CIA [chemical index of
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alteration; Al,O3/(Al,O3 + CaO* + NayO + K,0) x 100, where CaO* refers to Ca in silicates (Nesbitt

& Young, 1982; McLennan, 1993)] and (b) MgO. The composition of JG-3, an upper-crustal granitic

rock in the Chugoku district, is from Imai et al. (1995) and Magna et al. (2010). Uncertainty of §'Li

values of the Chugoku district samples is £0.6%o (20 external reproducibility).

5

(@) (b) 4 (c)
’ t
44 5 *
] | i
PEE } o %
34 o
24
72_ *
14— T T T T T 2 T T T T T T
54 55 56 57 58 59 55 56 57 58 59 60 61 62 63 64
CIA ClA CIA
5 7
(d) % Abu (e) ¢ Kawamoto ad (f) # Yokota
4l 4 Aonoyama 6 @& Oe-Takayama %% + 4+ Daisen
P
54
531 5 = { +
o o o 4]
: ¢
24
34 21
2 ¢
T T T 2 T T 0 T T T
52 54 56 58 50 51 5 52 54 56 58
CIA ClA ClA
g 8
0 ) s |0
. % 4 Kurayoshi (young) 6 4 Sambe
. ¢
249 4 =L % 2
|t Lot
t bl
1] 0

55 60

65 70 75 80
ClA

51

52

53

54 85 G667
CIA

525

530

54.0
CIA

Figure 5-6. Comparison of CIA (chemical index of alteration) and 8’Li values of volcanic rocks

in each volcanic field of the Chugoku district in SW Japan.

The symbols are the same as in Figure 5-4. Error bar denotes analytical uncertainty (£0.6%o 26m).
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Figure 5-7. Comparison of 8’Li values with (a) Cs/Rb ratio and (b) Li/Y ratios of volcanic rocks
of IAB and ADK types.

Error bar denotes analytical uncertainty (£0.6%o in 2Gy).

3.1.1 Pre-emplacement processes
It is generally considered that fractionation of ’Li/’Li occurs to a limited extent in

magmatic systems, owing to a high diffusion rate at high temperatures (~1000 °C) (Schuessler
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et al., 2009; Tomascak et al., 1999). During differentiation of a magma, Li exchanges between
crystallized phases (e.g., olivine and clinopyroxene) and a residual magma. Owing to kinetic
effects, the light isotope (i.e., °Li) preferentially diffuses into these phases. Numerical
experiments or in-situ analyses of Li-isotope compositions demonstrated that the §’Li values
of these phases could decrease by 10%o or more relative to a coexisting melt (Parkinson et al.,
2007; Weyer & Seitz, 2012). If these phases are mechanically separated, residual magma
becomes to be enriched in 'Li. However, such a process is unlikely to significantly affect the
8’Li values of volcanic rocks because the faster diffusion of Li resulted in isotopic re-
equilibration between crystallized phases and a magma prior to eruptions. Thus, it is unlikely
that magmatic differentiation is responsible for production of the entire §’Li variation (>9%o)
in the Chugoku volcanic rocks. This inference is supported by covariation of §’Li values with
the Sr, Nd, Hf and Pb isotopic compositions of these rocks. Nevertheless, we examine the
feasibility of Li isotope fractionation via magmatic processes.

In Figure 5-5b, the 3’Li values of IAB and ADK are plotted against their MgO contents,
as indices of differentiation. Although our samples were collected from volcanoes in different
fields in the Chugoku district, an overall correlation between the §’Li value and MgO content
is anticipated if the variation in §’Li is dominated by fractional crystallization. However, these
rocks do not show a significant correlation (» = —0.057 for ADK and —0.016 for IAB) between
8’Li and MgO, even among samples from the same volcanic fields (Figures 5-5b and 5-8).
We thus consider that the variation in 8’Li of the Chugoku volcanic rocks was produced by
processes other than fractional crystallization, consistent with the conclusion of previous
studies (Schuessler et al., 2009; Tomascak et al., 1999).

The 8’Li value of a magma could also be altered via ingestion of crustal materials with

distinct 8’Li values. Crustal materials in the Chugoku district mainly consist of felsic plutonic
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rocks in its upper part and mafic plutonic rocks in its lower part (Yamane et al., 2012). Felsic
plutonic rocks are considered to be a major assimilant since they have solidus temperatures
lower than those of mafic magmas. A reference silicate rock, JG-3, provided by the Geological
Survey of Japan, is a Paleogene (58—56 Ma) granodiorite from the Chugoku district (Ishihara
& Tani, 2013; Noguchi et al., 2021). This rock could represent a felsic member of the upper
crustal rock in the Chugoku district. The [Li] of 20.9 and 24.5 pg-g”' and the 8’Li value of
+2.40 and +2.56%o are reported for JG-3 (Magna et al., 2010; Figure 5-5b). The 8'Li values of
the JG-3 aliquots are well within the range of §’Li values of the volcanic rocks from the
Chugoku district as well as that of unaltered MORB. Accordingly, assimilation of upper crustal
rock in mafic magmas could not produce intermediate to felsic magmas with the 8’Li values
significantly different from MORB. The ADK-type andesites and dacites dominate
intermediate and felsic volcanic rocks erupted in Episode 3 (Kimura et al., 2005), and their
8’Li values (2.0 to +6.3%o) significantly overlap with the 8’Li values of IAB in the same
episode (+1.5 to +5.0%0). Thus, one may anticipate that ADK could have been derived by
fractional crystallization of mafic parental magmas with or without the assimilation of upper
crustal rocks. Previous studies, however, suggest that ADK magmas were derived by melting
of the subducted oceanic lithosphere (Feineman et al., 2013; Kimura et al., 2014; Pineda-
Velasco et al., 2018). We thus consider that crustal assimilation did not play a major role in the

production of 8’Li variation among different types of volcanic rocks in the Chugoku district.
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Figure 5-8. Comparison of MgO contents (wt. %) and 8’Li values of volcanic rocks in each
volcanic field of the Chugoku district in SW Japan.

The symbols are the same as in Figure 5-4. Error bar denotes analytical uncertainty (£0.6%o in 2Gy,).
3.1.2 Subduction inputs to the magma sources

Neither post-emplacement alteration nor pre-emplacement magmatic processes account
for the observed §’Li variations in the Chugoku volcanic rocks. We thus infer that §’Li
variations reflect the characteristics of their magma sources or the processes of melt transport
in the mantle. Nguyen et al. (2020) argued that polybaric melting of upwelling mantle resulted
in the predominance of refractory peridotite in the wedge mantle. The 8’Li value of the mantle
would have varied little since peridotite represents a major source of Li in the mantle. The §'Li

value of the mantle would have varied little since peridotite represents a major source of Li in
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the mantle. We thus assume the §’Li value of the wedge mantle to be the same as the mean §'Li
value (+3.5 = 1.0%o) of pristine peridotites (Jeffcoate et al., 2007; Lai et al., 2015; Magna et al.,
2006a; Pogge von Strandmann et al., 2011; Seitz et al., 2004). It is noted that the 8’Li value
postulated for the wedge mantle is identical to the mean §’Li value of unaltered MORB (+3.6
+ 2.0%o) within analytical uncertainty. The 8’Li value of the Chugoku volcanic rocks extends
beyond the postulated §’Li value of the mantle, implying the contribution of the other magma
sources.

The other sources are likely derived from crustal or lithospheric materials introduced into
melting regions via slab subduction (Feineman et al., 2013; Kimura et al., 2014; Nguyen et al.,
2020; Pineda-Velasco et al., 2018). We considered that these sources include AOC, sediments,
and/or serpentinite (e.g., Liu et al., 2020; Moriguti & Nakamura, 1998; Tang et al., 2014). The
HMA and ADK provide key constraints to identify the contributions of these components.
HMA is considered to have been mainly derived from subducted sediments (Hanyu et al., 2002;
Kawamoto et al., 2012; Shimoda et al., 1998; Tatsumi & Hanyu, 2003), whereas ADK is
suggested to have been largely derived from AOC (Feineman et al., 2013; Kimura et al., 2014;
Pineda-Velasco et al., 2018). These volcanic rocks show significant variations in Sr-Nd-Hf-Pb
isotope compositions, which are interpreted to have resulted from the changes in relative
contributions of AOC and sediments to parental magmas (Feineman et al., 2013; Hanyu et al.,
2002; Kimura et al., 2014; Pineda-Velasco et al., 2018; Shimoda et al., 1998; Tatsumi & Hanyu,
2003). Thus, the comparison of Li-isotope data with Sr-Nd-Hf-Pb isotope data for these
samples may provide insights into the 8’Li signatures of AOC and sediments subducted beneath
the Chugoku district. For this purpose, 8'Li values of the IAB, ADK and HMA are plotted
against ¥Sr/%6Sr, ' Nd/'"*Nd, '"Hf/!7’Hf, and 2*°Pb/?**Pb ratios in Figure 5-2. In these plots,

broad correlations are observed; positive correlations are found between §’Li values and
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3Nd/'"*Nd and '"°Hf/'"7Hf ratios, while negative correlations are found between §’Li values
and ¥’Sr/%6Sr and 2%°Pb/2**Pb ratios, respectively. If data for ADK from Aonoyama (6 out of 6
samples) and IAB from Abu (6 out of 6 samples) are excluded, the correlations are considered
to be significant; absolute values of correlation coefficients for these pairs are 0.45-0.58
(Figure 5-2) and the statistic ¢ for these coefficients are 2.99 to 4.13 which are greater than the
critical ¢ value at 5% significance level [feritical = 2.030-2.035 for degree of freedom of Ndata —
2 (35-37)]. These linear correlations point toward the compositions of AOC (Shikoku Basin
basalts; Hickey-Vargas, 1991, 1998; Ishizuka et al., 2009; Shu et al., 2017; Straub et al., 2010)
and sediments (Nankai sediments; Ishikawa & Nakamura, 1994; Moriguti & Nakamura, 1998;
Plank & Langmuir, 1998; Shimoda et al., 1998; Shu et al., 2017; Terakado et al., 1988; You et
al., 1995). The ADK and HMA samples plot close to these compositions. We thus consider that
these two magma types preserve a slab-derived Li-isotope signature, although their parental
magmas must have interacted with wedge mantle to different extents, inferred from large
differences in MgO content or Mg” [= 100 x Mg/(Mg + Fe?") in moles] between these two
magma types; MgO = 0.36-3.3 wt% and Mg"” = 25-61 for ADK, and MgO = 6.1-9.5 wt% and
Mg" = 70-76 for HMA (Table 5-1; Pineda-Velasco et al., 2018; Tatsumi & Ishizaka, 1982).

It should be also noted that the samples excluded for the above evaluation show distinct
geochemical features. Aonoyama ADK and Abu IAB show larger variations in '*Nd/!**Nd and
smaller variations in 3’Sr/*®Sr than other ADK and IAB (Kimura et al., 2014). Pineda-Velasco
et al. (2018) interpreted that the difference in the '*Nd/"**Nd-*’Sr/*®Sr correlation between
Aonoyama and other ADK samples is due to smaller extent of melting of AOC beneath
Aonoyama (and adjacent Abu) region(s). The data for Aonoyama ADK and Abu IAB plot off
the arrays formed by the other ADK and IAB to lower 3’Sr/*®Sr and 2*°Pb/***Pb and to higher

43Nd/"**Nd and '""®Hf/"""Hf. Possible causes of their derivations from the isotope-correlation
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arrays are discussed in Section 5.4.
3.2 Processes responsible for heterogeneity of Li isotope compositions of the Chugoku
magmas

Volcanic rocks (mafic to intermediate) in different arcs show different extents of the
variations in §’Li values (Figure 5-1). The rocks in some arcs show the §’Li variation mostly
falling within the 8’Li range of unaltered MORB. The arcs dominated by volcanic rocks with
8’Li values of 1.6-5.6%o are Aleutian (Tomascak et al., 2002; Hanna et al., 2020), Kamchatka
(Liu et al., 2020), NE Japan (Moriguti et al., 2004), Sunda (Tomascak et al., 2002), and Tonga-
Kermadec (Brens Jr. et al., 2019). In these arcs, the §’Li data for 85% or more samples fall
within the range of 8’Li values of unaltered MORB. Volcanic rocks in some back-arc basins
also yield mafic volcanic rocks with §’Li values mostly within the range of MORB [e.g., South
Shetland (Ross Island; Kosler et al., 2009), Ryukyu (Okinawa Trough; Zeng et al., 2021), and
Tonga (Lau Basin; Brens Jr. et al., 2019)].

By contrast, some arcs contain certain amounts of volcanic rocks with 8’Li values higher
than that of unaltered MORB (> +5.6%o). These arcs include Cascades (7 out of 30; Leeman et
al., 2004; Magna et al., 2006b), Izu (1 out of 5; Moriguti & Nakamura 1998), and Central
America (6 out of 33; Chan et al. 2002; Tomascak et al., 2000; Walker et al., 2009). Also noted
are the other two arcs which contain certain amounts of volcanic rocks with 8’Li values lower
than unaltered MORB (< +1.6%o0). These arcs are Lesser Antilles (11 out of 23 samples; Tang
et al., 2014) and Western Anatolia (7 out of 10 samples; Agostini et al., 2008). Such low- §’Li
rocks are also found in the Chugoku district (HMA and a few IAB rocks). The Chugoku district
is also characterized by the occurrence of certain amounts of volcanic rocks with 8’Li values
higher than unaltered MORB (8 out of 25 ADK samples and 1 of 17 IAB samples).

In general, volcanic rocks show across-arc variations in abundance ratios of key trace
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elements (e.g., Li/Y, B/Be, B/Nb, Ce/Pb, Ba/La) and ¥St/%6Sr, **Nd/'*/Nd, '7®Hf/'""Hf and 2°%
207, 208pp294ph, The variations in these trace-element and isotopic ratios extend beyond the
ranges found in MORB. Such large variations are interpreted as a result of the involvement of
subducted materials (AOC and sediments) in magma sources (e.g., Ishikawa & Nakamura,
1994; Nakamura et al., 1985; Perfit et al., 1980; Sakuyama & Nesbitt, 1986; Shibata &
Nakamura, 1997; Yogodzinski et al., 2015; Yokoyama et al., 2003). Hence, these trace-
elements and isotopic ratios have been used as geochemical proxies of the subduction inputs.
It is noted that the 8’Li values of volcanic rocks in most arcs do not show clear correlations in
the above trace-element and isotopic ratios (e.g., Leeman et al. 2004; Moriguti et al. 2004; Tang
etal., 2014).

Apparent similarity of 8’Li values between arc volcanic rocks and unaltered MORB has
been attributed to (1) mixing of slab-derived components and mantle, both of which have
similar 8’Li values (i.e., sediments have &'Li values falling within the range of unaltered
MORB; e.g., Brens Jr. et al., 2019; Tang et al., 2014), (2) no or insignificant Li inputs from a
subducting slab after intensive dehydration at shallower depths (it lost most of its Li; e.g.,
Leeman et al., 2004; Magna et al., 2006b), (3) buffering of slab-derived Li via isotopic
exchange with surrounding mantle (with 8’Li value falling within the range of unaltered
MORB; e.g., Caciagli et al., 2011; Halama et al., 2009). These three scenarios could also
explain the lack of clear correlations between 8’Li values and trace-elements and Sr-Nd-Hf-Pb
isotopic ratios.

Scenario 1 is suggested in the studies of the volcanic rocks in the Tonga-Kermadec arc
(Brens Jr. et al., 2019) and Aleutian arc (Hanna et al., 2020). Considering their high [Li] (~100
ug-g'; Brens Jr. et al., 2019; Plank, 2014; Tang et al., 2014), subducted sediments could

represent one of the major Li inputs in arc-magma sources. In the studies of volcanic rocks

222



from these arcs, the 8’Li values of subducting sediments are directly measured (Brens Jr. et al.,
2019; Chan et al., 2006). The §’Li values of these sediments show a variation of +1.2 to +8.0%o;
i.e., most of them have §’Li values indistinguishable from unaltered MORB (+1.6 to +5.6%o;
Marschall et al., 2017; Tomascak et al., 2008). The §’Li value of the global subducting sediment,
given as a weighted mean of the analyses for 27 trench sediments, is +2.4 + 0.2%o (Plank, 2014),
being well within the range of §’Li of unaltered MORB (+3.6 £ 2.0; Tomascak et al., 2008).
Therefore, if Li inventory in arc magmas is dominated by subducting sediments, volcanic rocks
in those arcs should have §’Li values indistinguishable from MORB.

Scenario 2 is suggested in the studies of volcanic rocks in NE Japan (Moriguti et al., 2004)
and Cascadia arcs (Leeman et al., 2004; Magna et al., 2006b). These island arcs have
subducting slabs with shallower dip angles or younger ages, thus intensive dehydration would
have occurred at shallower depths due to a high 7/P gradient via subduction. During
dehydration, 'Li should have been lost preferentially from subducted AOC or sediments. For
AOQOC, progressive dehydration may have lowered its 8’Li, and eventually it could have §'Li
values indistinguishable from the wedge mantle. Further dehydration of deeply subducted AOC
could have &’Li values lower than that of unaltered MORB (< +1.6%o). The occurrence of low-
8’Li metamorphic rocks in exhumed subduction complexes (Zack et al., 2003; Simons et al.,
2010) or low-8"Li magmas (melt inclusions) in plume-related volcanic fields (Kobayashi et al.,
2004) and ultra rear-arc regions (Schiavi et al., 2012) may support this inference.

Scenario 3 is suggested in the studies of volcanic rocks in Kurile, Sunda, Aleutians
(Tomascak et al., 2002) and Kamchatka (Liu et al., 2020). In these arcs, significant
contributions from subducted slabs are detected by various geochemical proxies (e.g., Li/Y,
B/Be, B/Nb, Ba/La, Pb/Ce, Sb/Ce). In addition, these proxies show significant variations within

each arc and often exhibit clear across-arc trends. Apparent decoupling of the §’Li values and

223



other trace-element ratios can be explained by buffering of isotopic differences between slab-
derived Li and mantle Li via diffusive equilibration (Caciagli et al., 2011; Halama et al., 2009).
This in turn suggests that travel time of slab-derived fluids to magma source regions is long
enough to attain diffusive isotope equilibrium in most arcs.

The Chugoku volcanic rocks show variation in their 8’Li value that extends beyond the
range of MORB. Thus, the processes mentioned in Scenario 1 did not occur or occurred but
did not affect the Li isotopic compositions of the magmas. The process mentioned in Scenario
2 (i.e., intensive dehydration) likely occurred, as the current PHS slab is subducting at a shallow
angle. Isotope equilibration via fluid-mantle interaction, as proposed in Scenario 3, may also
have occurred to some extent. However, neither Scenarios 2 nor 3 did completely attenuate
slab-derived Li-isotope signatures found in the Chugoku volcanic rocks. The origin of the §’Li
variation in the volcanic rocks is attributed to the involvement of multiple Li inventories. We
discuss possible Li inventories in Sections 5.2.1 to 5.2.3 to examine Scenario 1. Then, Li-
isotope fractionation during subduction is discussed in Section 5.3 to examine Scenario 2.
Lastly, the effect of the process proposed in Scenario 3, i.e., mantle buffering, is discussed in
Section 5.4.

3.2.1 Sediments

Sedimentary rocks in the Nankai Trough or fore-arc terrane have §’Li values of —4.5 to
+4.6%o, and the majority have 8’Li < +2%o (Moriguti & Nakamura, 1998; You et al., 1995). It
has been argued that the Setouchi HMA was derived from a source largely affected by
sediments (Hanyu et al., 2002; Kawamoto et al., 2012; Shimoda et al., 1998). Their §’Li values
(—1.0 to —0.2%o) are significantly lower than those of unaltered MORB, while these values are
well within the range of sediments. Thus, the sediment origin for this magma is supported by

Li-isotopic compositions (Oi et al., 1997; this study). The eruption of the Sera lamprophyre
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occurred shortly (~2 Myrs) after the eruption of HMA. The §’Li value of the rock (—1.0%o) is
also lower than MORB (Figure 5-2). This peculiar high-K rock has geochemical features
consistent with its derivation from a sediment-enriched source (e.g., strong enrichments in Ba,
Th, Pb, REE and Li; Nguyen et al., 2020). We thus consider that sediments subducted beneath
the Chugoku district have 8’Li values significantly lower than those of unaltered MORB.

Previous studies proposed that ADK in the Chugoku district was produced by the melting
of subducted oceanic crust with significant sediment contribution (Feineman et al., 2013;
Kimura et al., 2014; Pineda-Velasco et al., 2018). However, ADK have §’Li values different
from sediments. Rather, these are similar to the §’Li values of unaltered MORB or AOC
(Figure 5-2). The apparent discrepancy of the sediment contribution to ADK will be examined
in Section 5.4 using Li isotope data from this study and Sr-Nd-Pb isotope composition by
Feineman et al. (2013) and Pienda-Velasco et al. (2018).
3.2.2 AOC

Previous studies have documented that IAB and ADK show broad linear correlations
among their Sr, Nd, Hf and Pb isotope compositions and these linear or curvilinear arrays in a
plot point toward the compositions of subducted basalts and sediments (Feineman et al., 2013;
Kimura et al., 2014; Nguyen et al., 2020; Pineda-Velasco et al., 2018). New 8’Li data for IAB
and ADK samples from this study are combined with Sr, Nd, Hf and Pb isotope data published
in these previous studies (Figure 5-2). Broad linear correlations are also observed between 8'Li
values and ¥’Sr/®0Sr, '*Nd/'"*Nd, ""Hf/!7"Hf or >°°Pb/?**PDb ratios. The lower 8’Li ends of these
linear arrays point toward the measured composition of Nankai sediments. Therefore, the
higher 8’Li ends of these arrays are interpreted to represent the compositions of AOC. This
inference is consistent with the estimated Sr, Nd, Hf and Pb isotopic compositions (lower

87S1/%6Sr and 2°°Pb/?*Pb ratios and higher '**Nd/"**Nd and '"®Hf/!"’Hf ratios) similar to the
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observed compositions of the Shikoku-Basin basalts.
3.2.3 Serpentinized mantle

Some ADK have §’Li values significantly higher than unaltered MORB. This feature can
also be explained if a high-8’Li source(s) other than AOC was involved. Pineda-Velasco et al.
(2018) argued that the fluids that facilitated slab melting may have been supplied from sub-
surface layers (mantle section) of the subducting lithosphere. Serpentinite, a major lithology of
the slab mantle section, could retain fluids to a deeper level (~100 km or deeper) if it was not
intensively heated (<700 °C; Ulmer & Trommsdorff, 1995). Thus, it can be a main fluid
supplier other than AOC. Pineda-Velasco et al. (2018) noted that ADK volcanoes are located
above aseismic slab discontinuities, interpreted as slab tears at, which the slab mantle section
was exposed to ambient asthenospheric mantle. Exposure to asthenospheric mantle may have
caused intensive dehydration of this layer and induced melting of the overlying AOC layer.
Serpentinized abyssal peridotites have a greater variation in §’Li values (28 to +14%o) than
their unaltered protoliths, and higher 8’Li values (8'Li > +5.6%o) are found in rocks with higher
[Li] (0.5-9 pg-g!; Decitre et al., 2002; Vils et al., 2009). If the subducted PHS plate contained
a high-8'Li serpentinized section, then the breakdown of serpentines in the section could have
resulted in the release of fluids that could facilitate the melting of AOC and elevate the §'Li
values of AOC melts. It is however noted that [Li] in serpentinized abyssal peridotites are
generally low [3.3+3.0 pg-g™! (n = 6), calculated for rocks with §’Li > +5.6%o in Decitre et al.
(2002) and Vils et al. (2009))], compared with [Li] of AOC [6-37 pg-g!; Chan et al. (2002);
Bouman et al. (2004)]. In addition, released Li is mostly redistributed in olivines in solid
residues after the dehydration of serpentinite (Scambelluri et al., 2004). Accordingly, [Li] in
fluids is buffered at a lower level. We thus conclude that serpentinite dehydration would have

little affected the 3'Li value of ADK. Instead, high §’Li values in ADK should be explained as
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a result of limited or insignificant fractionation of 'Li/°Li in AOC during the metamorphic
dehydration of the subducted slab.
3.3 Modeling of Li-isotope fractionation during subduction
3.3.1 Elemental and isotopic composition for modeling

Moriguti and Nakamura (1998) presented the [Li] and 8’Li values of Shimanto shales. The
protoliths of the shales are sedimentary rocks deposited in a marginal basin in the Miocene
(Yamamoto, 1987). The [Li] and 8’Li values of the two shale samples are 40 and 57 pg-g ! and
—2.7 and —1.5%o, respectively. You et al. (1995) presented the [Li] and §’Li values of sediments
currently deposited in Nankai Trough. Analyzed samples are separated from drilled cores of
sediment piles with 1300-m thickness. The upper pile (< 550 m depth) consists of terrigenous
sediment (turbidites) with [Li] = 40-50 pg-g™' and §’Li of —2.5 to +1.3%o [mean —1.1%o, n = 4;
Note that their “3°Li values” are recalculated to be 8’Li with the standard value of Moriguti
and Nakamura (1998)]. These values largely overlap with the values for Shimanto shales by
Moriguti and Nakamura (1998). The lower hemipelagic muds (> 620 m depth) show [Li] of 30
to 70 pug-g ! and 8'Li of —4.5 to +4.6%o (mean +0.6%o, n = 10), which are largely overlapped
with those of turbidites. The values of [Li] = 50 pg-g™! and 8'Li = —1.0%o are used in the
modeling as the elemental and isotopic compositions of Li of the sediment prior to subduction.

The [Li] = 3.7-42 pg-g' (mean + 1o = 16 + 13 pg-g!, n = 11) was reported for the
submarine basalts in the Shikoku Basin (Akizawa et al., 2021; Shu et al., 2017; Straub et al.,
2010). The §’Li values of these basalts have not yet been reported. It has been documented that
8’Li values of ocean floor basalts are correlated with their [Li] or H20 abundances (Brant et
al., 2012; Chan et al., 1992). The correlation of §’Li and 1/[Li] (in pg-g ') of the data of

hydrothermally altered basalts from Mid-Atlantic Ridge (23°N transect) by Chan et al. (1992)

227



is approximated as & “Li = — 57.37/[Li] (ug - g~%) + 14.90 (+*> = 0.934). Using the equation
with the mean [Li] of Shikoku Basin basalts (16 pg-g!), 8’Li = +11.3%o is calculated. These
values are used in the modeling.
3.3.2 The factor and the extent of Li isotope fractionation

The modeling of §’Li of AOC/sediment and their-derived fluids utilizes the Rayleigh
equation which involves a fractionation factor (o). Zack et al. (2003) and Marschall et al.
(2007a) examined the §’Li value of dehydrated AOC. Note that these two studies used different

L/ *Li)g i

a. Zack et al. (2003) used a value defined as a = (707 °00), and the values are referred to

AOC

Chan et al. (1992, 1993) who calculated a values using Li-isotope ratios of hydrothermal fluids
and altered basalts from mid-ocean ridges. The o values of Chan et al. (1992, 1993) are 1.019
at 7=2 °C and 1.003—-1.007 (1.005 as median) at 7= 350 °C. Zack et al. (2003) may have
assumed the linear relationship between o and T as a = —4.0230 X 107°T (K) + 1.0300
(calculated by regression analysis in this study). We confirmed that o is 1.015 at 100 °C as was
obtained by Zack et al. (2003). Zack et al. (2003) reproduced the observed §’Li value of natural
eclogites (Trescolmen eclogites with 3’Li as low as —10%o) using the Rayleigh equation with
o = 1.015 and partition coefficient Kdvi (= [Li]aoc/[Li]mid) = 0.05. However, a later study has
reexamined these model inputs. Marschall et al. (2007a) used o = 1.0106, as they assumed
metamorphic 7 of 300 “C. They mentioned that the temperature dependency of o is corrected

using the experimental result by Wunder et al. (2006). Marschall et al. (2007a) also used the

different Kdvi (0.15) which is estimated by considering its temperature dependency (Berger et
al., 1988).

It is noted that Wunder et al. (2006) defined the fractionation factor as A ’Li =
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8 "Ligoliqg — 6 "Liguiq (= 6 "Ligoc — 8 "Ligyiq). The A’Li values by Wunder et al. (2006)

show temperature dependency, expressed as A 'Li = —4.61 X (%) + 2.48. The o and A'Li

at a given temperature can be converted from one to another. Below, the derivation for the
conversion is shown.

The 8’Li values of AOC (8’Liaoc) and fluid (8"Lifwid) are defined as

L
oLi
AOC _ 1] 103 (1)

l ° 1 std J
° 1 std

where ("Li/%Li)su denotes ’Li/’Li ratio of a standard with §’Li = 0 (i.e., L-SVEC). Solving the

8 7LiAOC =
and

8 "Liguiq = —1|x 103 (2)

equations 1 and 2 for ("Li/°Li)aoc and ("Li/’Li)fuid, we get
77 : 7y =
Li ) B Li
<6_L1> = (8 "Ligoc X 1073 + 1) x <6_L1> (3)
AOC std
and
7y 77
Li . B Li
<6_L1> = (8 "Ligyiq X 1073 + 1) x (6_1,1> : (4)
fluid std

Using the equations 3 and 4, o is expressed as

<7 T )
6 .
L/ a8 "Lipyia X 1073 + 1

= ) 5
<7Li> 8 "Lipoc X 1073 + 1 )
AOC

a =

OLi
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From the definition of A’Li, §’Lifuid is expressed as
8 "Ligyiq = 6 "Lipoc — A "Li. (6)
Using the equations 5 and 6, o is expressed as

(8 7Ligoc —A7Li) x 1073 +1
B 8 "Ligoc X 1073 + 1 '

a

(7)

The temperature-dependent equation of A’Li by Wunder et al. (2006) is plugged into the

equation 7 as

{8 "Lipoc + 4.61 X (%) — 2.48} x1073 +1
= . 8
“ 8 "Lipoc X 1073 + 1 ®)

Using the equation 8, the validity of using different a is examined. The oo = 1.0106 used
in Marschall et al. (2007a) corresponds to a at 75 °C. We thus consider that “7 = 300 “C” in
Figure 3a of Marschall et al. (2007a) is the temperature to estimate Kdvi (0.15) from their Figure
2a. But this temperature is not feasible to attain oo = 1.0106. At 7= 300 °C, o should be 1.0055.
Hence, the Kdri and o used in the same model are inconsistent in terms of their reference
temperature.

For a better comparison of the models by Zack et al. (2003) and Marschall et al. (2007a),
the same 7 should be used as a model input. We chose 100 °C as a common model input,
resulting in Kdri = 0.05 and oo = 1.015 for Zack et al. (2003) and Kdri=1.17 and oo = 1.010 for
Marschall et al. (2007a). The Kdvi in the model for Marschall et al. (2007a) is estimated from
the 7— Kdvi relationship (for chlorite) in Figure 2a of their study (<400 °C). This plot includes
the experimental data of Berger et al. (1988) and the data points yield the regression line
log Kd;; = —3.268 x 1073 - T (in °C) + 0.3937. Using these pairs of Kdii and «, the 8’Li

values of dehydrated AOC are estimated. The options of H20 content (1-8 wt%) and Li
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abundance (15-80 pg-g!) for AOC are the same as in Zack et al. (2003) and Marschall et al.
(2007a). The result of the modeling is shown in Figure 5-9.

Owing to the difference in model inputs, the results by this study and by Marschall et al.
(2007a) are different. Nevertheless, the results by Marschall et al. (2007a) and this study led to
the same conclusion that the dehydration of AOC decreases the 8’Li value by 5%o or smaller.
For the possible range in temperature (50-900 °C), the o varies from 1.0116 (50 °C) to 1.0014
(900 °C) (Equation 8), whereas the Kdvri varies from 1.70 (50 °C) to 0.05 (>500 °C) after
Marschall et al. (2007a). The larger o and/or smaller Kdvi results in the greater extent of isotope
fractionation. The maximum fractionation occurs at 600 °C and results in the decrease of 8'Li
by 3%o. In this study, we used KdLi by Berger et al. (1988) at <400 °C and by Marschall et al.

(2007a) at > 400 °C, and o (or A’Li) by Wunder et al. (2006) for AOC dehydration.

15

6 wt% H,O

Rayleigh dehydration

10 +

0 - NN Marschall et al.
X (2007)

R I
5 %
Zacketal. /8 /
(2003) ;o

-10 — . . . . . i
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Figure 5-9. Results of the modeling of [Li] and 8’Li of subducting AOC using the Rayleigh

distillation equation.
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The models assume that isotope fractionation occurs at 100 °C. The black circles show the initial [Li]
and 8'Li of AOC with different H,O contents (1, 2, 4, 6 and 8 wt%). The difference in the model results
by Zack et al. (2003), shown by gray squares, and Marschall et al. (2007a), shown by black squares, are
due to the use of different partition coefficients (Kdii) and isotope fractionation factors (o) of Li
between AOC and fluid. Zack et al. (2003) followed the temperature (T)—a relationship by Chan et al.
(1992, 1993), while Marschall et al. (2007a) used the T—a relationship by Wunder et al. (2006). The
difference in Kdi; between these two studies is from the presence of minor phases in the model AOC

(Kdvi becomes larger if minor phases such as chlorite, smectite or zeolite are included in residual phases).

Simons et al. (2010) examined the §’Li value of dehydrated sediment. They assumed that
the fractionation factor a for sediment is the same as that for AOC at given temperatures, i.e.,
they used the temperature-dependent factor by Wunder et al. (2006). It is however noted that
Waunder et al. (2007) presented the temperature-dependent o better applicable to sediment, and
these values are used in our modeling. Simons et al. (2010) consider the varying Kdvi for
subducting sediments as its phase assemblage changes during subduction. Phase assemblages
were calculated by the model of Schmidt and Poli (2003) and Li partition coefficients of each
phase are taken from Berger et al. (1988). The 7-Kdvi relationship by Simons et al. (2010) is
expressed as Kdj; = —2.87 X T (in°C) x 1073 + 1.252 (#* = 0.992) at < 450 °C. At > 450
°C, the Kdvi is constant at 0.14.

Marschall et al. (2007a) and Simons et al. (2010) considered the multi-stage stepwise
dehydration. We also considered this model for the evolution of [Li] and 8’Li values of
subducted sediment and AOC. In the next section, the application of the stepwise dehydration

model is outlined.
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3.3.3 P-T path and water loss during progressive dehydration

The release of fluids (dominated by H20) results from diagenesis or metamorphism of
AOC and sediment with increasing pressure and temperature via subduction. Phase relations
in varying temperature and pressure conditions can be predicted by thermodynamic model
(Connolly, 2005). Kimura et al. (2014) and Kimura (2017) implemented thermodynamic
modeling of phase assemblage of AOC and sediment in their petrologic tool termed Arc Basalt
Simulator (ABS). In the ABS model, mafic crustal section of the subducting oceanic
lithosphere consists of layers of basalts, dikes (diabase), and gabbros, and it is overlain by
sediment. Each layer of mafic crustal section is divided into upper and lower sublayers. The
AOC corresponds to their “UBAS” (upper basalt sublayer) and “LBAS” (lower basalt sublayer).
Difterent layers or sublayers have different temperatures and H2O abundances. Hence, rocks
in different layers show different release curves of H20 along subduction P-T paths.

In the model, the initial H>O abundance in AOC is 5.3 wt% [mean of H20O abundances in
UBAS and LBAS in ABS (Kimura et al., 2014; Kimura, 2017)]. The value is comparable to
the maximum LOI values (~6 wt%) of Shikoku Basin basalts (Chen et al., 2020). The initial
H>0 abundance of the subducted sediment is assumed to be 5.3 wt% in Kimura’s model. The
value is comparable to the maximum H2O" (structural water) abundances in Shimanto shales
(3.8 wt% after Yamamoto et al., 1997). Kimura’s model provides H2O abundance in dehydrated
AOC and sediment at the pressure range of 0.5 GPa (c. 19 km depth) to 6 GPa (c. 220 km
depth) with a step of 0.1 GPa. We used the H20O estimates for AOC and sediment (SED) at 0.5
to 3.5 GPa (c. 20-120 km depth). Temperatures of the AOC and SED layers, predicted by the
ABS model, at certain depths were also used for the modeling (for calculation of temperature-

dependent factors).
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3.3.4 Li abundances of fluids and residual AOC or sediment during dehydration

Li abundances of fluid (c{limd) and AOC (c2°¢ ) show the relationship as

. AOCn—
Cﬂuldn — Li (9)
(Kt - 1) A%y g
L
! maoc,_,

where subscript n or n — 1 denote dehydration steps, Kd:i is partition coefficients of Li between

AOC and fluid (cﬁ\iocn / c{limd”), and m denotes the mass of AOC at each dehydration step.
Temperature-dependent Kd[; is calculated from data by Berger et al. (1988) (50 °C < T'< 300
°C) and Marschall et al. (2007b) (7> 300 °C). Derivation of the equation 9 is given below (c.f.
Marschall et al., 2006).

The masses of fluids formed in dehydration steps n—1 and 7 are expressed as myyq, ,and
Mpuid,, » and the mass of residual AOC in dehydration steps n—1 and n are expressed as
Maoc,_, and Mpoc, . The mass balance among mpyiq,,, Maoc,_, and Mmaoc, 1S expressed
as

Maoc,_, = Maoc,, T Mfuid,,- (10)
Similarly, the mass balance of elemental Li is expressed as
mp; =mp; "+ mEiUidn- (11)

Partition coefficients of Li between AOC and fluid is defined as

A0Cn

n — “Li

Li = " fluidy, * (12)
CLi

K4

The concentration of Li (cLi), mass of Li (mLi), and mass of fluid (mfuid) or AOC (maoc) should

satisfy the following relationships.

i uidn

fluid i

o = (13)
Mfluid,,

234



and

oncn

AOC i

o = (14)
Maoc,

Partition coefficient (equation 12) can be written with the equations 13 and 14 as

AOC,

K. = My Miluid, (15)
dii = fluid, p '
m; AOC,
The equation 15 is rearranged as
AOC
fluid, __ my; " . mﬂuidn (16)
L = n :
' Kq;; Maoc
.. . . fluid
Combining the equations 10, 11 and 16, and then solving for mLiu 1 we get
AOCp—q
fluid,, _ mﬂUidnmLi (17)
L _K"(m Mauid, ) + Meuid,,
dri AOCy—1—""*fluid, fluid,,
The equation 17 can also be expressed as
AOCp_q
fluid, _ mp;
my = m . (18)
& (—Aocn-l - 1) +1
L\ mpyiq,,
Using the equations 13 and 14, the equation 18 can be rewritten as
cAOCnoy
fluid _ fluid _ Li AOCjp—1
CLi Mauia, =i (Maoc,_, — Maoc,) = - . (19)
n A%nr 1) 41
dLi\m
AOCp-1—-maoc,
Solving th tion 19 for ¢/ t
olving the equation or ¢; ,wege
A0Cn
fluid,, _ Li
o = - MaoC, . (20)
(KdLi — 1) — 41
maoc,_,

The same mass balance calculation can be applied to Li exchange between sediment and

fluid. The Ka of Li between sediment and fluid is from data by Simons et al. (2010).
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3.3.5 Liisotopic compositions of fluids and residual AOC or sediment during dehydration
The extent to which "Li/°Li fractionate between fluid and AOC is expressed as

A8 "Li = 8 "Ligy;q, — 8 "Liaoc, - (21)
The temperature (7)-dependent A8 “Li is given after Wunder et al. (2006) as

A8 "Li = 4.61 1000 2.48 (22)
1= 4. T(K) . .

Note that Wunder et al. (2006) originally defined A8 “Li as & “Li aoc, — 0 7Liﬂuidn. The

’Li/SLi ratio or 8’Li value is the expression in the molar unit. A molar ratio can be converted to

a weight ratio of "Li/°Li (m7ri/msLi) as

My
‘Li uri M7y 6.015122 M7
e R = 0.857343012 —— (23)
Li m,. me, 7016004 M,

u6L1

where ue; and u7; denote unit masses of isotopes SLi (6.015122) and Li (7.016004),

respectively. & 7Liﬂuidn and 6 7LiAOCn are defined as

61
Li fluid,,

8 "Lifyiq, = N 1p-103 (24)
i
671 ;-
< L1>L—SVEC
and
I( <7Li> \I
OLi
8 "Ligoc, = { ot — 11103 (25)
- |5)
61
L/ —svec
Ty
where (6—3) = 12.1163 is after Moriguti and Nakamura (1998). The equations 24 and
L—-SVEC
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25 are rewritten as

( m 7Li )
m 6],
) fluid
8 "Lifuiq, = 3 - _—1:-103 (26)
Me;
Mo, .
\ H L—SVEC J
and
( m 7Li )
Mep;
) AOC
8 "Liaoc, = 1 no—1y-103, (27)
mo;
Mo, .
\ M/ —svEc J

Note that the conversion factor of isotope “molar” ratio to isotope “mass” ratio (0.857343012,
see the equation 23) is canceled in the & notation. The equations 26 and 27 are plugged into the

equation 21 as

( m7L1 ) ( m7L1 )
e fluid e AOC
. 1
A8 "Li, = < 13103 — n_13-103. (28)
My ; map;
Me, . me, .
L L
\ '/ L-svEC J \ '/ L-svEc J

The equation 28 is rearranged as

M7y My A8 "Li,, [ M7y, A8 "Li,
M, Mo 1000 \ 1000
fluid, AOC,, L—SVEC

"Li
6_L' X 1.166394298. (29)
1 L-svEc

where a factor 1.166394298 is the ratio of the mass of "Li over the mass of °Li.

Mass balance of °Li and "Li in fluid and AOC during dehydration can be described as

fluid,,

fuidn A0Cn _ - AOCh_, (30)

m 6Li T OLi
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and

ﬂmdn

miQuidn mAOCn _ . AOCn_y (31)

i UL

Combining the equations 29, 30 and 31, we get

AOC,_4 AOC,,

mo T —mi moy _ A8 "Liy ("L 1.166394298. (32
AOC,—; _ _AOC, | m ~ 71000 61 X 1.16 . (32)
6Li 6L °Li AOC T

The term ¢ is defined as

AOCy . AOCn_y __ AOCh_y (oncn oncn)

A8 "Li,, [ 7Li Moy "My 5L i~ Mey
0= —"<6—) x 1.166394298 = —— : 1 ——>(33)
1000 Li L_SVEC AOC, AOCy_q AOC,,
Mo, "Mey  — Moy
where mlinCn is the mass of Li in AOC at n-th dehydration step and expressed as
0% =m0 4 A0, (39)

The equation 33 is rewritten with the equation 34 as

a (p)oncn T mA0Cn_1 - AOCy

AOC, )2 Li AOC,, 6Li L

The equation 35 is a quadratic equation in the form of ax? + bx + ¢ =0 where a =1, b =

(1- (p)mAOCn 1+mAilcn 1 mA6([)‘iCn 1, flocn . ‘ ‘ .
p ,and ¢ = — — Y respectively. The solution of the equation is
. —b+Vb%2-4ac
givenas x = ——— or
2a
AOCy_4 AOCp_4
( (¢ — Dm'e, "L )
®
AOC,
o =5 AOC,_ AOC,_17? AOCn_1 _ AOCy (- (36)
Li _ n-1 __ n—1 n-1 , n
2 (p—1)m oL ms M, mp;
+4
% 4
\ J

AOC, . .
Then, m’; ™ is given as
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AOC, _ AOC, _  AOCy (37)

7Li Li oLi -

AOC,

Now, the 8’Li value of residual AOC after n-th dehydration step can be calculated from m 6L

AOC,

and m L

with the equation 27.

The equations 21-37 can be applied to Li isotope fractionation during the dehydration of
sediment. It should be noted that the extent to which °Li and "Li fractionate during sediment
dehydration is different from the case for AOC dehydration. We used the following equation to

calculate the temperature-dependent isotope fractionation factor by Wunder et al. (2007)

A8 "Li = 4.52 - 1000 _ 4.74 (< 500 °C) (38)
I O
and
A8 "Li = —1.3 (£0.2,> 500 °C). (39)

3.3.6 Summary of results

SW Japan arc is a hot subduction zone where a young oceanic lithosphere is subducting
(Syracuse et al., 2010; van Keken et al., 2011). Therefore, intensive dehydration of AOC and
sediment (SED) should have occurred during subduction (Peacock & Wang, 1999; Tatsumi et
al., 2020). Intensive dehydration should have induced Li isotope fractionation (Marschall et al.,
2007; Simons et al., 2010; Zack et al., 2003). Zack et al. (2003) examined the evolution of 8’Li
in subducting AOC using a simple Rayleigh distillation model with a constant isotope
fractionation factor and partition coefficient between rocks and fluids. However, such a simple
model is probably not viable, as AOC and SED would have dehydrated continuously during
subduction. Given that fractionation factor and partition coefficient would have varied, owing

to changes in P-T condition via subduction (Berger et al., 1988; Marschall et al., 2007; Wunder
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et al., 2006). Rather, it is more appropriate to apply the incremental dehydration model
(Marschall et al., 2007; Simons et al., 2010). Recent studies provided the possible P-T paths of
various lithologies within the subducting slab beneath the district (Kimura et al., 2014;
Syracuse et al., 2010), which allow us to precisely examine the change in elemental and isotopic
compositions of subducted Li sources. The results are summarized in Tables 5-2 and 5-3. It is
noted that subducted sediments would have incongruently melted, having left solid residues
possibly containing Li-rich phases (e.g., garnet). Johnson and Plank (1999) analyzed [Li] of
melts and residues produced by melting experiments of sedimentary starting materials. Their
results do not show preferential retention of Li in residues (| Li]residue/[ Li]starting material < 1 for all
experiments). We thus consider that significant isotope fractionation did not occur during the
formation of fluids or melts from subducted sediments.

Results of the modeling are shown in Figure 5-10 and Tables 5-2 and 5-3. The extents to
which Li-isotope fractionation occur in AOC and SED largely depend on the amounts of fluids
released from these lithologies. Then, the releases of fluids are governed by breakdowns of
hydrous phases in AOC and SED. The models predicted that the [Li] and 8’Li values of AOC
and SED significantly decrease during subduction in the depth of > 70 km (Figure 5-10). This
is because major hydrous phases in AOC and SED (amphibole, lawsonite, chlorite, prehnite,
pumpellyite, and talc) are broken down, as postulated by the model for SW Japan (Kimura et
al., 2014; Kimura, 2017) using thermodynamic algorithms (Connolly & Kerrick, 1987,
Connolly & Petrini, 2002). Nevertheless, the predicted changes of 8’Li values to the depth for
melting (90 km) are relatively small; 2%o (+ 11.5%o0 to +9.7%0) for AOC and 0.5%o (—1.0%o to
—1.5%0) for SED, respectively. These changes accompany a significant decrease in Li
abundances ([Li]/[LiJo = 56% for AOC and 27% for SED, respectively, where [Li] and [Li]o

are subducted and pre-subducted AOC or SED).
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Modelled [Lil(ug-g™") of sediment

(a)s 10 12 14 16 30 35 40 45 s0 (D)
10 L | | | | | | | | 10
1|—=—1[Lil | 11.3 16 1.0 50
20 | —=—&'Li| T T T 7420
u [ ] [ ] u
. . . .
30 - . . . = {30
. . . .
. . . . .
E 40 . . . =40 §
x | | | | >
[ ] [ ] [ ] [ ] <
S . . . . s
S 50 | | | I 450
o [ ] [ | u [ ] 6
c . . . . >
ke | | | | a
T 60- . ; . P o0 8
2 7 ) I 7 5
_é" [ ] [ ] [ ] [ ] =
[0} | / | /
Q707 " " " 02
./I /I ./I ./l
80 o — J - - 80
l/ I/ I/ n
90 ll/ l/ l/ 190
=t i W
8.9 95 15 3
100 L | L | L | L | L | | | 100
8 10 12 14 16 -2 -1 0 1 2

Modelled &7Li of AOC Modelled &’Li of sediment

Figure 5-10. The changes in [Li] (blue lines) and d’Li values (red lines) of (a) AOC (Shikoku Basin
basalt) and (b) sediment (Nankai sediment) in the subducted oceanic lithosphere at the depth

from c. 20 km to 90 km beneath the Chugoku district.

Those data are calculated by the incremental dehydration model (Marschall et al., 2007; Simons et al.,
2010). Significant drops in [Li] and 8’Li values of AOC and SED in the depth of > 70 km are due to the

breakdown of major hydrous phases in these materials (amphibole, lawsonite, chlorite, prehnite,
pumpellyite, and talc).
3.4 Mantle buffering of the slab-derived Li-isotope signature

The TAB magmas are considered to have been derived by partial melting of mantle
metasomatized by slab-derived fluids or melts (Kimura et al., 2014; Nguyen et al., 2020). Most

IAB rocks have §’Li values within the range of MORB. Slab-derived fluids would be a mixture
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of AOC- and SED-derived fluids or melts. The IAB source should have been heated to the
temperature required for melting (1220-1380 °C; Nguyen et al., 2020). Under such a high-
temperature condition, the slab-derived Li-isotope signature may have been attenuated by
diffusive isotope equilibrium with the mantle. The inference is supported by the homogeneity
of 8’Li values, falling within the range of unaltered MORB, in the majority of mantle-derived
rocks distributed over the globe through geologic time (Halama et al., 2008; Krienitz et al.,
2012).

Migration of slab-derived fluids or melts could have occurred in the form of (1) diffuse
porous flow (Mibe et al., 1999), (2) fracture flow (Davies, 1999) or (3) diapir (Hall & Kincaid,
2001). Siliceous fluids or hydrous melts are highly viscous, resulting in low permeability. Thus,
their transports likely occur in the form of either fracture flow (Kepezhinskas et al., 1996) or
diapirs (Yogodzinski et al., 2015). Nevertheless, the likelihood of transport by diffuse porous
flow is examined using the approach by Caciagli et al. (2011) using the chromatographic model
of Navon and Stolper (1987). In the model, a mantle column consisting of mineral grains with
interconnected pores is considered. Fluids or melts go upward through interconnected pore
space in the mantle column of a finite length. The Xmeit is the mass fraction of Li in the
fluid/melt in the column defined as

(meelt
cI)pmelt + (1 - cI))pmantleKdLi

(2)

Xmelt =

where ¢ is fluid/melt fraction in the mantle column (porosity), Pmelt and Pmantic are the densities
of a fluid/melt and the solid mantle, and Kdvi is partition coefficient of Li between the solid
mantle and a fluid/melt (Kdvri = [Li]mantie/[ L1]melt), respectively. The ¢ of 0.03 follows Navon
and Stolper (1987), and pmelt and pmantle are assumed to be 3 g/cm? and 3.25 g/cm? respectively

(Jull & Kelemen, 2001; Pineda-Velasco et al., 2018). The Kqa is estimated to be 0.25 from
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partitioning data for Li in mafic mineral phases (Adam & Green, 2006; Brenan et al., 1998;
McDade et al., 2003; Ottolini et al., 2009) and the assumed mantle mineralogy [60 wt% olivine
+ 20 wt% clinopyroxene + 20wt% orthopyroxene for fertile peridotite after McDonough and
Rudnick (1998)].

Using equation 3, the mass fraction of Li retained in transported fluids/melts is estimated
to be 10% (Xmet = 0.1). The mass fraction of Li is proportional to the velocity of Li in the
mantle relative to the velocity of fluid/melt (Navon & Stolper, 1987); i.e., Li moves 10 times
slower than melt. Thus, the travel time of Li in the column is 10 times longer that the travel
time of fluid/melt. The Daisen ADK samples have t" (**°Th/?**Th) and (**®U/?*?Th) activity
ratios which indicate 2*U-2*°Th disequilibrium (Feineman et al., 2013; Tokunaga et al., 2010).
Given that the half-life °f *°Th (c. 75000 years) and the melting depth (i.e., column length, c.
60 km; Pineda-Velasco et al., 2018), the fluid/melt velocity is estimated to be c. 1 m-year™.
Accordingly, the Li velocity is estimated to be c. 0.1 m-year ' or 10 cm-year™'. The base of the
wedge mantle would have been dragged by the underlying slab due to mechanical coupling
(Wada & Wang, 2009). Thus, a large quantity of Li could not migrate upward through the
wedge mantle when the Li velocity is comparable to the slab descent rate. The slab descent rate
in SW Japan is estimated to be 4.3 cm-year' (Syracuse et al., 2010), which is comparable to
the Li velocity. Thus, transport of slab-derived Li by percolation of fluids through the mantle
is unlikely.

The other feasible styles of melt transport are fracture flow or diapiric rise. The velocity
of melts by these flow styles is more rapid. Also, the surface area to volume ratios of melts in
these flow styles is significantly lower than that for porous flow. Thus, lesser extents of melt-
mantle interaction are anticipated during melt migration (Navon & Stolper, 1987). Pineda-

Velasco et al. (2018) argued that slab-derived melts were transported in the form of diapirs. In
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this case, Li isotope exchange occurs between a diapir and the surrounding mantle via diffusion
at their contact. For modeling the change in Li isotope composition for this scenario, we applied
the non-steady state radial diffusion model after Crank (1975) and Halama et al. (2008),

expressed as

C—-C - 2a§ (=D  nanr —Dn?m?t 3)
Co—C; mria n ST, mexp a?
n=

where C is [Li] at the distance » from the center of a spherical diapir (slab melt) with the radius
a at time ¢, Co is the [Li] of the surface of a spherical diapir, Ci is the initial [Li] (assumed to
be homogeneous), D is the diffusion coefficient of Li, respectively. Note that » and a have the
relationship of 0 <7 <a or 0 <r/a < 1. In the modeling, Co is [Li] of the mantle and C} is [Li]
of the slab-derived melt.

The slab-derived melt, erupted as ADK magma, is considered to be a mixed melt of AOC
and SED melts in an 8:2 ratio (Feineman et al., 2013; Pineda-Velasco et al., 2018). The [Li] in
AOC melt is calculated to be 19 pg-g! using [Li] = 8.9 pg-g! in dehydrated AOC, melting
stoichiometry (clinopyroxene : garnet : rutile = 0.46 : 0.53 : 0.01), the distribution coefficients
between melt and clinopyroxene (Kd¥™e! = 0.75) and garnet (Kd&*™V™elt = (), 12) after Klemme
et al. (2002) and that for rutile is assumed to be Kd™lemelt = () (yielding KdAP“™e!t = (0.41), and
the modal batch melting with melting degree of F' = 10% after Pineda-Velasco et al. (2018).
The [Li] in SED melt is calculated to be 55 pg-g ! using [Li] = 36 pg-g ! in dehydrated SED,
bulk distribution coefficient (Kdsedimentmelty of 044 (Johnson & Plank, 1999), and F = 40%
(Pineda-Velasco et al., 2018). The [Li] and 8’Li values of a mixed melt are calculated to be 26
ng-g ! and +4.9%o.

It is noted that the calculated 8’Li value for the mixed melt is within the range of MORB

and unable to explain the high-8’Li values in some ADK (up to +7.4%o). Possible reasons for
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the discrepancy of the calculated and observed 8’Li for ADK are the uncertainties of input
parameters. Specifically, the 8'Li value of pre-subduction AOC is uncertain as the 8’Li values
of Shikoku basin basalts have not been reported so far. If 3’Li value of AOC is higher than +25%o
(8'Li value of +14%o for dehydrated AOC), the AOC-SED mixed melt could have 8'Li +7%o
or higher, consistent with the observed ADK. Such a high &’Li value is unlikely as most
Shikoku Basin basalts are not highly altered by the reaction with seawater in relatively shorter
period of time (<26 Myrs) from the age of its basin (Okino et al., 1994). The lower *’Sr/%¢Sr (<
0.7029) of the basalts supports this idea [Pineda-Velasco et al. (2018) and reference therein].
Alternatively, we speculate the uncertainty of [Li] or §’Li value of SED when its Li was mixed
with AOC Li. Feineman et al. (2013) proposed that a significant quantity of sediments might
have accumulated in the mantle or the base of crust beneath the Chugoku since the early
Miocene. The accumulated sediments form a new chemical reservoir that has trace-element
and Sr-Nd-Hf-Pb isotopic features inherited from sediment. When the AOC-derived melt
upwelled to the surface, it could have reacted with this reservoir and gain “sediment-like” trace-
element and isotopic features. If this is the case, sediment contribution to [Li] and §’Li of ADK
would be reduced, as 8’Li of sediments could be buffered to mantle-like 5’Li range due to the
diffusion for a prolonged period (>10 Myrs). Accordingly, Li in ADK is dominated by AOC-
derived Li (8’Li > +7%o). We selected [Li] = 20 pug-g! and 8’Li = +7.0%0 ([°Li] = 1.3 pg-g!
and ['Li] = 18.7 pg-g!) as a possible option for the initial element (= Ci) and isotopic
composition of a slab-derived melt in the diapir. The [Li] (= Co) and 8’Li value of the mantle
are assumed to be 1.3 pug-g! and +3.5%o after Marschall et al. (2017).

The D in the equation 44 is calculated using the 7-D relationship for ’Li in a felsic melt by

Holycross et al. (2018) as
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_Ea

D = Dyexp (ﬁ) (45)

where Do is the pre-exponential reference diffusivity (4.47 x 1078 m?-s!), Ea is the activation
energy of diffusion (39.31 kJ-mol™!), R is the gas constant (8.314 J-K mol™!), and T is
temperature in Kelvin (K). From the equation 45, D at 7= 800, 900, 1000, 1100, 1200, 1300
and 1400 °C are calculated to be 5.45 x 10719, 7.94 x 107'°, 1.09 x 10, 1.43 x 10, 1.80 x 10~
9,221 x 107 and 2.65 x 10~ m*-s”!, respectively. The diffusion coefficient of °Li is calculated

(e.g., Richter et al., 2009) as

m 7Li

De ;=D (—

B
) = 1.031D 7. (46)
Moy

where DeLi and DrLi are the diffusion coefficients of °Li and "Li, meLi and m7Li are the isotope
masses of °Li (6.015 g-mol™") and "Li (7.016 g-mol ™), and fis the empirical coefficient which
is characteristic of a material that fills a spherical body. We used the coefficient £ of 0.2; the
value is experimentally determined for a hydrous felsic melt by Spallanzani et al. (2022).

The size of a diapir (@) and the duration time (¢) of the diffusive reaction are essential
input parameters for the modeling. The radius of a diapir is estimated to be 3—10 km from the
size of each ADK volcano. The rising velocity is estimated to be 0.2-2 m-year ' from the size
and density of the diapir (Pineda-Velasco et al. 2018; this study). The travel time of diapir
through the mantle is estimated to be 29 to 320 kyrs. We assume that the travel time is the same
as the duration time of a melt in the mantle.

The [Li] and 8’Li variations at a given distance from the center of the diapir and a given
temperature are shown in Figure 5-11. For a diapir > 3 km in radius, the [Li] and §’Li values
of a melt do not change significantly over the time for transit (<320 kyrs) through the mantle.

The model well explains the preservation of high §’Li values in some ADK. The low-Mg
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feature of most ADK samples also suggested that slab-derived melts did not reach Fe/Mg
equilibrium with the mantle during their ascent to the surface (Pineda-Velasco et al., 2018).

An exception is for Aonoyama ADK samples all of which have the 8’Li values (+1.6 to
+3.3%0) being well within the range of unaltered MORB. It should be noted that these ADK
rocks (and IAB from the nearby region, Abu) plot off the arrays formed by the other ADK and
IAB in Figure 5-2 to lower 8’Sr/*¢Sr and 2°°Pb/?**Pb and to higher '**Nd/"**Nd and '7°Hf/!""Hf.
Pineda-Velasco et al. (2018) argued that the melting degree of AOC for Aonoyama ADK is
smaller than that for the other ADK, while the melting degree of SED is similar among all ADK.
Accordingly, the mixing occurs in higher (Li/Sr)sep/(Li/Sr)aoc, (Li/Nd)sen/(Li/Nd)aoc,
(Li/Hf)sep/(Li/Hf)aoc and (Li/Pb)sep/(Li/Pb)aoc for Aonoyama ADK than those for other ADK
(Figure 5-12). To substantiate this inference, a general mixing equation is applied to Li-Sr, Li-
Nd, Li-Pb and Li-Hf isotope mixing (Figure 5-12). The curvature function r is optimized to fit
the data for Aonoyama and the other ADK lying along the hyperbolic lines. The Aonoyama
data fit well with hyperbolic curves for Sr-Nd-Pb-Hf to Li isotope mixing with greater r,
compared with other andesites and dacites, consistent with the inference for lower-degree of
melting of AOC for Aonoyama ADK.
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Figure 5-11. Diffusion modeling for temporal and spatial changes in Li concentration and &’Li
values of a slab melt diapir with the radius of 3000 m (initial [Li] = 20 pg-g™' and initial §'Li=
+7 %o), having been preserved in the mantle ([Li] = 1.3 pg-g™ and 8’Li= +3.5%o) during 320 kyrs.

The changes in [Li] concentration and §’Li values in the diffusion surfaces are calculated across the
distance from the surface to the center of a diapir and over the temperature range from 800 °C (slab
surface temperature at which slab melting occurred; Pineda-Velasco et al., 2018) to 1400 °C (maximum
temperature of wedge mantle, estimated from primitive basalts; Nguyen et al., 2020). The r/a value is
a dimensionless parameter based on the sphere’s radius ¢ and the distance from the sphere’s center r,

i.e., the surface of the sphere corresponds to a value of 1.
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Figure 5-12. Plots of 67Li versus (87Sr/86Sr)t (a), (143Nd/144Nd)t (b), (176Hf/177Hf)t (c),
(206Pb/204Pb)t (d) for the volcanic rocks in Chugoku district.
The hyperbolic curves shown are those for the mixing of components from subducting basalt (denoted

as “B”, i.e., AOC) and sediment (“S”, i.e., SED) with various 7. The definition of “7”* is shown in each
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figure. The references for the composition of Nankai sediment and Shikoku basin basalts are the same

as that in Figure 5-2.

3.5 Implications for Li isotope variation in global arc magmas

Three scenarios have been proposed to explain the apparent similarity of §’Li values
between island-arc rocks and MORB/mantle: (1) mixing of the mantle and subducted
sediments, both of which have §’Li values indistinguishable from MORB (Plank, 2014; Tang
et al., 2014), (2) contribution of the AOC-derived component with a MORB-like §’Li value by
dehydration-induced isotopic fractionation (Leeman et al., 2004; Magna et al., 2006b), (3)
buffering of slab-derived Li via diffusive isotopic exchange with surrounding mantle that has
a MORB-like §’Li value (Caciagli et al., 2011; Halama et al., 2009; Tomascak et al., 2002).
The feasibilities of these scenarios are examined using the results of this study.

The SW Japan arc provides a vital opportunity to examine Scenario 1, as the subducted
sediments or the equivalents have §’Li values distinct from MORB (Moriguti & Nakamura,
1998; You et al., 1995) and yield magmas directly derived from sediments and AOC (Pineda-
Velasco et al., 2018; Shimoda et al., 1998). We documented the Li-isotope compositions of
these magmas akin to sediments or AOC. If AOC has the §’Li value significantly higher than
unaltered MORB while sediments have the §’Li value significantly lower than unaltered
MORB (or vice versa), then hybridization of these components can produce MORB-like §’Li
values (Tomascak et al., 2016), as is found in SW Japan.

Scenario 2 requires the estimate of the extent to which Li isotopes fractionate during
dehydration. SW Japan is an ideal field to examine the issue because the P-T path and
metamorphic reaction of the subducting slab are well constrained (Kimura et al., 2014; van

Keken et al., 2011) and the analysis of ADK offers us an opportunity to know the §’Li value of
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the subducted AOC after intensive dehydration (Feineman et al., 2013; Kimura et al., 2014;
Pineda-Velasco et al., 2018). We demonstrated, based on numerical models, that Li isotopes
fractionate to a limited extent, as proposed by Marschall et al. (2007), and it well explains the
high 8’Li values of ADK. Thus, Scenario 2 is unlikely for SW Japan and probably for many
other arcs.

Scenario 3 can also be examined in SW Japan, as the arc yielded magmas that reacted
highly with the mantle (IAB and HMA). The effect of mantle buffering on Li isotope is
inevitable, in particular, in the case of transport of fluids dominated by aqueous liquid (e.g.,
Caciagli et al., 2011; Halama et al., 2009; Marschall & Tang, 2020; Tomascak et al., 2002). In
contrast, as our modeling suggested, if fluids are enriched in solute components, such as
hydrous melt (ADK), they could move rapidly with larger masses in the forms of diapir (or
fracture flow) and hence the slab-derived Li-isotope signature could be preserved. The scenario
may explain the occurrence of volcanic rocks with higher-than-MORB &’Li values such as in
the Cascades (Magna et al., 2006b) and lower-than-MORB &’Li values such as in the Lesser
Antilles (Tang et al., 2014), where slab melt or sediment melt are proposed to be probable
mechanisms to produce those arc magmas (Labanieh et al., 2012; Walowski et al., 2015, 2016).

Therefore, we suggest hybrid slab-derived components (from AOC and sediments),
rather than subduction-induced dehydration or diffusive equilibrium with the mantle, would
control the Li isotopic composition of arc magmas if the fluids/melts transport rapidly or
voluminously, such as diapirs. Recent numerical models also predict the likelihood of
incorporation of subducted materials as diapir (referred to as mélange diapir) into the wedge
mantle (Marschall & Schumacher, 2012).

4. Conclusions

The main conclusions reached in this study are:

250



1. The late Cenozoic volcanic rocks in the Chugoku district show a large variation in 8’Li
values (—1.9 to +7.4 %o), spanning beyond the entire range of MORB (+1.6 to +5.6 %), as
a result of various extents of interaction among magma source components with different
8’Li, derived from subducted sediments, subducted oceanic crust, and wedge mantle.

2. The lower-than-MORB §’Li values of high-Mg andesites and the higher-than-MORB §’Li
values of high-Sr andesites and dacites (adakites) in the Chugoku district suggest large
contributions of sediment and subducted basalts, respectively, to their magma sources.

3. Modeling the dehydration of subducted sediment (8'Li of —1%o) and oceanic crust (3'Li of
+11 to +12%o) shows that 8’Li values of these subducted materials were not significantly
changed (<2%o) by metamorphic dehydration and could produce the variation in &’Li
values in the mantle beneath the district.

4. Modeling the diffusive isotope equilibrium indicates that the transport of melts from
subducted sediments or oceanic crusts was fast (~1 m-year ') enough to retain the §’Li
values of when they were formed, and suggests the possible melt transport mechanism of
diapiric rise or fracture flow.
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Tables

Table 5-1. Li isotopic compositions of late Cenozoic volcanic rocks on the Chugoku district, SW Japan

Sample name Region z:';?)tude z:c;:r;gltude (AI\;Ig:) Episode* Li(ppm) &Li  MgO (wt%) LOI(wt%) FeO*/MgO Mgt  CIA! Cs/Rb  Li/Y
IAB type

OTS-01 Otsu 34.348 130.839 910 1 12.9 6.88 1.31 1.43 59.5 53 0.0148 0.72
OTS-05 Otsu 34.343 130.950 829 1 9.41 +3.14 691 0.24 1.13 65.0 59 0.0081  0.48
OTS-06 Otsu 34.392 130.938 931 1 12.7 +2.84 7.84 0.63 1.37 60.5 54 0.0159 0.86
OTS-10 Otsu 34.405 131.129 925 1 8.50 10.21 1.38 0.81 72.0 61 0.0162  0.53
SER-11 Sera 34.851 132.834 120 1 77.3 -1.02  6.67 1.94 1.14 64.8 49 0.0871 1.94
HIB-01 Hiba 34.991 132.900 10 1 7.62 6.88 0.45 1.07 66.2 59 0.0083  0.37
HIB-04 Hiba 35.059 133.035 104 1 10.5 +3.41 6.56 0.47 1.02 67.2 55 0.0057  0.62
HIB-06 Hiba 35.045 133.074 990 1 7.45 6.73 0.81 1.08 65.9 62 0.0138 0.41
HIB-07 Hiba 34.987 133.077 10.1 1 7.21 +3.51 831 0.19 0.93 69.3 58 0.0086 0.36
MAT-04 Matsue 35.452 133.069 110 1 8.53 +6.29 7.27 1.81 1.00 67.7 55 0.0134 0.38
MKM-01 Kurayoshi (old) 35.494 134.102 503 2 7.48 +2.06 5.07 -0.09 1.67 55.7 61 0.0350 0.40
KUR-16 Kurayoshi (old) 35.442 133.863 5 2 7.17 8.23 1.19 1.01 67.6 61 0.0140 0.47
KUR-17 Kurayoshi (old) 35.443 133.859 515 2 8.12 -1.95  7.11 0.50 1.23 63.0 59 0.0184  0.50
KRW-02 Kurayoshi (old) 35.258 134.100 499 2 4.86 +2.59 835 0.97 1.21 63.5 64 0.0176  0.24
KRW-03 Kurayoshi (old) 35.256 134.138 543 2 5.56 7.55 0.77 1.21 63.4 62 0.0082  0.33
KAW-03 Kawamoto 34.993 132.514 226 3 18.6 +5.02 4.68 1.60 1.47 58.8 50 0.0129  0.99
MEN-02 Mengame 34.938 132.724 .11 3 9.80 +1.45 9.71 0.38 0.77 73.2 57 0.0086  0.33
ABU-06 Abu 34.442 131.498 1.57 3 10.0 6.05 0.11 2.13 49.6 51 0.0384 0.53
ABU-11 Abu 34.479 131.444 0.06 3 9.87 +2.46 7.51 0.46 1.16 64.3 59 0.0396  0.54
ABU-17 Abu 34.477 131.605 039 3 10.6 7.49 -0.19 1.17 64.3 55 0.0054  0.56
ABU-21 Abu 34.487 131.625 0.18 3 9.59 +1.78 8.30 -0.38 0.93 69.2 55 0.0100 0.57
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ABU-23
ABU-26
MAT-02
YOK-01
YOK-05
US-01
OGI-03
INA-01
HYO-03
HYO-15

ADK type
AON-03

AON-04
AON-09
AON-17
AON-21
AON-22
OE-01
OE-02
OE-03
OE-09
OE-10
OE-11
SAM-01**
SAM-06
SAM-14
SAM-16
SAM-20
SAM-21
WAK-01

Abu

Abu

Yokota

Yokota

Yokota

Kurayoshi (young)
N. Hyogo

N. Hyogo

N. Hyogo

N. Hyogo

Aonoyama
Aonoyama
Aonoyama
Aonoyama
Aonoyama
Aonoyama
Oe-Takayama
Oe-Takayama
Oe-Takayama
Oe-Takayama
Oe-Takayama
Oe-Takayama
Sambe

Sambe

Sambe

Sambe

Sambe

Sambe

Wakurayama

34.493
34.603
35.418
35.191
35.160
35.452
35.479
35.500
35.491
35.592

34.493
34.473
34.448
34.076
34.254
34.188
35.070
35.090
35.089
35.115
35.102
35.107
35.162
35.135
35.129
35.135
35.154
35.114
35.467

131.645
131.688
133.185
133.086
133.209
133.919
134.420
134.299
134.530
134.811

131.815
131.800
131.765
131.751
131.774
131.764
132.427
132.435
132.436
132.409
132.413
132.424
132.616
132.631
132.620
132.620
132.626
132.631
133.108

0.18
2.01
1.2

1.1

1.32
1.00
0.98
2.74
1.62
1.81

0.29
0.09
0.30
0.3

0.38
0.5

1.52
1.5

1.70
1.05
1.87
1.83
1.36
0.07
0.43
0.3

0.22
0.2

0.86

W W W W W W W W w w

W LW W W W W W W W W W W W Ww Ww w w w w

10.1
12.0
8.85
7.84
8.09
9.71
13.2
9.41
8.73
11.0

13.2
11.7
13.4
19.0
11.8
153
10.4
12.4
14.7
10.2
14.6
18.6
10.1
11.7
16.3
16.0
12.5
13.9
8.10

+1.62

+3.62

+1.65

+2.06

+3.26
+3.04
+3.06
+1.60
+2.44

+3.42
+5.20
+5.64
+5.19

+2.40
+2.46
+3.00
+4.93
+7.44
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7.91
4.39
7.18
7.48
9.47
4.69
4.29
5.17
5.29
7.46

2.36
2.13
2.20
3.21
2.89
3.32
1.01
0.36
0.77
1.49
0.49
1.08
1.78
1.94
1.90
1.97
1.92
1.79
2.05

0.86
0.16
2.69
0.19
0.48
-0.17
0.84
0.63
0.26
6.15

1.20
0.45
0.53
2.07
1.03
1.29
0.51
1.00
0.75
0.39
1.23
2.00
1.20
0.23
0.26
0.47
0.21
0.36
0.19

0.96
1.76
0.95
0.84
0.72
1.65
1.74
1.75
1.38
1.46

1.44
1.63
1.53
1.12
1.55
1.48
2.94
6.82
3.47
1.88
4.47
2.38
2.33
1.80
1.76
1.80
1.85
1.67
1.77

68.5
54.4
68.8
71.5
74.3
56.0
54.6
54.5
60.4
58.9

60.7
57.8
59.2
66.6
59.1
60.1
432
24.6
39.1
543
333
48.4
48.9
553
55.9
553
54.7
57.1
55.7

55
52
63
56
59
59
57
59
56
79

53
53
52
51
52
52
51
52
51
50
52
51
57
52
52
52
52
51
54

0.0200
0.0105
0.0143
0.0074
0.0202
0.0165
0.0202
0.0177
0.0097
0.0043

0.0185
0.0173
0.0231
0.0371
0.0203
0.0304
0.0346
0.0293
0.0403
0.0428
0.0477
0.0276
0.0055
0.0463
0.0554
0.0488
0.0450
0.0616
0.0222

0.62
0.81
0.50
0.54
0.59
0.78
0.80
0.50
0.42
0.36

1.51
1.14
1.05
2.09
0.87
0.77
1.44
2.49
2.30
2.08
2.71
3.96
1.11
1.74
2.47
2.21
1.80
2.07
1.34



WAK-02 Wakurayama 35.485 133.121 072 3 10.5 +7.12 228 0.23 1.63 57.8 52 0.0250  1.66
WAK-03 Wakurayama 35.492 133.116 073 3 10.3 +6.35 1.74 0.78 2.16 50.8 54 0.0229  1.63
2060707 Daisen 35.364 133.538 002 3 13.8 1.80 0.07 2.02 52.5 51 0.0533  1.69
3052002 Daisen 35.355 133.555 0.06 3 14.5 +1.21 1.84 0.38 2.05 52.1 51 0.0570  1.76
3053003 Daisen 35.328 133.566 051 3 10.0 +7.22  2.11 0.73 1.85 54.7 53 0.0159 1.23
3060102 Daisen 35.355 133.507 0.46 3 11.0 +7.32  1.90 0.32 2.12 51.3 54 0.0233  1.27
3060604 Daisen 35.403 133.589 041 3 11.9 +7.03  2.00 0.42 1.90 54.0 53 0.0184 1.30
SAN2 Daisen 35.377 133.572 005 3 11.3 +4.66 2.05 0.47 1.76 55.9 51 0.0323  1.35
YOK-11 Daisen 35.360 133.485 055 3 12.3 +4.88 1.92 0.37 2.24 49.8 54 0.0377 1.55
TG-01 Kurayoshi (young) 35.478 133.910 134 3 12.3 2.87 0.70 1.79 55.5 58 0.0155 1.04
KUR-01 Kurayoshi (young) 35.465 133.830 190 3 8.52 +5.68 2.74 -0.27 1.66 57.4 54 0.0180 1.05
KUR-05 Kurayoshi (young) 35.461 133.861 .13 3 8.17 +3.86 2.80 0.93 2.18 50.6 55 0.0179  0.52
KUR-11 Kurayoshi (young) 35.470 133.802 124 3 9.01 +2.83 3.34 0.25 1.49 60.0 54 0.0217  0.78
HMA type

JA-2 Setouchi 34.35 133.93 14.1 28.7 -1.00  7.60 1.96 0.74 73.9 56

TGl Setouchi 34.46 135.56 13.9 -0.12 947 1.15 0.65 76.2 59

SD264 (MDYB-2) Setouchi 34.50 134.19 133 -0.26  6.05 0.78 0.92 69.5 55

Note: Analyses shown by boldface font were obtained in this study, and those shown by nomal font were obtained by Feineman et al. (2013), Imai et al. (1995); Ishikawa and
Nakamura (1994), Ishizaka and Carlson (1983), Nguyen et al. (2020), Pineda-Velasco et al. (2018), Tatsumi and Ishizaka (1982a, b), and Shimoda et al. (1998).

*Episode 1, 12-8 Ma; Episode 2, 8—4 Ma; Episode 3, 4 Ma to present (Nguyen et al., 2020)

**The sample name of "SAM-01" is assigned to different rock specimens; one for ADK-type dacite from Sambe volcano and another is OIB-type basalt from the vicinity of
Sambe volcano (Pineda-Velasco et al., 2018; Nguyen et al., 2020).

TMg# value is calculated as 100 Mg/(Mg + Fe?") where Fe?/Feio is assumed to be 0.80 for ADK (Pineda-Velasco et al., 2018) and 0.85 for HMA, IAB and OIB (Nguyen et
al., 2020; this study).

}CIA (chemical index of alteration) after Nesbitt and Young (1982) and McLennan (1993), defined as [A1,O3/(Al,O3 + CaO* + Na,O + K,O] x 100 where oxide abundances

are given in molecular proportions and CaO* denotes CaO abundances in silicate fraction in a rock.
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Table 5-2. Results of the incremental dehydration modeling for the altered oceanic crust beneath the Chugoku district, SW Japan

Input parameters

Model outputs

Depth H20 [Li]aoc [Li]fuid
Step T(°C) P (GPa) Di" DLix 8’Liaoc 87 Lifuid
(km) (Wt%) (ng-g ™) (ngg™)
0 201 0.50 19 5.29 0.544 7.23 16.0 11.3
1 225 0.60 22 5.29 0.456 6.78 16.0 35.1 11.3 18.1
2 246 0.70 26 5.27 0.388 6.40 16.0 41.2 11.3 17.7
3 266 0.80 30 5.27 0.335 6.07 16.0 47.8 11.3 17.4
4 283 0.90 33 5.28 0.293 5.80 16.0 54.5 11.3 17.1
5 300 1.00 37 5.28 0.260 5.57 16.0 61.6 11.3 16.9
6 317 1.10 41 5.27 0.229 5.34 16.0 70.0 11.3 16.6
7 334 1.20 44 5.28 0.201 5.12 16.0 79.6 11.3 16.4
8 351 1.30 48 5.27 0.176 491 16.0 90.7 11.3 16.2
9 368 1.40 52 5.24 0.155 4.71 16.0 103 11.3 16.0
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

388

406

424

442

460

478

496

516

540

593

715

772

801

820

834

1.50

1.60

1.70

1.80

1.90

2.00

2.10

2.20

2.30

2.40

2.50

2.60

2.70

2.80

2.90

56

59

63

67

70

74

78

81

85

89

93

96

100

104

107

5.19

5.18

5.16

5.14

5.03

5.02

4.48

3.04

2.08

0.97

0.08

0.08

0.08

0.08

0.08

0.134

0.129

0.129

0.129

0.129

0.129

0.115

0.096

0.070

0.067

0.068

0.068

0.068

0.068

0.068

4.50

4.31

4.14

3.97

3.81

3.66

3.51

3.36

3.19

2.84

2.18

1.93

1.81

1.74

1.68
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15.9

15.9

15.9

15.9

15.7

15.7

15.1

13.3

11.8

10.1

8.99

8.99

8.99

8.99

8.99

119

123

123

123

122

122

131

138

168

151

132

132

132

132

132

11.3

11.3

11.3

11.3

11.2

11.2

10.6

10.2

9.8

9.5

9.5

9.5

9.5

9.5

15.8

15.6

15.4

15.2

15.0

14.9

14.6

14.0

13.4

12.6

11.7

11.5

11.3

11.3

11.2



25 845 3.00 111 0.04 0.068 1.64 8.94 131 9.5 11.2
26 854 3.10 115 0 0.068 1.61 8.89 131 9.5 11.1
27 863 3.20 118 0 0.068 1.58 8.89 131 9.5 11.1
28 870 3.30 122 0 0.068 1.55 8.89 131 9.5 11.1
T-P condition and H,O abundance of a crustal layer of the subducting slab (Philippine Sea Plate with Shikoku Basin crust) are after Kimura (2017).
Depth (km) is calculated as P (GPa) x 37.
Kdi; = CLi*°C/Cyi™4, Temperature dependency of Kdy; is corrected following Berger et al. (1988) at 7'< 400 °C and Marschall et al. (2007)at T > 400 °C.
ASTLi = §"Liguia — 8'Liroc = 4.61 x (1000/T) — 2.48 after Wunder et al. (2006)
Table 5-3. Results of the incremental dehydration modeling for the sediment beneath the Chugoku district, SW Japan
Input parameters Model outputs
Depth H20 [Li]sed [Li]uid
Step T(C) P (GPa) Kdvi A8'Li 8’Lised  &'Lifuid
(km)  (Wt%) (ng'g™h) (ng'g™)
0 198 0.50 19 5.29 0.681 4.85 50.0 -1.0
1 224 0.60 22 5.29 0.609 4.36 50.0 82.2 -1.0 34
2 245 0.70 26 5.27 0.547 3.98 50.0 91.3 -1.0 3.0
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10

11

12

13

14

15

16

17

265

284

301

318

337

355

374

392

411

430

448

467

485

505

525

0.80

0.90

1.00

1.10

1.20

1.30

1.40

1.50

1.60

1.70

1.80

1.90

2.00

2.10

2.20

30

33

37

41

44

48

52

56

59

63

67

70

74

78

81

5.27

5.28

5.28

5.27

5.28

5.27

5.24

5.19

5.17

5.14

5.14

5.03

5.01

3.95

3.04

0.491

0.435

0.386

0.336

0.283

0.231

0.176

0.124

0.140

0.140

0.140

0.140

0.140

0.140

0.140

3.66

3.37

3.13

2.90

2.67

2.46

2.24

2.05

1.86

1.69

1.53

1.37

1.30

1.30

1.30
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50.0

50.0

50.0

50.0

50.0

50.0

49.9

49.7

49.7

49.6

49.6

49.3

49.2

46.2

43.7

101.9

114.8

129.5

148.7

176.5

216.4

283

403

355

354

354

352

351

330

312

-1.0

-1.0

-1.0

-1.0

-1.0

-1.0

-1.0

-1.0

-1.0

-1.0

-1.0

-1.0

-1.0

-1.1

-1.2

2.7

24

2.1

1.9

1.7

1.5

1.2

1.0

0.8

0.7

0.5

0.3

0.3

0.2

0.1



18 556 2.30 85 2.08 0.140 1.30 41.2 294 -1.3
19 626 2.40 89 0.69 0.140 1.30 37.9 270 -1.4
20 762 2.50 93 0.08 0.140 1.30 36.4 260 -1.5
21 809 2.60 96 0.08 0.140 1.30 36.4 260 -1.5
22 831 2.70 100 0.08 0.140 1.30 36.4 260 -1.5
23 846 2.80 104 0.08 0.140 1.30 36.4 260 -1.5
24 857 2.90 107 0.08 0.140 1.30 36.4 260 -1.5
25 866 3.00 111 0.00 0.140 1.30 36.3 259 -1.5
26 874 3.10 115 0.00 0.140 1.30 36.3 259 -1.5
27 881 3.20 118 0.00 0.140 1.30 36.3 259 -1.5
28 888 3.30 122 0.00 0.140 1.30 36.3 259 -1.5

T-P condition and H,O abundance of a sediment layer of the subducting slab (Philippine Sea Plate with Shikoku Basin crust) are after Kimura (2017).
Depth (km) is calculated as P (GPa) x 37.
Kdp; = C1;S"P/Ci™9, Temperature dependency of Kdy; is corrected following Simons et al. (2010).

AS'Li=  &"Liguia — 8 Lisediment = 4.52 % (1000/T) — 4.74 (< 500 °C) and 1.30 (constant, > 500 °C) after Wunder et al. (2007)
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Chapter 6. Mg isotope fractionation and modification of
slab-derived melt: Perspective from Mg isotopic

compositions of volcanic rocks from the Southwest Japan

Abstract

The magnesium isotope was regarded as a sensitive tracer to fluids from slab lithosphere
serpentinites. However, the effect of the thermal structure of a subduction zone to the Mg
isotope composition of fluids is yet not clear. Fluids from the subarc depth of warm subduction
zones were predicted to have heavier slab §°°Mg signatures. In order to investigate Mg isotope
composition of volcanic rocks from warm subduction zones, we report Mg isotopic data of
volcanic rocks from the Chugoku district of Southwest Japan. Except two lamprophyre samples
from Sera and Kawamoto, those lavas display nearly homogeneous Mg isotopic compositions,
with an average §*’Mg of —0.23 £0.08%o0 (2SD, N=43), similar to that of mantle peridotite
(—0.25 £0.06%o0). The lack of correlation between §**Mg and slab-component index indicates
the absence of clear slab-derived components. However, our modelling suggests that partial
melts derived from subducted oceanic crust (-0.17%o to +0.06%o0) and detrital sediments (+0.3%o
to +0.6%0) could have substantially heavier Mg isotopic compositions compared to those in
sources and mantle. The mixing calculation suggests that only > 3% of Mg ingestion from the
mantle peridotite to the slab melt may significantly buffer high §**Mg signature in slab-derived
melts to mantle §**Mg values, which may explain the mantle-like Mg isotopic composition of
Chugoku lavas.

1. Introduction

The magnesium isotope study of the subduction zone recently shows that it may be a
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sensitive tracer for slab input and is particularly sensitive to tracking subduction carbonate
rocks and serpentinites (Teng, 2017 and its references). In contrast to the uniform §**Mg values
in global peridotites (—0.25 +0.06%o, Teng et al., 2010), the subduction lithology has highly
heterogeneous Mg isotope composition, and the carbonate facies has a low-8**Mg signature,
and marine sediments, altered oceanic crust and ultramafic rocks usually show different high
5?°Mg value (Beinlich et al., 2014; Teng et al., 2016; Hu et al., 2017; Liu et al., 2017; Huang
etal., 2018; Guo et al., 2019).

Magnesium isotope data of arc lavas are scarce but reveal significant variabilities between
different arcs. The arc lavas from the arc front of the Kamchatka Peninsula and Costa Rica
volcanoes have mantle-like Mg isotopic composition, while the arc lavas in the Lesser Antilles
Islands and the Philippines are characterized by higher §**Mg values than mantle (Teng et al.,
2016; Li et al., 2017). The higher 6**Mg values were interpreted as reflecting the contribution
from slab-derived fluid, especially from serpentinized slab mantle (Teng et al., 2016; Li et al.,
2017), although the lavas from Lesser Antilles show strong sediment signals, and other arc
lavas primarily show contributions from slab-derived fluids. Recently, slightly heavier §**Mg
values are also found in some of the Cascadia and Makran arc lavas, but are only confined to
more evolved samples, which are mainly attributed to crustal assimilation and fractional
crystallization (Brewer et al., 2018; Pang et al., 2020).

The thermal structure of a given subduction zone has a profound influence on the
dehydration path of the subduction slab, the properties and fluxes of the slab-mantle mass
transfer agents (fluids vs. melts), and ultimately on the composition of arc magmas. The mean
5?°Mg value of these arcs shows a general correlation with subduction parameters. For example,
the increasing value of §**Mg is related to the increase of slab surface temperature and slab

depth. These correlations indicate that the Mg isotopic characteristics of lavas beneath the
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volcanic front may be controlled by dehydration reaction under the unique P-T conditions of
each subduction zone. In the subarc depth of the cold subduction zone or the magma derived
from relatively shallow depth, the main water sources in the oceanic crust are amphibole,
chlorite, lawsonite, zoisite, and paragonite (Schmidt and Poli, 2014). These minerals either do
not contain too much Mg (e.g., lawsonite, zoisite), or they may have Mg isotope compositions
similar to those of mantle olivine and pyroxene owing to similar Mg-O bond strength (e.g.,
amphibole) (Hu et al., 2020). In contrast, fluids from the sub arc depth of the warm subduction
zone or magmas from relatively deep depths may have heavier slab §*Mg signatures because
these deeper fluids have stronger solubility and are more solute-rich (e.g., Manning, 2004) and
the higher slab temperatures facilitate the release of fluid from the serpentinized slab mantle.
Compared with oceanic crust, serpentinite has much higher water content and magnesium
concentration. More importantly, serpentinized peridotites and constituent phyllosilicates
usually have Mg isotopic compositions different from those of the normal mantle. For example,
variable heavy magnesium isotopic compositions have been recorded in talc and antigorite (up
to+0.30 %o, Beinlich et al., 2014), altered abyssal peridotites (Liu et al., 2017), and exhumed
whiteschists metasomatized by Mg-rich fluids derived from serpentinite dehydration (—0.07
to+0.72 %o, Chen et al., 2016).

Although released fluids may have different §°°Mg values from protolith, Magnesium
isotope fractionation of whole silicate rock itself during metamorphic dehydration is limited.
Lietal. (2014) analyzed a set of well-characterized metapelites from the Onawa contact aureole
and found Mg isotopic compositions of metapelites do not change even though significant
amounts of fluids was lost during prograde metamorphism. A similar conclusion is also reached
for metamorphic dehydration of subduction zone rocks. Wang et al. (2014) systematically

measured Mg isotopes for a set of genetically related prograde metamorphosed meta-basaltic
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rocks from the Dabie orogen, with metamorphic grade ranging from greenschist, amphibolite
to eclogite. All these samples have similar Mg isotopic composition, indicating limited Mg
isotope fractionation during prograde metamorphism of mafic rocks. Overall, these studies
suggest that metamorphic dehydration does not produce measurable Mg isotopic changes and
metamorphic rocks still preserve Mg isotopic compositions of their protoliths. The lack of
isotope fractionation during prograde metamorphism mainly results from the conservative
behavior of Mg as Mg is always hosted in major rock-forming minerals during metamorphic
reactions and little Mg was lost into fluids (<5%).

The southwest (SW) Japan arc is an example of a volcanic field in which high-Sr andesites
and dacites (“adakites”) occur (Feineman et al., 2013; Kimura et al., 2014; Morris, 1995). It is
generally accepted that these andesites and dacites in SW Japan are attributed to melting of the
young, subducted plate (Shikoku Basin Plate) in late Cenozoic time (Feineman et al., 2013;
Kimura et al., 2014; Morris, 1995; Shibata et al., 2014). However, the fluid source of slab
melting remains a question. Because the hotter nature of the young, subducted plate causes
most dehydration of the oceanic crust to occur beneath the forearc rather than the arc
(Rondenay et al., 2008; Aber et al., 2009; Walowski et al., 2015), little H20O may reach sub-arc
depths. The hydrated upper mantle portion of the subducted plate is able to carry bound H20
to greater depths in the form of antigorite and chlorite until the slab top reaches ~80-90 km
depth (Van Keken et al. 2011; Walowski et al., 2015), hence, dehydration of the serpentinized
peridotite in the slab mantle portion have potential to provide H20 for the partial melting of the
oceanic crust (Freymuth et al., 2016; Spandler and Pirard, 2013). As we mentioned above, Mg
isotopes are a powerful tool for tracing the fluids from subducted serpentinites and slab
serpentinites from hot subduction zones may release fluids with different Mg isotopic

signatures from mantle peridotite. Therefore, in this study, Mg isotopes is employed to identify
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the fluid source which facilitating slab melting beneath the Chugoku district of SW Japan.

2. Results
New *Mg/**Mg and »Mg/**Mg data along with their MgO contents for the 43 samples of

volcanic rocks from the Chugoku district are reported in Table 6-1. The Sr-Nd-Hf-Pb isotopic
data for the same samples, analyzed by Feineman et al. (2013), Ishizaka and Carlson (1983),

Moriguti and Nakamura (1998), Nguyen et al. (2020) and Pineda-Velasco et al. (2015, 2018)

are presented in Table 2-1. Two shale samples from Shimanto Belt are also presented in Table

6-1.

2.1 Temporal variation
Arc magma in SW Japan do not show systematic temporal variation, regardless of their

rock type (IAB, ADK and HMA) (Figure 6-1). Considering the analytical error, only two

samples have §**Mg higher than fresh MORB, and are Sera lamprophyre from episode 1 and

Kawamoto minette from episode 3.
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Figure 6-1. 8**Mg (%o) plotted against sample age of volcanic rocks from the Chugoku district in

SW Japan.

2.2 Spatial variation
Arc magma regardless of their rock type (IAB, ADK and HMA) in SW Japan do not show

clear spatial variation (Figure 6-2). Two samples with §**Mg >fresh MORB (Sera lamprophyre

and Kawamoto minette) are from central part of Chugoku district.
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Figure 6-2. 3*°Mg (%o) plotted against Longitude of volcanic rocks from the Chugoku district in

SW Japan.
2.3 Correlation of Mg isotope with 87Sr/3Sr, 13Nd/1*4Nd, 7"Hf/'78Hf, and *°Pb/***Pb
Arc magma in SW Japan do not show systematic variation with Sr, Nd, Pb and Hf isotopes,

regardless of their rock type (IAB, ADK and HMA) (Figure 6-3). Two samples with

5?°Mg >fresh MORB (Sera lamprophyre and Kawamoto minette) have highest %’Sr/*Sr, and

lowest '"*Nd/'"*Nd and """Hf/!®Hf.
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Figure 6-3. Plot of Mg in volcanic rocks from the Chugoku district in SW Japan versus

(A) 'St/*Sr),, (B) (“*Nd/Nd);, (C) (*’Pb/2*Pb),, and (D) (\"°Hf/\7Hf),.

2.4 Correlation of Mg isotope with trace element ratios

Arc magma in SW Japan do not show systematic variation with St/Nd, La/Yb, Th/U and
Pb/Ce, which represent the contribution of altered oceanic crust (AOC), source garnet residue,
subducted sediments, and aqueous fluids (Figure 6-4). Two samples with $*Mg >fresh MORB

(Sera lamprophyre and Kawamoto minette) have highest La/Yb and Th/U, and lowest Sr/Nd

and Pb/Ce.
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Figure 6-4. Plot of Mg in volcanic rocks from the Chugoku district in SW Japan versus
(A) Sr/Nd, (B) La/Yb, (C) Th/U, and (D) Pb/Ce.

3. Discussion

The subducting lithosphere is composed of four units: sediment, basalt, gabbro and

serpentinized peridotite, respectively from the top to the bottom. Recent studies summarized

below suggest that marine sediments, altered oceanic crust (AOC) and abyssal peridotites have

very heterogeneous Mg isotopic composition and subduction of the subducted slab thus can

recycle isotopically distinct Mg into the mantle.

3.1 The contribution of altered oceanic basalts

3.1.1 The Magnesium isotopic composition of the altered oceanic basalts

Compared to serpentinites (MgO>40 wt.%), the altered oceanic basalts are characterized
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by low Mg concentrations (MgO=4~10 wt.%) and wide ranges of 6**Mg values (Chen et al.,
2016; Chen et al., 2020; Huang et al., 2015; Huang et al., 2018). Altered oceanic basalts have
very heterogeneous Mg isotopic compositions (-1.2 ~ +0.2%o). Huang et al. (2018) suggested
that formation of Mg-bearing minerals (saponite and calcite) during low-temperature alteration
of the oceanic crust accounts for the highly variable §**Mg values of the altered oceanic crust.
Early saponite formation leads to relatively high §?**Mg and subsequent carbonate precipitation
causes the dilution of Mg and tend to take up the light Mg isotopes. Other studies of AOC from
Eastern Pacific Rise and Southern Pacific show similar or slightly higher §**Mg than fresh
MORB (Huang et al., 2015; Zhong et al., 2017).
3.1.2 Behavior and fractionation of Mg isotopes during the melting of oceanic crust

Magnesium is a major element in the silicate Earth and is a major cation in all major mafic
rock-forming minerals: olivine (Ol), orthopyroxene (Opx), clinopyroxene (Cpx), hornblende
(Hbl) and biotite (Bt). Measurements of coexisting olivine, Opx and Cpx in mantle xenoliths
(Handler et al. 2009; Yang et al. 2009; Liu et al. 2011; Pogge von Strandmann et al. 2011; Xiao
et al. 2013; Lai et al. 2015; Hu et al. 2016; Wang et al. 2016), and coexisting hornblende and
biotite in granitoids (Liu et al. 2011) suggest limited (<0.2%o) equilibrium inter-mineral
fractionations. As these five minerals contain most Mg in the Earth and control Mg budget
from ultramafic to felsic rocks, the limited inter-mineral fractionations among these minerals
indicate small Mg isotope fractionation during magmatic differentiation, be it basaltic or
granitic, as shown in previous studies (Teng et al. 2007, 2010; Liu et al. 2010).

The limited inter-mineral fractionations reflect the similar coordination of Mg in these
minerals. Equilibrium isotope fractionation is qualitatively controlled by the coordination
number of Mg in minerals, with heavy isotopes preferring minerals with high-bonding energy

sites (i.e., low coordination sites) (Urey, 1947). The coordination number of Mg in Ol, Opx,
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Cpx, Hbl and Bt is the same of 6. Therefore, limited equilibrium inter-mineral fractionation
among these minerals is expected. However, the coordination of Mg is not 6 in two important
rock-forming minerals as it is 4 in spinel (Spl) and 8 in garnet (Grt) (Howie et al. 1992). Thus,
spinel is expected to be isotopically heavier whereas garnet is expected to be isotopically lighter
than coexisting Ol, Opx, Cpx, Hbl or Bt.

Therefore, slab melting with residual garnets will produce heavy Mg isotopic components
in slab melts, but the subsequent magmatic and crystallization processes will not fractionate
Mg isotopic composition (Stracke et al., 2018; Wang et al., 2015). Mg isotope fractionation
during slab melting varies with pressures, temperatures, H2O involved or not. We modelled
possible Mg isotope fractionation (A2Mgmelt-source) during the melting of oceanic crust beneath
the Chugoku district following the approach of He et al. (2017) and Wang et al. (2015). Mg
isotopic compositions for partial melts from oceanic crust at 90~100 km (~2.6 GPa) and 800°C
are calculated based on phase relationship from representative melting experiments on MORB-
like materials (Rapp and Watson, 1995; Sisson and Kelemen, 2018) and mass balance (Wang

et al., 2020):

E MgO_ .
26 26 2% w
0 Mgmelt =9 Mgsource - ( fMg, i XA Mgmelt-i) . (1- F/<F+(1'F)X 1\/Igores1 e))

melt

, where F is the degree of partial melting, i represents MgO-rich mineral phase in the
residua, fmg. i = (MgO:i x Ai) / (O MgO: x Ai), Ai represents the mineral i abundance in the residue,
A2Mg

el; Tepresents the Mg isotope fractionation between melt and mineral 7 in the residual

source, and MgOresidue 1S estimated by a mineral-proportion weighted average.
The residual minerals during partial melting of subducted oceanic crust include garnet,
clinopyroxene, = hornblende, + orthopyroxene, = Fe-Ti oxide (magnetite and ilmenite), +

quartz, + feldspar, £+ rutile, + titanite, = apatite. Only four Mg-rich minerals (garnet,
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clinopyroxene, hornblende, orthopyroxene) are considered to calculate °°Mgmer, because
Quartz, feldspar, rutile, titanite, Fe-Ti oxide and apatite contain negligible MgO compared to
the melt and other minerals and thus cannot cause Mg isotope fractionation during partial
melting. The starting MgO composition of slab as well as phase proportion and MgO contents
of four minerals in the residue are from Rapp and Watson (1995) and Sisson and Kelemen
(2018), because the used MgO contents (6.1 to 8.4 wt. %) are similar to that of Shikoku basin
basalts (1.7 to 8.4 wt. %). Based on statistic fractionation factors between garnet, hornblende,
orthopyroxene and clinopyroxene (Table 6-2; e.g., Handler et al., 2009; Huang et al., 2013;
Liu et al.,, 2010; Teng et al., 2017), A*Mgresidue-mett and 8°°Mg of oceanic crust melt are
determined by A?*Mgi.meit and the MgO fraction of these minerals in the residue. The §*°Mg of
the oceanic crust source is assumed to be -0.25%o, which is the average value of MORB. The
calculation details are listed in Table 6-2.

Calculated 3**Mg of oceanic crust melt ranges from -0.17%o to +0.01%o using parameters
in Rapp and Watson (1995) and from +0.03 to +0.06%o. at 2.6 GPa using parameters in Sisson
and Kelemen (2018) (Table 6-2). Therefore, partial melts derived from subducted oceanic crust
could have substantially heavier Mg isotopic compositions compared to these sources and
mantle, which is inconsistent with the mantle-like Mg isotopic composition of Chugoku lavas.
Previous studies suggest that recycled sediments may have extremely low §°°Mg isotopic
compositions (Li et al., 2017). If it is the case, the melting of sediments with low §*°Mg isotopic
compositions may mix with oceanic crust melt with high §**Mg values and produce slab melt
with mantle-like 6*°°Mg composition, like that of Chugoku lavas. The scenario will be discussed
below.

3.2 Sediment contribution

Hu et al. (2017) and Teng et al. (2016) systematically investigated Mg isotopic
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compositions of 94 well-characterized marine sediments from 12 drill sites outboard of the
world’s major subduction zones. The §**Mg values in these subducting sediments vary greatly
from —3.65 to +0.52. The detritus-dominated sediments have &*°Mg (—0.57 to +0.52)
comparable to the weathered crustal materials (e.g., —0.52 to +0.92) (Shen et al., 2009; Li et
al., 2010; Liu et al., 2010; Huang et al., 2012, 2013; Ling et al., 2013; Wimpenny et al., 2014).
By contrast, the calcareous oozes yield low §*°Mg (—3.65 to —0.32), falling in the range of
previous studies of marine carbonates. Furthermore, the §?°Mg is negatively correlated with
CaO/TiOz in these sediments, which is consistent with the fact that carbonate-rich sediments
are generally enriched in light Mg isotopes and silicate-rich ones are enriched in heavy ones.
Hence, incorporating different sediments into mantle source will generate magmas with
different §**Mg features.
3.2.1 Detritus-dominated sediments contribution

Previous study has demonstrated that detritus sediment-derived components cannot
significantly modify the Mg isotopic compositions of the subarc mantle wedge, because
detritus-dominated sediments have low Mg concentration (2—3% for Nankai sediments),
compared with carbonate minerals, such as dolomite (22%), magnesite (48%), and peridotite
(48%). Moreover, detritus-rich sediments tend to have higher §°°Mg than the mantle values.
Shimanto shales, an equivalent to terrigenous sediments subducted into Nankai trench, have
heavier §°°Mg of —0.06 and —0.17, which is consistent with this systematic (Table 6-1).
Therefore, the bulk addition of recycled detritus-dominated sediments to oceanic crust melt are
unlikely to explain the mantle-like Mg isotopes of Chugoku lavas.

If the sediments beneath the Chugoku district are transported as sediment melt (Feineman
etal., 2013; Pineda-Velasco et al., 2018), the presence of residual garnet will cause even higher

5?°Mg of sediment-derived component. We modelled possible Mg isotope fractionation
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(A*Mgmeli-source) during the melting of subducted sediments beneath the Chugoku district,
following the same modeling method for oceanic crust melt (Table 6-3). Mg isotopic
compositions for partial melts from subducted sediments at ~3 GPa and 800-1000°C are
calculated based on phase relationship from representative melting experiments on clay-like
materials (Skora and Blundy, 2010) and mass balance (after Wang et al., 2020). The residual
minerals during partial melting of subducted sediments mainly include garnet (MgO~12 wt.%),
clinopyroxene (MgO~6 wt.%), kyanite (MgO<1 wt.%), phengite (MgO~3 wt.%) + hornblende,
+ orthopyroxene. The calculated §°Mg and MgO of sediment melt ranges from +0.3%o to +0.6%o
and from 0.5 wt.% to 1.2 wt.%, respectively. Therefore, the melt of detritus sediments cannot
explain the scenario of Chugoku lavas and the possibility of carbonate sediment, which has

much lower 2*Mg values, will be discussed below.

3.2.2 Carbonate sediments contribution

The Late Cretaceous and Cenozoic continental basalts (CBY) from eastern China have low
5?°Mg isotopic compositions (Li et al., 2017). The large-scale mantle low §*°Mg anomaly in
eastern China was attributed to recycled sedimentary carbonates, such as dolomite and
magnesite, which have distinctly low Mg value compared to mantle. However, IAB (island-
arc basalts) have mantle-like or heavy Mg isotopes (§°°Mg = —0.35 to 0.06), indicating that slab
components with heavy Mg isotopes and only carbonates with limited Mg were dissolved into
fluids during dehydration, otherwise, the IAB would exhibit a light Mg isotopic composition.
Two reasons may be probable to explain insignificant role of carbonate recycle on Mg isotopic
composition in the subarc regions.

First, dissolutions of carbonates could be preferential to Ca-rich carbonate because the
solubility of calcite or aragonite is significantly higher than that of dolomite and magnesite at
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high pressures based on molecular dynamics (Li et al., 2017). Calcite with low Mg content
could be the major component in the carbonate carried by oceanic crust at the initial subduction
stage. Chen et al., (2018) present the $**Mg value of Myanmar jadeitites and associated rocks,
representing fluids from forearc subduction channel. The jadeite-forming fluids have low
5?°Mg values. The low §**Mg signature of the fluids is explained by the dissolution of Ca-rich
carbonate in subducted sediments or altered oceanic crust. However, dehydrated fluid contains
Ca, but little Mg, that has a limited influence on the Mg isotopic composition of the mantle
wedge. This selective dissolution process of carbonates may result in the removal of most of
the Ca-rich carbonates from, and leaving Mg-rich carbonates in, the subducting slabs.

Second, a high-pressure experimentation shows that calcite will be reacting with pyroxene
and transformed into dolomite at high pressures between 23 and 45 kbars or magnesite at higher
pressures (Li et al., 2017; Li et al., 2021). Tian et al. (2018) studied arc-like volcanic rocks
from Tengchong, SW China, which exhibit homogeneous and lighter Mg isotopic
compositions than the average mantle and island arc lavas, but similar to the <110 Ma intra-
continental basalts from eastern China. This study suggested that Mg-rich carbonate-dolomite
can be dissolved by supercritical liquids and subducted into a deep mantle wedge to depths of
120-300 km in the oceanic subduction zone. Thus, magmas with low §**Mg features sourced
from the Mg-rich carbonate of subducted slabs will be formed in much deeper zones in the
backarc regions, rather than subarc regions.

Therefore, neither oceanic crust nor sediments could explain the Mg isotopic composition
of Chugoku lavas. In comparison, Hu et al. (2020) suggests that fluids derived from
serpentinized peridotites of slab lithosphere are more effective metasomatic agents for Mg. The

scenario will be discussed below.
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3.3 The contribution of slab serpentinite

A final potential source of Mg from slab is slab serpentinized peridotite. Due to the bending
of the subducting slab, widespread extensional fractures will allow further hydration of the
subducting oceanic lithosphere mantle as the oceanic slab is approaching the trench (Faccenna
et al., 2009; Maruyama et al., 2009; Ranero et al., 2003). Compared to other rock units,
serpentinized rocks can contain up to 16% water (Deschamps et al., 2013; Kodolanyi et al.,
2012), and can be preserved well at relatively wide ranges of temperature-pressure conditions
(Peters et al., 2017). Under high temperature-pressure conditions, a great quantity of fluids and
elements are released from the serpentinites, and thus serpentinites are the carrier of fluids and
mobile elements (e.g., Evans et al., 2013; Shen et al., 2020; Wunder and Schreyer, 1997).
Compared to oceanic crust and sediments, serpentinites have much higher Mg concentrations,
and serpentinized peridotites and constituent phyllosilicates often have Mg isotopic
compositions that are different from the normal mantle (Meng et al., 2021).

Magnesium isotopic compositions of abyssal peridotites reported so far are significantly
heavier than the mantle because of the Mg isotope fractionation induced by hydrothermal
processes during accretion and residence in the deep ocean (Wimpenny et al. 2012; Liu et al.
2017). Most of these abyssal peridotite samples from the Mid Atlantic Ridge, the Gakkel Ridge
and Southwest Indian Ridge have been intensively altered, dominated by serpentinization
and/or weathering and have §*Mg varying from —0.24 to 0.03, with an average value of —0.12
£ 0.13 (2SD, n = 32). In particular, 8°°Mg increases with increasing loss on ignition (LOI),
suggesting that low-T seafloor weathering and the formation of clays are the main causes for
the enrichment of heavy Mg isotopes in the abyssal peridotites.

Generally, deep-subducting oceanic ultramafic mélanges (slab lithosphere) will experience

the following fluid-rock interactions: (a) peridotite serpentinization; (2) replacement of
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antigorite by talc and (3) replacement of talc by tremolite (Li et al., 2018). Similar §*°Mg values
of the partially serpentinized and completely serpentinized peridotites indicates small Mg
isotopic fractionation during peridotite serpentinization. The higher §?*Mg values of talc reflect
the preferential loss of the light Mg isotopes into fluids when talc replaces serpentine. Tremolite,
which completely replaced talc, have lighter Mg isotopic compositions. Thus, the breakdown
of talc in serpentinite will release fluids with high §*°Mg.

However, calculations by Syracuse et al. (2010), indicate that the serpentinized oceanic
lithospheric mantle under Chugoku district at sub-arc depths (90-110 km) has temperatures
lower than 650°C, probably around 500-600°C, far below the talc breakdown temperature
(~700-800°C (Spandler et al., 2008)). Hence, the fluids released from slab serpentinite have
Mg isotopic compositions similar to those of mantle, making the expected signal of special
serpentinite-derived 6**Mg absent in the Chugoku lavas.

3.4 Mantle peridotite contribution

Partial melts derived from slab melting will penetrate and assimilate the mantle wedge
peridotites en route to surface to form adakites (e.g., Rapp et al., 1999; Martin et al., 2005).
Migration of slab-expelled melts in the mantle is likely accompanied by progressive re-
equilibration of their Mg isotopic compositions with the ambient mantle.

The budget of Mg beneath the Chugoku district is controlled by the hybrid melt of AOC
melts and sediment melts (detritus-dominated) with higher §°°Mg. Despite §**Mg is predicted
to be higher than MORB for slab melts, the Chugoku lavas reveal uniform Mg isotopic
compositions that fall within MORB and display no correlation with common indices of
fluid or melt metasomatism, such as Ba/La and Pb/Ce, suggesting that slab melt from the
Philippine plate may not preserve its Mg isotope composition through the infiltration in the

mantle wedge. Given the strikingly different MgO contents between slab-derived melts
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(oceanic crust and subducted sediments) and mantle wedge peridotites (mostly <1 wt% versus
~48 wt%), any §?°Mg signal in the former created by isotope fractionation during slab melting
may be erased by melt-mantle interaction. The binary mixing calculation also suggests that
only > 3% of Mg ingestion from the mantle peridotite to the slab melt may significantly modify
slab-derived melts with high Mg that were fractionated during slab melting and buffered

those to mantle §**Mg values (Figure 6-5).
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Figure 6-5. The diagram of Mg vs MgO for predicted pristine slab-derived melts.
Binary mixing curves between representative predicted slab-derived melts and the mantle wedge

peridotite are also shown. Crosses denote 1% increments in panel.

4. Conclusions

Volcanic rocks (ADK, TAB and HMA) from the Chugoku district of Southwest Japan
display nearly homogeneous Mg isotopic compositions, with an average §**Mg of —0.23 + 0.08%o
(2SD, N=43), comparable to that of mantle peridotite. The lack of correlation between §*°Mg
and slab-component index indicates the absence of clear slab-derived components. Modelling

suggests that Mg isotope fractionation between the melt and slab residue (A**Mgmelt-residue) 1S
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large and much higher than mantle range. However, isotope fractionation can be easily erased
by melt-mantle interaction in a slab melting scenario. In this regard, Mg isotopes of adakites

may not an effective tracer of recycled materials.
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Tables

Table 6-1. Mg isotopic compositions of Late Cenozoic volcanic rocks in the Chugoku district, SW

Japan and metasedimentary rocks (shales) from Shimanto zone

Latitude Longitude Age

Sample name  Region CN) CE) (Ma) Episode”  Type MgO (wt%) Mg §Mg
IAB type

OTS-01 Otsu 34.348 130.839 9.10 1 1AB 6.88

OTS-05 Otsu 34.343 130.950 8.29 1 IAB 6.91 -0.11 -0.24
OTS-06 Otsu 34.392 130.938 9.31 1 1AB 7.84 -0.10 -0.22
OTS-10 Otsu 34.405 131.129 9.25 1 IAB 10.21

SER-11 Sera 34.851 132.834 120 1 1AB 6.67 -0.05 -0.15
HIB-01 Hiba 34991 132900 10 1 IAB 6.88 017 034
HIB-04 Hiba 35.059 133.035 104 1 1AB 6.56 -0.11 2023
HIB-06 Hiba 35.045 133.074 9.90 1 IAB 6.73

HIB-07 Hiba 34.987 133.077 10.1 1 1AB 8.31 -0.12 2023
MAT-04 Matsue 3545 133.069 110 1 IAB 727 007 o0
MKM-01 Kurayoshi (old) 35.494 134.102 503 2 1AB 5.07 -0.08 2017
KUR-16 Kurayoshi (old) 35.442 133.863 5 2 IAB 8.23 -0.12 -0.20
KUR-17 Kurayoshi (old) 35.443 133.859 515 2 1AB 7.11

KRW-02 Kurayoshi (old) 35.258 134.100 499 2 IAB 8.35 -0.12 2025
KRW-03 Kurayoshi (old) 35.256 134.138 543 2 1AB 7.55

KAW-03 Kawamoto 34.993 132.514 226 3 IAB 4.68 -0.06 S0.11
MEN-02 Mengame 34938 132724 L11 3 IAB 9.71 009 17
ABU-06 Abu 34.442 131.498 1.57 3 IAB 6.05
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ABU-11
ABU-17
ABU-21
ABU-23
ABU-26
MAT-02
YOK-01
YOK-05
US-01
OGI-03
INA-01
HYO-03
HYO-15

ADK type
AON-03
AON-04

AON-09
AON-17
AON-21
AON-22
OE-01
OE-02
OE-03
OE-09
OE-10
OE-11
SAM-01**
SAM-06
SAM-14
SAM-16
SAM-20
SAM-21
WAK-01
WAK-02
WAK-03
2060707
3052002
3053003
3060102
3060604
SAN2
YOK-11
TG-01
KUR-01
KUR-05
KUR-11

Abu

Abu

Abu

Abu

Abu
Yokota
Yokota
Yokota
Kurayoshi (young)
N. Hyogo
N. Hyogo
N. Hyogo
N. Hyogo

Aonoyama
Aonoyama
Aonoyama
Aonoyama
Aonoyama
Aonoyama
Oe-Takayama
Oe-Takayama
Oe-Takayama
Oe-Takayama
Oe-Takayama
Oe-Takayama
Sambe

Sambe

Sambe

Sambe

Sambe

Sambe
Wakurayama
Wakurayama
Wakurayama
Daisen

Daisen

Daisen

Daisen

Daisen

Daisen

Daisen

Kurayoshi (young)
Kurayoshi (young)
Kurayoshi (young)
Kurayoshi (young)

34.479
34.477
34.487
34.493
34.603
35.418
35.191
35.160
35.452
35.479
35.500
35.491
35.592

34.493
34.473

34.448
34.076
34.254
34.188
35.070
35.090
35.089
35.115
35.102
35.107
35.162
35.135
35.129
35.135
35.154
35.114
35.467
35.485
35.492
35.364
35.355
35.328
35.355
35.403
35.377
35.360
35.478
35.465
35.461
35.470

131.444
131.605
131.625
131.645
131.688
133.185
133.086
133.209
133.919
134.420
134.299
134.530
134.811

131.815
131.800

131.765
131.751
131.774
131.764
132.427
132435
132.436
132.409
132413
132.424
132.616
132.631
132.620
132.620
132.626
132.631
133.108
133.121
133.116
133.538
133.555
133.566
133.507
133.589
133.572
133.485
133.910
133.830
133.861
133.802

0.06
0.39
0.18
0.18
2.01
1.2

1.32
1.00
0.98
2.74
1.62
1.81

0.29
0.09

0.30
0.3

0.38
0.5

1.52
1.5

1.70
1.05
1.87
1.83
1.36
0.07
0.43
0.3

0.22
0.2

0.86
0.72
0.73
0.02
0.06
0.51
0.46
0.41
0.05
0.55
1.34
1.90
1.13
1.24

W W W W W W W W W W W W W

W W W W W W W

LW W W W W W W W W W W W W W W W W W W W W W W W w
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IAB
IAB
IAB (SHO)
IAB (SHO)
IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB
IAB

ADK
ADK

ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK
ADK

7.51
7.49
8.30
791
4.39
7.18
7.48
9.47
4.69
4.29
5.17
5.29
7.46

2.36
2.13
2.20
3.21
2.89
3.32
1.01
0.36
0.77
1.49
0.49
1.08
1.78
1.94
1.90
1.97
1.92
1.79
2.05
2.28
1.74
1.80
1.84
2.11
1.90
2.00
2.21
1.92
2.87
2.74
2.80
3.34

-0.09

-0.09
-0.06

-0.13

-0.04

-0.07

-0.11
-0.04

-0.19
-0.13

-0.12

-0.06

-0.14
-0.13
-0.09
-0.12
-0.12
-0.14
-0.06

-0.13
-0.10
-0.12
-0.14
-0.05
-0.10

-0.06
-0.11
-0.12

-0.19

-0.18
-0.20

-0.28

-0.19

-0.19

-0.22
-0.24

-0.18
-0.30

-0.25

-0.27

-0.28
-0.28
-0.20
-0.25
-0.24
-0.30
-0.20

-0.27
-0.21
-0.25
-0.28
-0.20
-0.25

-0.20
-0.23
-0.24



HMA type?
JA-2

TGl

SD264

Sediments
605
606

Setouchi 34.35
Setouchi 34.46
Setouchi 34.50
Shimanto
Shimanto

133.93
135.56
134.19

13.4
14
12.8

HMA

HMA
HMA

7.68
9.47
6.05

-0.15
-0.11
-0.10

-0.01
-0.08

-0.29
-0.22
-0.26

-0.06
-0.17

Table 6-2. The calculated $2*Mg of AOC melts and residue under P and T conditions beneath the

Chugoku district.

Rock No. 2237 2242 3 3 2
Starting material iI/Ing-{sgturated iI/Ing-{sgturated tholeiite tholeiite l;;%l;i?l
P 2.6 2.6 2.2 2.2 3.2

T 800 800 1050 1100 1125
Mineral assemblage

grt 39.2 41.0 35.7 12.9 40.7
cpx 40.0 37.1 45.0 46.2 353
melt 19.1 18.7 19.3 31.5 23.5
Hbl

opx

qtz/cs/st 0.4 1.8

feldspar 9.5

rut 1.2 1.1

tit

ap 0.4 0.4

ox/ilm

other 2.0 2.2 0.0 9.5 0.0

F 0.19 0.19 0.19 0.32 0.24
Mineral i abundance in the residue

Agrt 48.28 51.06 44.24 18.80 53.55
Acpx 49.26 46.20 55.76 67.35 46.45
Anbl

Aopx

AOX

MgO of different minerals

MgOgt 5.7 6.1 8.92 11.86 7.95
MgOcpx 10.3 10.8 10.89 12.69 7.80
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MgOmeit 0.18 0.17 1.07 3.87 0.77
MgOmunbi

MgOopx

MgO,x

MgOresidue 7.8 8.1 10.0 10.8 7.9
MgOsource 6.9 6.9 8.4 8.4 6.1
MgOresidue/MEOmere  43.3 47.7 9.4 2.8 10.2
D(MgO)grt/epx 0.55 0.57 0.82 0.93 1.02
Mg isotope fractionation between melt and mineral i in the residual source
A*Mggrt-cpx -0.86 -0.86 -0.57 -0.53 -0.51
AYMgHbi-cpx 0.03 0.03 0.02 0.02 0.02
A Mgopx-cpx -0.03 -0.03 -0.02 -0.02 -0.02
fmg.i = [ MgO; x Ail / [ XMgO: x Ai]

fvg, grt 0.35 0.39 39% 21% 54%
fvg, cpx 0.65 0.61 61% 79% 46%
fvg, Hb

fvg, opx

fvg, ox

Results

32 Mgmelt 0.03 0.06 -0.05 -0.17 0.00
A**Mgmelt-source 0.28 0.31 0.20 0.08 0.25
82 Mgresidue -0.25 -0.25 -0.26 -0.26 -0.26
Reference Sisson & Kelmen (2018) Rapp and Watson (1995)

Table 6-3. The calculated $**Mg of sediment melts and residue under P and T conditions beneath

the Chugoku district, SW Japan.

Rock No. cl0 c23 c9 c7 c8 cl7 cl4 c22 cl3 c21 c20
Starting material

water 7 7 7 7 7 9 13 15 15 15 15

T 800 850 900 1000 1100 800 1000 750 800 900 1000
Mineral assemblage

grt 23.0 30.0 28.0 31.0 23.0 23.0 29.0 20.0 30.0 36.0 31.0
cpx 12.0 1.2

melt 25.0 44.0 49.0 58.0 70.0 40.0 65.0 23.0 45.0 55.0 60.0
ky 12.0 8.5 10.0 8.7 6.6 52 53 10.0 6.5 6.7
phen 8.5 1.5 18.0 11.0 5.0
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ru 0.3

ilm 1.7
accessory 2.0
total 57.5
F 0.25

0.3
1.4
1.7
429
0.44

Mineral i abundance in the residue

Aert 40.0
Acpx 20.9
Aky 20.9
Aphen 14.8
Aox

MgO of different minerals

MgOgr 12.37
MgOepx 5.48
MgOmer 0.46
MgOxy 0.21
MgOphen 3.50
MgOox

MgOresidue 6.7
MgOsource 6.9
MgOresidue/ MZOmel 14.5

t

69.9
2.8
19.8
3.5

11.43

0.59
0.20

3.70

8.2

6.9

13.8

0.2
3.0
32
41.2
0.49

68.0

243

13.89

0.31
0.28

9.5
6.9

30.7

0.2
39.9
0.58

71.7

21.8

12.26

0.68

0.42

9.6
6.9

14.1

0.0
29.6
0.70

71.7

223

13.15

1.41

0.42

10.3
6.9

7.3

0.1
3.4
3.5
49.7
0.40

46.3

10.5
36.2

13.01

0.55
0.20
3.37

7.3
6.9

13.2

0.2
345
0.65

84.1

11.79

1.21
0.30

10.0
6.9

8.2

Mg isotope fractionation between melt and mineral i in the residual source

A26Mggrt-cpx -0.86
AZGMgky-cpx

A26Mgphen-cpx

-0.78

fmg. i = [ MgOi x Ai] / [ XMgO; x Aj]

. 74.4
Mg, grt %
17.2
fMg, cpx %
fMg, ky 0.6%
fMg, phen 7.8%
fMg, ox
Results
626Mgmelt 0.49
A“Mgmelt-source 0.74
526Mgresidue -0.13
Reference

97.9
%

0.5%

1.6%

0.59
0.84
-0.16

Skora et al. (2010)

-0.72

99.3
%

0.7%

0.55
0.80
-0.14

-0.61

99.0
%

1.0%

0.41
0.66
-0.17

-0.53

99.1
%

0.9%

0.26
0.51
-0.24

-0.86

82.9
%

0.3%

16.8
%

0.54
0.79
-0.15

-0.61

99.5
%

0.5%

0.36
0.61
-0.23

0.4
0.5
0.9
31.9
0.23

62.7

345

8.23

0.41

3.07

6.2
6.9

15.2

-0.95

83.0
%

17.0
%

0.63
0.88
-0.13

0.7
45.7
0.45

65.6

21.9
10.9

10.85

0.73
0.21
3.88

7.6
6.9

10.4

-0.86

93.8
%

0.6%

5.6%

0.61
0.86
-0.18

0.1

0.1

42.6

0.55

84.5

10.77

0.57
0.06

9.1
6.9

16.0

-0.72

99.9
%

0.1%

0.53
0.78
-0.17

0.2

0.2
37.9
0.60

81.8

17.7

11.44

0.69
0.50

9.4
6.9

13.7

-0.61

99.1
%

0.9%

0.41
0.66
-0.18
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Chapter 7. Summary and future vision

This dissertation investigates sources, properties and transfer of slab-derived fluids
beneath the Chugoku section of Southwest Japan arc. I first developed the purification and
analytical method of Li and Mg isotopes. Next, the properties and recycling of slab-derived
fluids into the mantle is considered. Specifically, I approach this topic by studying the Hf-B-
Li-Mg isotopic composition of volcanic rocks from the Chugoku district of Southwest Japan,
exploring the source materials for metasomatic agents that may lead to distinct isotopic
compositions from mantle, and investigating processes that can influence the isotopic
distribution. The results from this dissertation contribute to the understanding of the role and
behavior of slab-derived fluids. The main conclusions drawn from this dissertation along with

future directions are discussed below:

(1) The first topic (Chapter 2) investigates the properties of slab-derived fluids in the
Chugoku volcanic rocks by Hf isotopes. We attribute the temporal change in 7*Hf/!’Hf values
to the transition of the slab-derived fluid component from a supercritical liquid to a hydrous
melt in the last 12 million years (Myrs), owing to shallow subduction and morphological
distortion of the oceanic lithosphere. Later work may couple Hf isotope systematics with other
non-traditional stable isotopes, such as potassium (K) and Molybdenum (Mo), which behave
differently from Hf isotopes during geological processes. The subduction lithologies (marine
sediments, altered oceanic crust and ultramafic rocks) usually have highly heterogeneous K
and Mo isotope composition, and hence may give a more complete picture of the working
mechanism for slab-derived fluids in general.

(2) Chapter 3 focuses on B isotope variation in adakites, which points to the involvement
of inputs from the fluid from slab mantle serpentinite. Our study finds that, in the hotter

308



subduction zone, fluids are released from the deeper serpentinites and facilitate the melting of
the upper crustal section in the slab, which was dehydrated at shallower depths but re-hydrated
by the addition of serpentinite-derived fluids. In the future, more detailed investigations on B
isotopic compositions in adakites of Chugoku district, Kyushu district and High-Mg andesites
from Setouchi are required to explore the temporal and spatial variation of B isotopic
composition of SW Japan arc lavas and the fluid sources to facilitate the melting of slab.

(3) Chapter 4 presents an optimized protocol for the rapid and simultaneous purification
of Li and Mg, which significantly reduces the separation time, required reagent volume, and
procedural blanks compared to previous methods. This method still has the potential to separate
other elements using an additional column, because Cu and Zn are eluted with Mg fractions,
and many other elements, such as Fe, K and Ca, are eluted after the collection of Li and Mg
fractions.

(4) Chapter 5 presents a Li isotope investigation on volcanic rocks in the Chugoku district
in SW Japan which show a large 8’Li variation (1.9 to +7.4%o). High 8’Li values (+1.2 to
+7.4%o) are found in high-Sr andesites and dacites (adakites) whereas low §’Li values (~1.0 to
—0.1%o0) are found in high-Mg andesites. Our study suggests that subduction-related &’Li
features in arc magmas can be preserved if (1) slab-derived fluids/melts have distinct §’Li
values from MORB and (2) rapid ascent of those fluids/melts allows the limited isotope
exchange with mantle. Our study provides an example where Li isotopic composition from
slab-released fluids is well preserved. However, more investigation needs to be done on the
abilities of different types of fluids to survive the equilibrium processes with mantle, and which
component finally dominates the budget of preserved Li, especially sediments.

(5) Chapter 6 presents a systematic investigation of the Mg isotope compositions in the

Chugoku volcanic rocks, which have an average §**Mg of —0.23 £ 0.08%o (2SD, N=41) and
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are within the range of mantle peridotite. Our modeling suggests slab-derived melts may have
5%6Mg higher than their sources by up to +0.31%o, but the heavy Mg isotopic features can be
easily buffered by later melt-mantle interaction. Therefore, Mg isotopes may be not a powerful
tracer of slab melting. To further constrain the role of Mg isotopic composition in arc magma
genesis, future studies on arc lavas derived from different slab-depths and subduction zones
with contrasting thermal structures are needed, which permits inter-arc comparison on how
dehydration of different hydrous phases at various pressure-temperature conditions affect the

Mg isotopic compositions of arc magmas.
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