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Abstract The source mantle of the basaltic ocean crust on the western half of the Pacific Plate was exam-

ined using Pb-Nd-Hf isotopes. The results showed that the subducted Izanagi-Pacific Ridge (IPR) formed

from both Pacific (180–�80 Ma) and Indian (�80–70 Ma) mantles. The western Pacific Plate becomes

younger westward and is thought to have formed from the IPR. The ridge was subducted along the Kurile-

Japan-Nankai-Ryukyu (KJNR) Trench at 60–55 Ma and leading edge of the Pacific Plate is currently stagnated

in the mantle transition zone. Conversely, the entire eastern half of the Pacific Plate, formed from isotopi-

cally distinct Pacific mantle along the East Pacific Rise and the Juan de Fuca Ridge, largely remains on the

seafloor. The subducted IPR is inaccessible; therefore, questions regarding which mantle might be responsi-

ble for the formation of the western half of the Pacific Plate remain controversial. Knowing the source of the

IPR basalts provides insight into the Indian-Pacific mantle boundary before the Cenozoic. Isotopic composi-

tions of the basalts from borehole cores (165–130 Ma) in the western Pacific show that the surface oceanic

crust is of Pacific mantle origin. However, the accreted ocean floor basalts (�80–70 Ma) in the accretionary

prism along the KJNR Trench have Indian mantle signatures. This indicates the younger western Pacific

Plate of IPR origin formed partly from Indian mantle and that the Indian-Pacific mantle boundary has been

stationary in the western Pacific at least since the Cretaceous.

1. Introduction

1.1. Global-Scale Indian-Pacific Mantle Boundary

The heterogeneous nature of the mantle remains a major topic of debate, and heterogeneities ranging

from centimeter to hemispheric scale have been proposed [Allegre and Turcotte, 1986; Davies, 2009; Hart,

1984; Hofmann, 2003; Iwamori et al., 2010; Stixrude and Lithgow-Bergelloni, 2012]. The most distinctive fea-

ture in global-scale mantle heterogeneity is the Indian and Pacific mantle domains. This characteristic is

related to the identification of global Pb isotopic signatures found in the Southern Hemisphere (DUPAL

anomaly) [Dupr�e and Allègre, 1983; Hanan and Graham, 1996; Hart, 1984] that were later revised according

the growing isotope database from mid-ocean ridge basalts (MORBs) using Pb [Mahoney et al., 1998] and

Nd-Hf isotopes [Chauvel and Blichert-Toft, 2001; Pearce et al., 1999]. Although the latest compilation of

MORB data shows a diffused Indian-Pacific mantle boundary [Class and Lehnert, 2012], radiogenic 207Pb and
208Pb at a given 206Pb isotope composition and radiogenic Hf at a given Nd isotope composition in the

Indian mantle still distinguishes the two large mantle domains, particularly the ‘‘enriched’’ Indian mantle.
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In this sense, the enriched Indian mantle is widely distributed within the Indian and Atlantic oceans,

whereas the Pacific Ocean is underlain only by ‘‘depleted’’ Pacific mantle [Nebel et al., 2007], forming the

East-West mantle hemispheres [Iwamori et al., 2010].

The western Pacific is the hemispheric boundary of the Indian-Pacific mantle domain, which has been

examined by various combinations of Pb-Nd-Hf isotope systems such as the Kurile-Japan-Izu-Mariana

Trench [Flower et al., 2001; Hickey-Vargas et al., 1995, 2006; Hirahara et al., 2015; Kimura and Yoshida, 2006;

Kimura and Nakajima, 2014; Kimura et al., 2010; Martynov et al., 2012; Park et al., 2006; Savov et al., 2006;

Woodhead et al., 2012], Vitiaz-Tonga Trench [Pearce et al., 2007], and Australia-Antarctica Discordance

[Hanan et al., 2004; Kempton et al., 2002; Klein et al., 1988; Pyle et al., 1995]. The current global boundary of

the two mantle domains is expected to be located along the N-S-trending Kurile-Japan-Izu and Mariana-

Vitiaz-Tonga trenches and Australia-Antarctica Discordance, rimming the western margins of the Pacific

Ocean basin [Machida et al., 2009; Nebel et al., 2007; Pearce et al., 1999] (Figure 1a). Accordingly, the consen-

sus on the boundary of the Indian-Pacific mantle in the present-day western Pacific relates to the surface of

the Pacific Plate slab subducting beneath the North American, Eurasian, Philippine Sea, and Indo-Australian

plates [Machida et al., 2009; Nebel et al., 2007; Pearce et al., 1999], although the detailed position of the

boundary, e.g., the Caroline basin, differs slightly among researchers.

This global-scale mantle domain is thought to have been present since the Permian along the subduction

zones at the eastern margins of the Gondwana supercontinent [M€uller et al., 2008; Nebel et al., 2007]

(Figure 2). Pacific Plate subduction continued during the Cretaceous, when the Gondwana continent broke

up, and after the re-organization of the upper plates with the northward migration of the Australian conti-

nent and formation of the Philippine Sea Plate [Hall, 2002; M€uller et al., 2008]. It appears that the location of

the subduction zone, where various Panthalassa plates including the present-day Pacific Plate subducted,

has been the boundary between the Indian-Pacific mantle, bordering the sub-Gondwana ‘‘continental’’ and

the sub-Pacific ‘‘oceanic’’ upper mantle for >140 Myr [Flower et al., 2001; Hickey-Vargas et al., 1995; Machida

et al., 2009; Mahoney et al., 1998; Pearce et al., 1999].

Debate continues on the ancient location of the mantle domain boundary. This topic is related to the onset

of the subduction of the Pacific Plate beneath the Philippine Sea plate, which occurred at �52 Ma in the

Izu-Bonin-Mariana arc. The onset of subduction along the eastern margins of the Eurasian and Philippine

Sea plates led to the Pacific Plate slab intruded into the Indian mantle. Thus, the surface of the Pacific Plate

slab became the boundary between the Indian-Pacific mantle domains at that time [Pearce et al., 1999].

However, the Indian-Pacific mantle boundary could have been ‘‘beneath the presubducted Pacific Plate’’

prior to this event [Pearce et al., 1999]. If true, then before �52 Ma, the Indian-Pacific mantle boundary

would have been located in the Equatorial western Pacific Ocean basin, contradicting the boundary model

of the older Gondwana margins. An alternative model is that the mantle beneath the plate suture was influ-

enced by local Manus plume activity, which initiated the subduction and from which the enriched (Indian

mantle-like) mantle component was introduced into the infant arc magmas [Macpherson and Hall, 2001].

1.2. Mantle Beneath the Pacific Plate

Recently, the previous consensus regarding the Indian mantle provenance of the wedge mantle above the

Pacific Plate in the Kurile-Japan-Izu-Mariana arc (Figure 1) was challenged based on analysis of the slab flux

in the lavas from these arcs [Straub et al., 2009, 2015]. Straub et al. [2009] showed that relatively elevated
207Pb/204Pb and 208Pb/204Pb in the arc lavas are spatially limited in the area in which the age of the sub-

ducted Pacific Plate slab is younger than 125 Ma (Figure 1). Straub et al. [2009] reported that the radiogenic

Pb was largely from the altered oceanic crust (AOC) of the Pacific Plate, and they proposed that the Pacific

Plate younger than �125 Ma was generated from the previously subducted Izanagi-Pacific Ridge (IPR)

[Nakanishi et al., 1989], which produced MORBs of Indian mantle provenance (Indian-type MORB or AOC) as

young as 125 Ma. This proposal is contrary to previous models that relied on Pb-Sr-Nd isotopic geochemis-

try of the arc lavas to determine the provenance of the Indian mantle wedge [Flower et al., 2001; Hickey-Var-

gas et al., 1995; Kimura and Yoshida, 2006; Kimura and Nakajima, 2014; Kimura et al., 2010; Martynov et al.,

2012; Pearce et al., 1999].

If the interpretation of Straub et al. [2009] is correct, the upper mantle beneath the younger western Pacific

Plate of 70–125 Ma might be Indian mantle because the IPR Plate boundary subducted along the Kurile-

Japan-Nankai-Ryukyu Trench at 60–55 Ma [Kiminami et al., 1994; M€uller et al., 2008; Seton et al., 2012, 2015;
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Whittaker et al., 2007] and the western leading edge of the Pacific Plate segment is believed to be currently

stagnated in the mantle transition zone [Fukao et al., 1992; Sakuyama et al., 2013; Seton et al., 2015]

(Figure 3). Following the models of Straub et al. [2009, 2015], the Pacific-Indian mantle domain boundary in

Figure 1. Map showing the Indian-Pacific mantle domain boundary, hotspot tracks, ridges, and subduction zones in the (a) Pacific and (b)

western Pacific. Hotspot tracks, rises, and plateaus in Figure 1a are from Condie [2001]. Locations of the MORB and OIB samples used in

this study are shown in Figure 1b. Borehole location data were obtained from the IODP web site at http://www.iodp.org/borehole-map.

Thick white lines with numbers show ages of the Pacific plate, and thin lines show transform faults [Nakanishi et al., 1989]. The SOPITA

hotspot trails in Figures 1a and 1b are from Koppers et al. [2003]. Tr: trench; B: basin; HS: hotspot.
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the upper mantle should be located to the east of the Kurile-Japan-Nankai-Ryukyu Trench (Figure 3b), rather

than at the trench itself (Figure 3a) as interpreted in other models [Flower et al., 2001; Nebel et al., 2007;

Pearce et al., 1999].

More recently, Straub et al. [2015] further extended the same analysis to the temporal and spatial variations

of the lavas in the Izu and Mariana arcs. While the latest model confirmed the first proposal it also raised fur-

ther questions. On the basis of Pb isotope systematics, they suggested that the Izu arc was influenced by

the Pacific-type AOC from 52 to 42 Ma, followed by the Indian-type AOC from 42 to 0 Ma. Moreover, they

Figure 2. Paleogeographic map showing reconstruction of the Pacific Plate development. Figures were adopted from the literature [M€uller

et al., 2008] and modified by the authors. IP: Izanagi Plate; FP: Farallon Plate; PP: Pacific Plate; IPR: Izanagi Pacific Ridge; JDF: Juan de Fuca

Ridge; EPR: East Pacific Rise; SOPITA: South Pacific Thermal and Isotopic Anomaly; OJP: Ontong Java Plateau; SR: Shatsky Rise; Hawaii:

Hawaii hotspot. Thick and thin white bands show SOPITA and Hawaii hotspot tracks, respectively. Red triangles show subduction zones,

and thin white lines show spreading ridges. Thick dark blue line: location of the Shimanto accretionary prism through time.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005911

MIYAZAKI ET AL. STATIONARY INDIAN-PACIFIC MANTLE BOUNDARY IN THE WESTERN PACIFIC 3312



determined that the Mariana arc was

influenced by the Pacific-type AOC

from 51 to 24 Ma and the Indian-type

AOC from 24 to 10 Ma. These hypothe-

ses reflect the subduction of the IPR-

sourced Pacific Plate formed in 100–90

Ma [Straub et al., 2015]. They accepted

the contribution of the arc mantle

wedge of Indian mantle origin [Hickey-

Vargas et al., 1995, 2006; Park et al.,

2006; Savov et al., 2006; Woodhead

et al., 2012]; thus, the mantle domain

boundary issue deduced from AOC

chemistry remains an open question.

1.3. Aim of This Paper

The proposal by Straub et al. [2009,

2015] raises two points of conjecture:

(1) The trace of Indian mantle in the arc

lavas is partly from the AOC and not

entirely from the wedge mantle, and

(2) the Indian-Pacific mantle boundary was located beneath the western Pacific basin prior to the subduc-

tion of the IPR (Figures 2 and 3b). Therefore, the provenance of the mantle beneath the Pacific Plate, sub-

duction zones, and marginal basins in the western Pacific is fundamental to understanding the arc-back arc

magmatism and regional tectonics. The relationship of the Indian-Pacific mantle boundary in the upper

mantle and in the mantle transition zone is also an important constraint to the mantle convection associ-

ated with a stagnant Pacific Plate slab in the mantle transition zone beneath Eurasia [Zhao et al., 2009].

In this paper, we analyze trace elements and the Sr-Nd-Hf-Pb isotope compositions in the ocean floor

basalts collected from the western Pacific (167–129 Ma), accreted Cretaceous ocean floor basalts in the Jap-

anese accretionary prism (�80–70 Ma), and old (�118 Ma) ocean island basalts (OIBs) and young (�6 Ma)

petit-spot basalts erupted on the western margins of the �140 Myr-old Pacific Plate. On the basis of the

new data and existing geochemical data, we discuss the origin of the Pacific Plate oceanic crust generated

from the IPR and the location of the Indian-Pacific mantle boundary in the Cenozoic western Pacific. Fur-

thermore, the nature of mantle heterogeneity within the region is examined to address the two aforemen-

tioned questions.

2. Geological and Geochemical Settings

Here we briefly summarize the important features of tectonics, geological settings, and geochemistry of the

Pacific Plate reported in previous research.

2.1. Tectonic and Geological Settings

2.1.1. Plate Tectonics

The western Pacific Ocean is underlain by the oldest portion of the Pacific Plate, and the age of the plate

becomes younger outward from the �180 Myr-old Western Pacific Seamount Province (WPSP) to the �120

Myr-old north-south Pacific rim and to the east up to the new seafloor being formed along the East Pacific

Rise (EPR) and Juan de Fuca (JDF) Ridge (Figures 1 and 2) [Nakanishi et al., 1989]. To the west, the Pacific

Plate subducts beneath the Eurasian and Philippine Sea plates. The plate immediately before the subduc-

tion zone has an age range of 120–150 Ma along the present-day Kurile-Japan-Izu-Mariana Trench (Figures

1 and 2). The Philippine Sea Plate rapidly migrated to the north from the equatorial areas to its present posi-

tion by 15 Ma [Hall, 2002; Kimura et al., 2005]. Prior to this movement, the Pacific Plate subduction contin-

ued along the Kurile-Japan-Nankai-Ryukyu Trench forming the Shimanto Supergroup accretionary prism

complex over a distance of >2500 km along the eastern margins of the Eurasian continent [Kimura et al.,

2005; Taira, 2001] (Figures 1 and 2). This accretionary prism formed continuously from >120 Ma to 60 Ma

along the Kyushu-Japan-Nankai-Ryukyu subduction system [Taira, 2001]. During this time, the IPR

Figure 3. Schematics showing two models of the distribution of the Indian

(hatching) and Pacific mantle domains in the upper mantle and uppermost lower

mantle. Up: upper; Lw: lower; MTZ: mantle transition zone. Location of the sunken

Izanagi Plate may be deeper according to the geodynamic model [Seton et al.,

2015].
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subducted from 60 to 55 Ma [M€uller et al., 2008; Seton et al., 2012, 2015; Whittaker et al., 2007] (Figure 2b).

Different models have been presented on the geometry of the IPR subduction; we used the model that

implies that IPR subduction occurred almost parallel to the Kurile-Japan-Nankai-Ryukyu Trench [M€uller et al.,

2008; Seton et al., 2012, 2015; Whittaker et al., 2007]. The IPR subduction may have occurred earlier consider-

ing the ages of the accreted MORBs of the Shimanto Supergroup (90–60 Ma) [Kiminami et al., 1994], which

may have affected the absolute location of the Indian-Pacific mantle boundary beneath the NW Pacific.

The eastern wing of the subducted IPR, specifically the Pacific Plate segment, is considered to be currently

stagnant in the mantle transition zone 440–660 km deep beneath both the eastern Eurasian continent and

the Japan Sea [Fukao et al., 1992; Sakuyama et al., 2013; Seton et al., 2015]. Stagnation of the IPR Pacific slab

might have caused the opening of the Japan Sea back-arc basin through slab rollback [Sdolias and M€uller,

2006]. The model suggests that the subducted, or missing, western half of the Pacific Plate was from the IPR

and that it formed during the Cretaceous (125–60 Ma; Figures 2 and 3) because the entire lifetime of the

IPR was 180–60 Ma, starting from the formation of the oldest Pacific Plate currently in the WPSP area [M€uller

et al., 2008] (Figure 2a).

2.1.2. The Shimanto Accretionary Prism

The IPR ridge subduction left scraped-off oceanic basalts in the Shimanto Supergroup accretionary prism

[Kiminami et al., 1994]. These are now regarded as zeolite facies-type low metamorphic-grade greenstones

[Asaki and Yoshida, 1998; Kiminami et al., 1992] in the mudrocks and sandstones of the highly deformed Shi-

manto Supergroup. The Shimanto greenstones are mostly MORB-type, according to the major and trace ele-

ment data determined by X-ray fluorescence spectrometry. The frequent occurrence of such greenstones in

the Cretaceous (90–60 Ma) is attributed to IPR subduction [Kiminami et al., 1994]. There is no evidence on

back-arc basin subduction or arc magma genesis in this accretionary prism, and the Pacific Plate subduction

is believed to have been ongoing since the Cretaceous [Kiminami et al., 1992; Kiminami et al., 1994; M€uller

et al., 2008; Sdolias and M€uller, 2006; Taira, 2001] until the Shikoku Basin of the Philippine Sea Plate subduc-

tion occurred after �15 Ma along the Nankai Trench. This theory is in contrast to that of continuous Pacific

Plate subduction in the Kurile-Japan-Izu Trench [Kimura et al., 2005; Taira, 2001].

A typical in situ ocean floor basalt exposure crops out in the Shimanto in Shikoku. The emplacement age

was estimated to be �70 Ma on the basis of the radiolarian fossil age from the host mudrocks; the former

being stratigraphically continuous with the pillow lavas and the peperites [Asaki and Yoshida, 1998; Kimi-

nami et al., 1992] (Figure 1b). Similar greenstones are also found in the younger sedimentary rocks of the

accretionary prism, such as at Yakushima Island, with a radiolarian fossil age of �40 Ma showing the mini-

mal age of the accreted greenstones [Saito et al., 2007]. The Yakushima greenstones are unrelated to the

ridge subduction but are representative of part of the scraped-off Pacific Plate from the IPR with a formation

age of �80 Ma, as shown through plate reconstruction in [Sdolias and M€uller [2006, Figure 5b] (Figure 1b).

2.2. Pb Isotope Geochemistry of Basalts From the Pacific Ocean

An existing comprehensive geochemical data set of Pb isotopes is relevant to the determination of the

Indian-Pacific mantle boundary was used in this study. Figure 4 plots the time-corrected 208Pb/204Pb(t)

-206Pb/204Pb(t) and 208Pb/204Pb(t) -206Pb/204Pb(t) ratios by using existing Pb isotope data based on the

assumption that the MORBs and OIBs had similar Pb, Th, and U compositions as those of the normal (N)-

MORBs and OIBs [Sun and McDonough, 1989], respectively. The use of the measured U-Th-Pb compositions

in the samples did not alter the basic shapes of the plots. Their (t) ages were estimated from seafloor ages

[Nakanishi et al., 1989] for the MORBs, the measured Ar-Ar and estimated ages for the WPSP OIBs [Koppers

et al., 2003; Shimoda et al., 2011], and the measured Ar-Ar ages for the petit-spot basalts [Hirano et al.,

2006]. The French Polynesian samples were not corrected because of their young ages [GEOROC, 2013;

Stracke et al., 2005]. Other reference lines and fields are shown at (t)5 0; their sources are listed in the cap-

tion for Figure 4. In section 2.2.1, we describe the Pb isotope compositions of the MORBs and OIBs on the

Pacific Plate. The basalts from the Eurasian continent and marginal basins are examined in section 4 by

using Nd-Hf isotopes.

2.2.1. MORBs

Previously reported geochemical analyses of the MORBs from the western Pacific Plate indicate Pacific man-

tle provenance. The time-corrected Pb isotopic compositions from DSDP Site 801 MORBs (�160 Ma: Figure

1b) in the WPSP are all Pacific, including the slightly high U/Pb mantle (HIMU)-like (206Pb/204Pb(t)5�19)

volcaniclastics from Site 801; these are assumed to have been derived from the neighboring Cretaceous
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seamounts [Chauvel et al., 2009] (Figure 4). The Pb isotopes of the ODP Site 1149 MORBs (�135 Ma: Figure

1b) from the front of the Izu arc indicate they are all from the Pacific mantle [Hauff et al., 2003] (Figure 4). It

is therefore reasonable that 130–160 Myr-old MORBs from the IPR have Pacific mantle provenance, as has

been discussed previously and also by Straub et al. [2009]. The eastern half of the Pacific Plate is 0–180 Myr

old, and the JDF Ridge and EPR are the present-day spreading ridges where the Pacific mantle geochemis-

try is defined [Hart, 1984; Machida et al., 2009; Pearce et al., 1999]. The Pacific MORB field is shown in

Figure 4.

The oldest portion of the northeastern Pacific Plate, with JDF Ridge origin, is represented by the Shatsky

Rise, which is large igneous province (LIP) in which a ridge-ridge-ridge (R-R-R) triple junction formed about

145–130 Ma [Nakanishi et al., 1989] (Figures 1 and 2). The Shatsky Rise erupted from predominantly MORB-

type basalt [Kimura and Kawabata, 2014; Sano et al., 2012] with a Pacific mantle Pb isotopic signature [Hey-

dolph et al., 2014; Mahoney et al., 2005]; basalts from Sites 1213, 1346, 1347, 1349, and 1350 in Figure 1b

have the same Pb isotopic compositions as those shown in Figure 4. Therefore, the eastern half of the

Pacific Plate, which originated from the IPR-EPR-JDF Pacific-Farallon plate boundary, including the 145–130

Ma Izanagi-Pacific-Farallon plate triple junction of the Shatsky Rise, commonly shared Pacific mantle geo-

chemical affinity throughout its history. According to the existing data of the Pacific Plate MORBs, we did

not observe signals of Indian mantle provenance in this plot.

Figure 4. Time-corrected Pb isotopic compositions of the mid-ocean ridge basalts (MORBs) and ocean island basalts (OIBs) in the Pacific

Ocean. Indian and Pacific MORB fields are (a) from Mahoney et al. [2005] and (b) from the data in Class and Lehnert [2012], confirmed by

recent compilations of the Pacific and Indian-Atlantic MORBs [Class and Lehnert, 2012]. Locations of depleted mantle (DM), Focus Zone

(FOZO), high U/Pb mantle (HIMU), Enriched Mantle 1 (EM1), and EM2 are from the literature [Stracke et al., 2005]. Tie-lines for the Site 1179

samples were obtained from leaching experiments.
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2.2.2. OIBs and Petit-Spot Basalts

In contrast to the MORBs in the Pacific, the geochemistry of the OIBs is highly variable, covering almost the

entirety of mantle components of Enriched Mantle 1 (EM1) -EM2-HIMU-depleted mantle (DM) -Focus Zone

(FOZO) [Hart et al., 1992; Zindler and Hart, 1986] (Figure 4). Many South Pacific Isotopic and Thermal Anom-

aly (SOPITA) [Staudigel et al., 1991] HIMU-FOZO-EM1-EM2 OIBs, particularly some Cretaceous WPSP lavas,

possess radiogenic 207Pb and 208Pb [Koppers et al., 2003] that reveal their similarity to the Indian mantle (Fig-

ure 4). Similarly, the Ontong-Java Plateau LIP basalts (Figures 1 and 2) overlap on the Indian mantle field in

contrast to those of the Shatsky Rise (Figure 4). These plume-sourced OIBs in the Pacific have partial similar-

ity with the Indian mantle [Farnetani and Hofmann, 2010; Ito and Mahoney, 2005; Kimura and Kawabata,

2015; Koppers et al., 2003] (Figure 4).

The Cretaceous Hotta Seamount of �118 Ma was active on the 136 Myr-old Pacific Plate that is currently

near the Japan Trench (Figures 1 and 2). This activity is responsible for the oldest exposed SOPITA-influenced

OIBs, which have the same age as the Magellan Seamounts and an HIMU component [Shimoda et al., 2011]

(Figure 4). OIBs from the nearby petit-spot volcanoes (�6 Ma) [Hirano et al., 2006] (Figure 1) exhibit an EM1

isotope signature [Machida et al., 2009] (Figure 4). This indicates that the shallow upper-mantle astheno-

sphere (�100 km) beneath the Pacific Plate may have been affected by the plume that locally shows Indian

mantle-like composition, although their sizes appear to be small for petit-spot type [Machida et al., 2009].

The petit-spot EM1 and Hotta Seamount HIMU OIBs may reflect a highly heterogeneous SOPITA plume-

influenced mantle formed by underplating of plumes during ancient times (�118 Ma). The petit-spot

basalts could be a product of the remelting of the EM1 source originating in plumes of the SOPITA area

(see the overlap of the petit-spot basalts on the WPSP field in Figure 4). However, it is possible that the

petit-spot basalts are nonplume in origin [Hirano et al., 2006; Hofmann and Hart, 2007], and shallowly

derived petit-spot volcanoes may have sampled Indian mantle (Figure 4).

Overall, the existing Pb isotopic data suggest that all MORBs of the Pacific Plate have Pacific mantle prove-

nance, whereas part of the Pacific upper mantle and ocean crust has been modified by plumes in the

SOPITA area [Koppers et al., 2003; Shimoda et al., 2011]. However, partial distribution of the Indian mantle

beneath the Pacific Plate [Pearce et al., 2007; Straub et al., 2010, 2015] is another possibility. We examine the

nature of the mantle beneath the Pacific Plate in a subsequent section.

3. Samples and Analytical

Here we describe the analyzed samples and analytical methods used in this study.

3.1. Analyzed Samples

To examine the trace elements and Nd-Hf-Pb isotopic compositions for the study of western Pacific Plate

provenance, information was collected from the legacy core samples of the DSDP/ODP boreholes obtained

Figure 5. Normal mid-ocean ridge basalt (N-MORB) normalized multielement plots of the MORBs, ocean island basalts (OIBs), petit-spot

basalts, and accreted Shimanto greenstones newly analyzed in this study. Normalization values are from Pearce and Parkinson [1993].
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from the western Pacific, dredge samples of the OIBs from the Cretaceous seamounts on the western Pacific

Plate, petit-spot basalt samples analyzed previously, and greenstones from the Shimanto Supergroup.

The DSDP and ODP have performed deep drilling in the western Pacific for many years and have recovered

cores from oceanic floor basalts. The MORB samples analyzed here are from Sites 197 [Heezen et al., 1973],

303 [Roger et al., 1975a], 304 [Roger et al., 1975b], and 1179 [Kanazawa et al., 2001; Sano and Hayasaka,

2004]. These legacy core samples cover relatively young (�140–130 Ma) MORBs in the northwestern Pacific

(Figure 1b) for which the Sr-Nd-Hf-Pb isotopic and trace element compositions were analyzed. We also ana-

lyzed the trace elements and Hf isotopic compositions for the same sample powder used in a previous

study from Site 1149 to fulfill the Hf isotope data set [Hauff et al., 2003]. Several sample powders were

leached, and the results were compared with those from nonleached powders.

Dredge samples from the Hotta Seamounts analyzed previously [Shimoda et al., 2011] were used in the

present study, as were dredge samples from the Erimo and Bosei seamounts that erupted on the �125

Myr-old Pacific Plate (Figure 1b). Existing isotope and trace element data were used together with the newly

obtained Hf isotopic data for the Hotta Seamount OIBs. Full analyses were performed on the Erimo and

Bosei OIB samples. Additionally, the petit-spot basalts [Machida et al., 2009] were analyzed for Hf isotopes

by using the same powders analyzed in the previous study after strong leaching. Trace element composi-

tion was analyzed for the nonleached powders.

In addition, we sampled the �70 Ma MORB greenstones from the Shimanto Supergroup of the Mugi Forma-

tion in Shikoku [Asaki and Yoshida, 1998; Kiminami et al., 1992] (Figure 1b). These basalts represent the IPR

ridge MORBs that erupted at �70 Ma [Asaki and Yoshida, 1998; Kiminami et al., 1992]. For comparison, we

also analyzed an accreted young Shimanto greenstone in a �40 Ma mudrock from Yakushima Island [Saito

et al., 2007], which represents the IPR-derived Pacific Plate most likely �80 Myr old in eruption age [Sdolias

and M€uller, 2006]. Full data sets were obtained for these rocks. We analyzed the strongly leached powders

for the isotopic measurements because interaction between the greenstone basalts and host mudrocks was

clear, particularly in Shimanto as shown by the peperite and hydrothermal zeolite veins [Asaki and Yoshida,

1998; Kiminami et al., 1992]. However, these portions in the samples were carefully discarded during the

sampling.

3.2. Analytical Methods

All the analyses were conducted at Japan Agency for Marine-Earth Science and Technology (JAMSTEC).

Trace element concentrations were measured by using digested powder samples without leaching through

the use of an inductively coupled plasma mass spectrometer (ICP-MS; Agilent 7500ce; Agilent Technologies,

Omaha, Neb., U.S.A.), following a previously reported method [Chang et al., 2003]. Both the analytical repro-

ducibility and precision for the rock samples were better than 5%. The same sample powders were analyzed

to detect radiogenic isotopes. Part of the sample powders was further acid-leached following the method

of McDonough and Chauvel [1991], except for some Shimanto greenstone samples, which were leached

three times by using 6M of hot HCl for 2 h. The leached samples were also analyzed for trace elements in

order to measure parent-daughter elemental ratios for the radiogenic isotopes because age consistency is

better maintained between the elemental ratios and radiogenic isotopes in the residual mineral-leached

powders [Hanyu et al., 2011].

The analytical procedures for the isotopic ratios included chemical separation and mass spectrometry, fol-

lowing the methods reported previously for Sr, Nd, and Pb isotopes [Hirahara et al., 2012; Miyazaki et al.,

2012; Takahashi et al., 2009]. Isotopic ratios of Sr and Nd were determined by using a thermal ionization

mass spectrometer (Triton TI; Thermo Fisher Scientific, Bremen, Germany), with fractionation correction by

using 86Sr/88Sr5 0.1194 and 146Nd/144Nd5 0.7219, respectively. The value of SRM 987 measured during the

analyses was 86Sr/88Sr5 0.7102456 22 (2 standard deviation (2 SD), n5 13) and that for JNdi-1 was
143Nd/144Nd5 0.5121016 10 (2 SD, n5 11).

The Pb isotopic ratios were determined by using a multiple collector (MC)-ICP-MS Neptune (Thermo Fisher

Scientific, Bremen, Germany). Mass fractionation factors for Pb were corrected using Tl as an external stand-

ard. Additional mass-dependent inter-element fractionations were corrected by applying a standard brack-

eting method using National Institute of Standards and Technology (NIST) standard reference material

(SRM) 981 as a standard [Kimura et al., 2006]. The 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb values of the
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repeated measurements of NIST 981 were 16.93226 11, 15.48576 14, and 36.68106 46 (2 SD, n5 46),

respectively, and the Pb isotope data were obtained after normalization using the SRM 981 values to
206Pb/204Pb5 16.9416, 207Pb/204Pb5 15.5000, and 208Pb/204Pb5 36.7262 [Baker et al., 2004].

Hf was separated by using the single-column method [M€unker et al., 2001] if only the Hf isotope was ana-

lyzed or by the single-column method [M€unker et al., 2001] after preliminary separation if cation ion-

exchange resin was also used. The Hf isotope ratios were measured by using the Neptune Multi-collector

(MC)-ICP-MS (Thermo Fisher Scientific, Bremen, Germany). Mass fractionation was determined from
179Hf/177Hf, and the isotope ratios were normalized to 179Hf/177Hf5 0.7325 by using an exponential law. The
173Yb and 175Lu peaks were monitored to correct for interference on the 176Hf peak from 176Yb and 176Lu,

which was usually negligible. Repeated measurements of the JMC475 yielded 176Hf/177Hf5 0.2821446 4 (2

SD, n5 57) during the analyses. The reported value of 176Hf/177Hf was further adjusted to JMC475
176Hf/177Hf5 0.28216. Total procedural blanks for Sr, Nd, Hf, and Pb were less than 37, 12, 40, and 44 pg,

respectively.

The analytical results of the United States Geological Survey (USGS) rock standards BHVO-2, BCR-2 and

those of the Geological Survey of Japan (GSJ) rock standard JB-2, measured in the course of this study,

are shown in the supporting information Data Set S1, together with the data for the basalt samples.

All showed excellent agreement with the preferred values in the GeoReM standard database [Jochum

et al., 2005].

4. Results

In this section, we describe the trace elements and Pb-Nd-Hf isotope characteristics of the analyzed samples

and compare them with the existing data set. Although the Sr isotope ratios were analyzed, they were

affected severely by seawater alteration and possible mudrock contamination; therefore, detailed descrip-

tion of the Sr isotope results was disregarded.

4.1. Leaching Tests

We examined the effect of seafloor alteration by analyzing the Nd isotope compositions in both nonleached

and strongly leached powders by using the site 1179 samples; comparisons between the leached and

nonleached sample pairs are shown by yellow fields in supporting information Data Set S1. The results

showed a systematic increase of 0.9–2.8 epsilon units in the Nd isotope composition after leaching. This

change correlates with 9–15 epsilon unit decrease in Sr isotope composition (figure not shown; supporting

information Data Set S1).

In contrast, the Hf isotope composition usually differed by only <0.7 epsilon units but one sample showed

a 1.5 epsilon unit shift (supporting information Data Set S1). The results are consistent with those of our pre-

vious examination of the Japan seafloor basalts, which showed the same shift in the Nd isotope and an

insignificant shift in the Hf isotope [Hirahara et al., 2015].

Additionally, the same test for Pb isotopes showed systematic shifts to radiogenic Pb perhaps through the

seawater alteration; the tie lines for Site 1179 samples and the range are shown in Figure 4. These results

are also consistent with the previous observations [Hauff et al., 2003].

We systematically tested the effect of leaching for only five Site 1179 MORB samples for four isotopes. The

other MORB samples (Sites 1149, 801, 197, 303, and 304) analyzed in this study and the Hotta and Erimo-

Bosei seamount samples were not leached. In contrast, the petit-spot basalts and the Shimanto greenstone

samples were leached in order to remove the effect of alteration, which may be related to interaction with

the seafloor sediment [Hirano et al., 2006; Machida et al., 2009] or accretionary prism sediments [Asaki and

Yoshida, 1998; Kiminami et al., 1994] (supporting information Data Set S1). The age corrections for these

leached and unleached samples were performed according to the element concentrations measured for

the unleached and leached powders, respectively, following the method described in a previous study

[Hanyu et al., 2011].

4.2. Trace Elements

Figure 5 plots all of the trace element data analyzed for the nonleached powder samples. In section 4.2.1,

we describe the effects of alteration and geochemical features of the basalts analyzed in this study.
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4.2.1. MORB Samples

Trace elements were newly analyzed for the MORBs from Sites 197, 303, 304, 1149, and 1179 and for the

Shimanto and Yakushima greenstones. All of the DSDP/ODP MORBs are N-MORB type with positive spikes

for K, U, Ba, Rb, and Cs, except for Site 304 MORBs, which showed no positive spikes for Rb and Cs (Figure

5). These enrichments are the result of seafloor alteration [Kelley et al., 2003]. The greenstones from Shi-

manto and Yakushima are also N-MORB type with prominent element elevations in Sr, Pb, and U, together

with enrichment in K, Ba, Rb, and Cs. The elevated levels of Sr and Pb are considered to be derived from

assimilation with the host mudrocks, while the basalt magmas were hot [Asaki and Yoshida, 1998; Kiminami

et al., 1992] (Figure 5). However, the extent of enrichment differed slightly from those of other AOCs from

the Pacific Plate except for Sr. Other than these alteration effects, the new results confirm the accreted N-

MORB origin [Kiminami et al., 1994] of the greenstones.

4.2.2. OIB and Petit-Spot Samples

All the basalts from the Hotta [Shimoda et al., 2011] and newly analyzed Erimo and Bosei seamounts have

compositions typical of OIBs [Sun and McDonough, 1989]. The analyzed petit-spot basalts are all OIB-type

with enrichments in Sr, Pb, and Ba and strong depletions in heavy rare earth elements (Figure 5). The com-

positions are similar to those reported previously [Hirano et al., 2006]. Moreover, they exhibit features similar

to the EM1 basalts in NE China, which have been interpreted as the effects of an ancient sediment compo-

nent in the source mantle [Kuritani et al., 2011, 2013].

4.3. Pb Isotopes

The new Pb isotope data are shown in Figure 4 together with the previous data by the (t) correction treat-

ment, as noted in section 4.1.

4.3.1. MORB Samples

The newly examined Pacific MORB samples from Sites 197, 304, 1149, and 1179 all plotted in the Pacific

mantle field for Pb isotopes; these MORBs have the same isotopic composition as other Pacific MORBs from

Sites 462, 800, 801, and 802A considering the effect of leaching (Figure 4). These results are essentially the

same as those determined in previous work using MORBs from Sites 166, 197, 303, 304, 307, and 801 [Jan-

ney and Castillo, 1997]. The Shimanto and Yakushima greenstones are all N-MORB-type basalts that may

have assimilated some of the ambient mudrocks (Figure 5). These leached greenstone basalts all fall in the

Indian mantle field (Figure 4). This discrimination of provenance is reliable because any alteration effects

should have shifted the Pb isotope composition to a more radiogenic direction. The Pb isotope ratios of the

basalts could have still been affected by the sedimentary rocks, resulting in an increase of the EM2 sediment

component [Plank and Langmuir, 1998]. In fact, the Shimanto and Yakushima greenstones plotted together

on a straight mixing line, pointing to EM2; however, the other end of this mixing array pointed to the Indian

mantle field, which is remarkably different from other Pacific MORBs (Figure 4).

4.3.2. OIB and Petit-Spot Samples

The Hotta Seamount OIBs plotted on the HIMU basalt field [Shimoda et al., 2011], whereas the Erimo and

Bosei OIBs were close to the FOZO of the Cook-Austral-type field [Stracke et al., 2005] (Figure 4). The petit-

spot basalts are isotopically distinctive from the OIBs, plotting in the EM1 field [Machida et al., 2009] and

overlapping the Indian mantle field [Mahoney et al., 1998] with more radiogenic 208Pb/204Pb than that in

the Shimanto MORBs (Figure 4). Even if the unleached results of the OIBs affected by the radiogenic Pb

from alteration, the extent would not have altered the above conclusions. In contrast, the petit-spot basalts

were strongly leached [Machida et al., 2009] and were thus the results are unaffected by alteration (Figure

4). A linear trend between EM1 and EM2 composition is shown by the petit-spot basalts, which suggests

some effects of assimilation of the Pacific seafloor sediment during intrusion [Machida et al., 2009]; the

same effect was detected in the Shimanto greenstones.

4.4. Nd-Hf Isotopes

As shown in section 4.1, Nd and Hf are less affected by posteruption alterations and thus are ideal for trac-

ing pristine mantle compositions recorded in the basalts of the Cretaceous to the Paleogene [Pearce et al.,

2007]. The Nd and Hf isotope data are displayed in Figure 6 as eNd(t) and eHf(t) using available age data

and P/D element ratios. Similar to the Pb isotopes, P/D values are not always available for the Cretaceous

seamount basalts; thus, we assumed OIB and MORB P/D values [Sun and McDonough, 1989] for these alkalic

and tholeiitic basalts, respectively. The GEOROC [GEOROC, 2013] and PetDB databases [Class and Lehnert,

2012] were used for the ocean floor MORBs/OIBs (Figure 6a). Continental alkali basalt data from China and
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Korea were obtained from the literature [GEOROC, 2013; Sakuyama et al., 2013] (Figure 6b). Arc basalt data

were obtained from Tonga-Kermadec [Pearce et al., 2007], Izu-Mariana [Pearce et al., 1999; Tollstrup et al.,

2010; Woodhead et al., 2012], SW Japan [Kimura et al., 2010], NE Japan [Kimura and Nakajima, 2014; Kuritani

Figure 6. (a) eNd-eHf plots of the mid-ocean ridge basalts (MORBs) and ocean island basalts (OIBs) in the Pacific Ocean. (b) eNd-eHf compo-

sitions of the Cenozoic Izu-Mariana, SW Japan, NE Japan, and Kurile arc lavas with Cenozoic Eurasian continental basalts from Korea and

China. All data are from the literature [Class and Lehnert, 2012; GEOROC, 2013]. (c) eNd-eHf data analyzed in this study were plotted with

the Shatsky Rise basalts from the literature [Heydolph et al., 2014]. SE China mantle (black star), Pacific sediment (SED) (blue star), ambient

mantle (yellow star), Pacific altered oceanic crust (AOC) (green star), and thick dotted mixing lines in Figure 6b are from Sakuyama et al.

[2013]. Mixing line in Figure 6c is calculated from a Pacific MORB (Site 303 MORB from this study) and the average of the Site 1149 sedi-

ment composite [Chauvel et al., 2009]. The eHf and eNd values were calculated by using 176Hf/177HfCHUR5 0.282772 after Blichert-Toft and

Albarède [1997] and 143Nd/144NdCHUR5 0.512638. The fields of Pacific and Indian MORBs, including Pacific and Indian mantle, are from sup-

porting information Figure S1.
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et al., 2014; M. Ban et al., JTABS project, unpublished data, 2015], Kurile [Martynov et al., 2012], and Japan

Sea floor basalts [Hirahara et al., 2015] (Figure 6b). Additionally, DSDP/ODP sediment core sample data from

southern Tonga [Pearce et al., 2007] and Izu [Chauvel et al., 2009] and basalt data from the Shatsky Rise [Hey-

dolph et al., 2014] are plotted in Figure 6c.

4.4.1. Nd-Hf Isotope Systematics

Nd-Hf isotope systematics is a useful tool for distinguishing mantle domains [Nebel et al., 2007; Pearce et al.,

1999, 2007]. We re-examined the Pacific and Indian MORB fields based on the newly compiled database for

the Pacific-Indian-Atlantic MORBs [Class and Lehnert, 2012]. The Indian-Pacific boundary passes through

coordinates (eNd, eHf)5 (22, 0) and (12, 20) on the plot, as shown in Figure 6 and supporting information

Figure S1; broken lines P99 and P07 in Pearce et al. [1999, 2007] can be used for comparison.

It is notable that the domain boundary can be defined only by the data distribution of the Pacific MORBs

alone. The physiographic Indian MORB field overlaps the Pacific field, indicating involvement of the Pacific

mantle component in the Indian mantle. Similar observations were revealed for the Atlantic MORB field,

which suggests that the origin of the Atlantic mantle is the same as that of the Indian mantle. This feature

indicates that Indian mantle is clearly identified when a basalt plots outside the Pacific mantle field and,

most reliably, above the Indian-Pacific mantle boundary (Figure 6 and supporting information Figure S1).

This feature differs completely from that shown by the 208Pb/204Pb-206Pb/204Pb isotope systematics [Maho-

ney et al., 1998] (Figure 4a).

4.4.2. MORB Samples

The Nd-Hf ratios were newly analyzed for the MORBs from Sites 197, 303, 304, 1149, and 1179. Including

previously published data from Site 801 MORBs [Chauvel et al., 2009] and the Shatsky Rise basalts [Heydolph

et al., 2014], the western Pacific MORB data plotted in the Pacific mantle field (Figure 6c). Our new data all

fell in the Pacific mantle field except for one from Site 1179 and two from 801 that plotted slightly to the

left of the mantle domain boundary. All the samples were unleached; thus, Nd isotopic compositions of the

altered samples might shift by 1–1.5 epsilon units toward a more radiogenic composition (Figure 6c and

supporting information Data Set S1).

The Shimanto and Yakushima greenstones show elevated eHf with various eNd forming a quasi-flat array in

the Indian mantle field, with the most radiogenic Nd sample plotting in the Pacific mantle field (Figure 6c).

Figure 7. (a) Element abundances of the average Pacific Plate mid-ocean ridge basalts (P-MORB), accreted Shimanto MORBs, and averaged

Pacific sediment represented by the Site 1149 sediment composite and (b) eNd-Th/Sm plots of the same samples. Mixing lines are from

the observed Nd compositions in the P-MORB average and Site 1149 sediment, as shown by Nd(SED/MORB)5 2.5 and the seawater mixing

line. Th, Nd, Sm, and Nd isotope compositions used for sediment calculations are from observed values. Those for seawater are from Ama-

kawa et al. [2000]; Chen et al. [1986]; and Zhang and Nozaki [1996]. The Nd and Sm bulk P-MORB-sediment mixture does not support the

observed eNd variation in the Shimanto MORBs. The Pacific and Indian mantle boundary is located at eHf5 18. The thick vertical arrow

shows the effect of maximum seawater alteration in eNd<22.8 by the leaching test. However, the eNd values of the Shimanto green-

stones are from strongly leached samples; therefore, the effect has been eliminated. The Sed15-AKM85 line in Figure 7a shows a simple

bulk mixing calculation between AKM_35_4_3 and Site 1149 sediment with elevated Th. The unleached Shimanto samples in Figure 7a do

not show elevated Th, precluding assimilation of the host sediment.
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These greenstones were all strongly leached for isotope analysis in order to eliminate the effects of altera-

tion (supporting information Data Set S1). Therefore, the flat array was, at first glance, thought to have

formed through assimilation of the ambient mudrocks, as shown by field occurrences [Asaki and Yoshida,

1998; Kiminami et al., 1994] and by the Pb isotopes (Figure 4). The calculated mixing hyperbola between a

radiogenic Pacific MORB, represented by a Site 303 MORB, and an averaged Pacific sediment, represented

by the Site 1149 sediment composite with eNd5 4.4 and eHf525.9, Nd5 25.2 ppm, and Hf5 1.44 ppm

[Chauvel et al., 2009], follow the observed data array. Assimilation of a 0.01–0.14 weight fraction of the sedi-

ment might explain the Shimanto MORB variation, as shown in Figure 6c.

Our close examinations, however, resulted in an opposite conclusion. A large amount of sediment addition

should have altered the trace element compositions, such as increase in fluid immobile Th; However, this

effect was not seen in the Shimanto greenstones, even when compared with the Pacific Plate MORBs (Figure

7a). A simple mixing of 15% Site 1149 sediment with 85% AKM35_4_3) increased the Th dramatically,

although such an increase was not shown by the unleached Shimanto MORBs (Sed.15-AKM75 line in Figure

7a); the mixing rate from the maximum value was deduced from the mixing hyperbola in Figure 6c. Some

back-arc basin basalts and almost all arc basalts have unradiogenic Nd and Hf [Hirahara et al., 2015; Savov

et al., 2006] (see also Figure 6c). However, these basalts are always Th-enriched owing to the addition of the

sediment component from the subducted slab [Hirahara et al., 2015; Kimura and Nakajima, 2014; Plank,

2005]. However, this is not the case for the Shimanto greenstones, which exhibit even lesser amount of Th

compared to the altered Pacific MORBs (Figure 7). Moreover, the Shimanto MORB with the most radiogenic

Nd plotted in the Pacific mantle field (Figure 6b), which contradicts the results from the Pb isotopes showing

the Indian mantle origin, at least in their nonradiogenic end composition (Figure 4).

To confirm these findings, we performed mixing calculations by using Th/Sm ratios sensitive to the sedi-

ment component assimilation [Plank, 2005] and eNd and Nd compositions by using the Pacific MORB (Site

303) and Site 1149 sediment composite [Chauvel et al., 2009; Plank et al., 2007] (Figure 7b). The mixing

between the sediment and Pacific MORB did not reproduce the observed eNd variations, as shown by the

mixing line using Nd(SED/MORB)5 2.5 (Figure 7b). The mixing calculations using a seawater composition

[Amakawa et al., 2000; Chen et al., 1986; Zhang and Nozaki, 1996] showed a better fit, although such mixing

requires tremendous amounts of seawater cycling (106 times MORB weight) between the host sediment

and MORB. Some chemically precipitated sediments, such as chert, show no Th enrichment. However, the

Shimano sediments are almost all terrigenous in origin [Kiminami et al., 1992, 1994].

The effect of seawater alteration did not decrease the value of eNd greater than 1.6, as discussed in section

4.1 and in Hirahara et al. [2015]. The Shimanto MORB data are from strongly leached powders. We thus con-

clude that the �70 Myr-old Shimanto MORBs and �80 Myr-old Yakushima MORBs are from IPR-MORBs with

Indian mantle provenance. This result is now consistent with the conclusion obtained from the Pb isotopes

(Figure 4).

4.4.3. OIB and Petit-Spot Samples

In the eNd-eHf plots, the Hotta and Erimo seamount OIBs plotted in the HIMU and FOZO fields [Stracke et al.,

2005], respectively (Figure 6c), which is consistent with those in the Pb isotopes (Figure 4). This indicates

that the �118 Myr-old seamounts currently near the Japan Trench are basically similar to the OIBs from the

French Polynesian, Gilbert, and WPSP seamounts, all of which are considered to have originated from the

SOPITA hotspot of deep mantle origin (Figures 1, 2, and 6) [Konter et al., 2008; Koppers et al., 2003; Shimoda

et al., 2011].

The petit-spot basalts have a clear EM1 characteristic in terms of Sr-Nd-Pb isotopes [Machida et al., 2009].

The Nd-Hf isotope systematics also show an EM1 signature resembling both the nonradiogenic end compo-

sition of WPSP OIBs in plumes in the SOPITA area and of the Indian mantle as discussed for Pb isotopes

(Figures 6c and 4 for Pb isotopes). The petit-spot basalts are also similar to the Eurasian EM1 basalts in the

Nd-Hf systematics (Figure 6b).

The Hotta (HIMU), Erimo (FOZO) and Bosei (EM2) seamounts are located close to the petit-spot (EM1) vol-

cano (Figure 1). The upper mantle beneath the Pacific Plate near the Japan Trench is thus locally heteroge-

neous. Small numbers of SOPITA OIBs have Nd-Hf isotopic signatures similar to those of the Bosei OIBs and

petit-spot basalts. The EM1 and EM2 components are obviously present in plumes in the SOPITA area,

although they are far less prominent than the other components (Figure 6a).
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Overall, the EM signatures resembling the Indian mantle in the petit-spot basalts and Bosei OIBs likely origi-

nated from the deep mantle via the plumes in the SOPITA area. However, we note the possibility of the

Indian mantle origin of the petit-spot basalts, as will be discussed in section 5.1.

4.4.4. Review of Basalts from Eastern Eurasian Margins

A widespread EM1 source mantle has been reported for the basalts in the eastern Eurasian plate margins

from NE China and Korea [Choi et al., 2006] and from SE China [Sakuyama et al., 2013, 2014]. This was also

shown by the Nd-Hf isotope systematics (Figure 6b).

The Nd-Hf isotope variation shown by all the basalts from SE, NE, and central China and Korea [GEOROC,

2013] (Figure 6) appears to have been formed by mixing between the EM1/EM2 source mantle (black star in

Figure 6b), regardless of the formation process, with the HIMU-FOZO component [Choi et al., 2006; Chu

et al., 2013] or with the ambient depleted Indian mantle and Pacific-type AOC (stagnant) slab component

[Sakuyama et al., 2013]. A few exceptions are shown by the Wudalianci volcano in NE China [Chu et al.,

2013] and the Ulleung and Dog Islands [Choi et al., 2006], which have extreme values of EM1 with extremely

nonradiogenic eNd526 to 21 and eHf529 to 0 out of the range of that shown in Figure 6, (not shown).

The variations of the continental Eurasian basalts overlap the Pacific OIBs with more weighted populations

in the EM1 (and EM2). We note here that the weighted distribution of EM1 mantle is present beneath the

continent. This result suggests a genetic link of EM1 to the subcontinental lithospheric mantle or the mantle

asthenosphere above the mantle transition zone in the Eurasian deep subduction system.

5. Discussion

On the basis of the Pb-Nd-Hf isotope results and comparison with previous data, we discuss in this section

the possible formation history of the missing western half of the Pacific Plate generated from the IPR, its

relevance to the location of the Indian-Pacific mantle boundary, and its implications regarding the develop-

ment of the mantle structure beneath the western Pacific. We first examine the nature and origin of the

western Pacific mantle including marginal basins and Eurasia and propose that the location of the Indian-

Pacific mantle boundary has been fairly stationary since �80 Ma.

5.1. Nature of Indian Mantle Signatures

The sources for the IPR MORBs would have changed from the Pacific to the Indian mantle between �130

and �90 Ma [Straub et al., 2010, 2015]. This is supported by the fact that the NW Pacific surface MORBs with

ages of 160–130 Ma all plotted in the Pacific mantle field in both Pb and Nd-Hf isotope systematics (Figures

4 and 6), and that the Shimanto and Yakushima greenstone MORBs of �80–70 Ma are all of Indian mantle

origin (Figures 4, 6, and 7). To ensure the interpretation of the geochemical data, we first need to answer to

the first question raised in the Introduction: What is the source of the Indian mantle signature?

5.1.1. Which Isotope Should Be Used?

The Pb isotope composition of the mantle wedge is strongly affected by the subducted sediment and AOC

fluxes in the supra-subduction environment, which is inherited by the compositions of the primary arc mag-

mas [Kimura and Nakajima, 2014; Kimura et al., 2010, 2014; Pearce, 2008; Straub et al., 2009, 2015]. Thus, the

Pb isotope compositions of arc magmas are usually inappropriate for estimating the wedge mantle compo-

sition unless the mantle composition is initially assumed by the composition of the back arc basin basalts,

which are less affected by subduction, and the mass balance between the mantle and slab fluxes is carefully

examined [Hickey-Vargas et al., 1995; Kimura and Nakajima, 2014; Kimura et al., 2014; Pearce, 2008; Straub

et al., 2015]. For example, the identification of the Indian-type Pacific Plate slab, proposed by Straub et al.

[2015], is entirely dependent on the plots of Pb isotope ratios against Nd/Pb and Pb-Pb isotope plots. These

diagrams essentially do not separate the contributions of radiogenic Pb from the slab sediment and AOC in

the Marianas, as shown in Straub et al. [2015, Figures 15 and 16].

In contrast to Pb isotopes, the Nd-Hf isotope compositions are less affected by the slab fluxes unless the

slab is either melted and the melt metasomatizes the mantle wedge in a hot subduction environment

[Kimura et al., 2014; Straub et al., 2010; Tollstrup et al., 2010],or solid slab material (i.e., slab sediment) is

immediately introduced into the wedge mantle by its buoyancy [Behn et al., 2011]. The latter could occur in

a particular tectonic environment such as a back arc basin opening [Hirahara et al., 2015]. Thus, we exam-

ined the Nd-Hf isotope systematics in the marginal basins and arcs in the western Pacific. For this analysis,
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the Indian-Pacific mantle boundary was reasonably distinguished by the newly compiled Nd-Hf isotope

data set from the Pacific and Indian-Atlantic ridges (Figure 6 and supporting information Figure S1). We

thus used the same systematics for MORB, plume-sourced, supra-subduction, and continental lavas.

5.1.2. Plume Influenced Mantle Heterogeneity

The Pacific upper mantle is believed to have been modified by a large-scale SOPITA hotspot that has been

active in the Pacific Ocean since the Cretaceous. The SOPITA-formed hotspot track is greater than

10,000 km long across the northwestern to southeastern Pacific and includes the WPSP [Koppers et al.,

2003] (Figures 1 and 2). The hotspot-related OIB decreases in age monotonically from the NW margins of

the Pacific Plate (Bosei, Erimo, Hotta) at �120 Ma [Shimoda et al., 2011], through the WPSP seamounts of

100–70 Ma and Gilbert Seamounts of 70–43 Ma, to French Polynesia at 0 Ma [Koppers et al., 2003], irrespec-

tive of the basement plate age. This relationship is consistent with the latest reconstruction of the plate

since 140 Ma [M€uller et al., 2008] (Figure 2). The large plume head affected the upper mantle; thus, part of

the Pacific upper mantle should exhibit enriched Indian mantle signatures represented by the involvement

of EM1 (and even HIMU) components [Koppers et al., 2003] (Figure 2). The EM1 and some EM2 mantle com-

ponents in the OIBs in particular show radiogenic 207Pb and 208Pb at a given 206Pb and radiogenic Hf at a

given 143Nd/144Nd; that is, they are isotopically indistinguishable from Indian mantle [Machida et al., 2009;

Stracke et al., 2003].

Far smaller local-scale mantle heterogeneity is also present, as detected in the small-scale late Cenozoic (�6

Ma) alkali (petit-spot) volcanoes that erupted EM1 basalts on the �140 Myr-old western Pacific Plate [Hirano

et al., 2006] (Figure 1). The petit-spot mantle could have formed by a locally modified mantle by the SOPITA

hotspot in the past or through rigorous mantle convection that dispersed recycled materials, as previously

interpreted [Machida et al., 2009]. Alternatively, the petit-spot basalts represent typical EM1 Indian mantle

without the influence of a plume [Hofmann and Hart, 2007], as discussed in section 4) If so, the petit-spot

basalts represent the presence of the Indian mantle beneath the Pacific Plate at �6 Ma about 1100 km from

the Kurile-Japan-Nankai-Ryukyu Trench at that time. This theory is supported by the increase in EM1 com-

ponent in the upper mantle toward the Eurasia continent (Figure 6b).

Although local Indian mantle-like enriched EM1 mantle are contaminated in the Pacific mantle, the follow-

ing issues remain to be addressed under this scenario: (1) the manner in which the huge Pacific Plate slab

generated from the IPR could change its composition from Depleted Pacific MORB-type to Depleted Indian

MORB-type ocean crust sometime between 130 Ma and �80 Ma, and (2) the relationship of this event to

the present-day Indian-Pacific mantle boundary. We address these issues in section 5.2.

5.1.3. Supra-Subduction Zone Mantle Heterogeneity

Before addressing the aforementioned issues, we need to re-evaluate the mantle beneath the western

Pacific marginal basins where the Indian MORB mantle is believed to occupy the upper mantle. This discus-

sion immediately relates to the first argument raised by the proposal by Straub et al. [2009], such that the

Indian mantle ‘‘flavor’’ in the arc lavas is partly from the altered oceanic crust rather than entirely from the

wedge mantle. By examining the effects of subducted sediment and AOC, we can examine the mantle

source in the marginal basins.

The Nd-Hf isotope compositions of the basalts in the Tonga-Kermadec arc, including the Havre Trough back

arc basin basalt, mostly plotted in the Indian mantle field (Figure 6a). This led Pearce et al. [2007] to con-

clude that the Indian mantle origin of the wedge mantle and the surface of the subducting Pacific Plate

slab is the boundary of the Indian-Pacific mantle domains. The same model was also proposed for the Izu-

Bonin-Mariana subduction systems and the Philippine Sea plate back arc basin using Nd-Hf isotope data

[Pearce et al., 1999; Woodhead et al., 2012]. Straub et al. [2015] accepted this consensus and examined the

Mariana arc-Mariana Trough system using Nd-Hf isotope systematics. They confirmed that the Mariana arc

mantle has Indian mantle provenance, as shown in their Figure 12. The mantle wedge beneath the N-Izu

arc also shows Indian mantle provenance, as shown in Tollstrup et al. [2010, Figure 7]. The back arc basin

mantle beneath the entire Philippine Sea Plate, including the mantle wedge beneath the arcs, is entirely

Indian mantle, as shown in the Izu-Mariana field in Figure 6b). Small EM1 blobs [Ishizuka et al., 2009], and

even HIMU mantle blobs [Li et al., 2013], have been identified in the Izu-Mariana arc-back arc system, further

suggesting the existence of an extreme Indian mantle in the mantle wedge.

The Japan Sea back arc basin and its relevant NE Japan subduction zone is another example in which Pb

isotope data of the Japan back arc basin basalts show strong Indian mantle provenance with elevated ratios
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of 207Pb/204Pb and 208Pb/204Pb [Flower et al., 2001; Kimura and Nakajima, 2014; Kimura et al., 2006; Okamura

et al., 2005]. Recently, Hf isotope data have become available for the basalts from SW Japan [Kimura et al.,

2014], NE Japan [Kimura and Nakajima, 2014; Kuritani et al., 2014], and the Japan Sea back arc basin [Hira-

hara et al., 2015] (Figure 6). The role of subcontinental mantle beneath Eurasia should also be considered

because the mantle beneath the Japan Sea was previously thought to be subcontinental lithospheric man-

tle or depleted subcontinental asthenosphere [Okamura et al., 2005]. In fact, strong EM1 components have

been reported from the basalts in and around the Japan Sea [Nohda, 2009; Pouclet et al., 1995]. The frag-

ments of subcontinental lithospheric mantle would currently be present in the mantle lithosphere [Oka-

mura et al., 2005] or would be eroded from the subcontinental lithospheric mantle during the opening of

the marginal basins or break-up of the continent; these fragments would have later upwelled with a mantle

plume or through convection to generate basalts with EM1 and EM2 components [Hoernle et al., 2011]. The

mantle wedges of the associated Kurile-Japan-Nankai arcs are believed to be depleted Indian mantle but

are potentially influenced by the subcontinental lithospheric mantle by any mechanism.

According to observation, all of the Japan seafloor basalts plotted well within the Indian mantle field in Nd-

Hf isotope systematics, including the depleted type (D-type) basalts in the depleted Indian MORB field (Fig-

ure 6c). The wide and linear variations of the enriched type (E-type) basalts are considered to be the result

of mixing of the bulk slab sediment with the depleted Indian mantle, melted together in an adiabatically

upwelled mantle during the opening of the Japan Sea about 17–15 Ma [Hirahara et al., 2015]. This indicates

that the depleted Indian MORB-source mantle is widespread beneath the Japan Sea.

The relevant NE Japan arc volcanic front (VF) lavas are considered to form mixtures between the mantle

and enriched crustal components [Kimura and Yoshida, 2006; Kimura and Nakajima, 2014], showing a linear

array in the Indian mantle field in the Nd-Hf isotope plots (NE Japan VF-RA in Figure 6b). The radiogenic end

of the mixing array should therefore indicate the mantle composition beneath NE Japan. In fact, the rear-

arc (RA) basalts from Chokai or Sannomegata volcanoes (Figure 1b), which are less affected by crustal assim-

ilation [Kimura and Yoshida, 2006; Kimura and Nakajima, 2014; Kuritani et al., 2014], plotted within the Indian

mantle field shown by the Izu-Marianas. These basalts are slightly less radiogenic than the D-type Japan Sea

floor basalts, suggesting the presence of a common depleted Indian mantle in the NE Japan mantle wedge

(Figure 6c).

Exceptions are the OIB-type basalts, such as Kannabe and part of Abu volcanoes (Figure 1b), which were

unaffected by the subducting Philippine Sea Plate slab flux in the SW Japan arc. These basalts are believed

to represent the mantle composition beneath SW Japan [Kimura et al., 2014]. The Nd-Hf isotope composi-

tions of the SW Japan arc OIBs overlap the EM1 and EM2 mantle in SE, NE, and central China and Korea (Fig-

ure 6b), indicating that the same EM1-EM2 sub continental mantle is present beneath the arc. This theory is

consistent with the remnant continental fragment moving away during opening of the Japan Sea [Kimura

et al., 2005].

On the basis of the Nd-Hf isotope systematics of the basalts from the western Pacific arcs and marginal

basins, we conclude that the western Pacific marginal basin mantle above the Pacific Plate slab is entirely

depleted Indian mantle with occasional EM1-EM2 components. The depleted Japan Sea Indian mantle

almost overlaps the Tonga-Kermadec-Havre Trough and Izu-Mariana-Philippine Sea Plate mantle fields, sug-

gesting the same depleted Indian mantle origin (Figure 6c). Moreover, the basalts from the Kurile arc also

overlap the depleted Indian MORB field, indicating the Indian mantle provenance of the mantle wedge

[Martynov et al., 2012] (Figure 6b). This strongly supports the previous consensus that the present-day surfi-

cial mantle domain boundary is located along the western Pacific Kurile-Japan-Izu-Mariana-Vitiaz-Tonga

Trench (Figure 1) [Flower et al., 2001; Machida et al., 2009; Nebel et al., 2007; Pearce et al., 1999].

5.1.4. Subcontinental Mantle Heterogeneity

The presence of depleted Indian mantle, EM1, and some EM2 components in the Eurasian continental

basalts results in a significant mantle heterogeneity beneath the continent. In Figure 6b, the most depleted

continental basalt data in the Jiangsu region are plotted close to the depleted Indian MORB mantle field

defined by the western Pacific marginal basins. The sources of the enriched mantle dominant in EM1

beneath Eurasia could be (1) the sub continental lithospheric mantle [Chu et al., 2013; Hoernle et al., 2011;

Okamura et al., 2005; Pouclet et al., 1995], (2) delaminated lower crust [Carlson et al., 1996; Hawkesworth

et al., 1986; Willbold and Stracke, 2006], (3) a mantle transition zone affected by ancient subduction [Kuritani

et al., 2011], (4) stagnant Pacific Plate AOC [Sakuyama et al., 2013] and sediments [Hirahara et al., 2015;
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Sakuyama et al., 2014] relevant to the prolonged evolution of the subducted slab components in the mantle

transition zone since the Archean to the present in the supercontinental root. Sakuyama et al. [2013] sug-

gested that the continental basalt array was formed by mixing between the subcontinental EM1 astheno-

spheric mantle (black star in Figure 6b) and the deep subducted stagnant slab AOC component currently

present at the mantle transition zone (green star); the EM1 component was formed by mixing between the

depleted mantle (yellow star) and the sediment component (blue star) [Sakuyama et al., 2013, 2014]. The

composition of the depleted Indian mantle (Jiangsu: yellow star) is akin to the mantle beneath the western

Pacific marginal basins and is distinct from the subduction and crustal components. Therefore, the depleted

Indian mantle should be a common component of the mantle beneath the Eurasia regardless of the mixing

model (Figure 6b).

The isotopic similarity in EM1 (Figures 4 and 6) and the commonly elevated Ba/La and K/La ratios in the OIB

EM1 [Willbold and Stracke, 2006], petit-spot EM1 basalt [Hirano et al., 2006] (Figure 5), and continental EM1

basalt [Chu et al., 2013; Kuritani et al., 2011, 2013] suggest a similar formation process of the EM1 mantle.

EM1 could have been formed in the mantle transition zone by addition of the subducted sediment via a

prolonged subduction activity [Kuritani et al., 2011, 2013] or by delamination of the lower continental crust

into the deep mantle [Carlson et al., 1996; Hawkesworth et al., 1986; Willbold and Stracke, 2006]. A discussion

on the origin of the enriched mantle component is beyond the scope of this paper. However, the long-lived

stationary mantle boundary (SMB) in the western Pacific proposed in the following subsection would be rel-

evant to the argument of continental versus oceanic separation of the large mantle domains at least till the

depth of the mantle transition zone.

5.2. SMB Model for Indian and Pacific Mantle

On the basis of the above discussions, we propose an SMB model for the upper mantle boundary between

the Indian and Pacific mantles. The discussions in the preceding sections confirm the present-day Indian-

Pacific mantle boundary based on (Pb-)Nd-Hf isotope systematics; this conclusion is essentially unchanged

from the previous consensus [Pearce et al., 2007; Straub et al., 2010, 2015]. Furthermore, our examinations

on the Shimanto greenstone MORBs provide the first direct evidence for the Indian mantle origin of the IPR

MORB.

The remaining second question raised in the Introduction to be answered concerns the location of the

Indian-Pacific mantle boundary prior to subduction of the IPR (60–55 Ma) and beneath the present-day

Pacific Plate. The model should address the following points: (1) the change in the IPR MORBs from Pacific-

to Indian-type that occurred sometime between �130–80 Ma and (2) the retention of the Indian mantle

above the Pacific Plate, at least after �50 Ma, in the Izu-Mariana arc, the Philippine Sea Plate back arc basin

system [Pearce et al., 1999; Straub et al., 2015], and the NE Japan arc-Japan Sea back arc basin system [Oka-

mura et al., 2005].

5.2.1. Location of Indian-Pacific SMB

Figure 8 shows an evolutionary model of the upper mantle and oceanic plate in the Pacific including Eura-

sian margin subduction zones. The upper mantle beneath the Pacific Ocean basin is largely occupied by the

depleted Pacific mantle domain. In contrast, the upper mantle beneath the western Pacific marginal basins

and the Eurasian continent is occupied by the depleted Indian mantle (Figures 8a–8c). The subducted oce-

anic crust beneath the Indian mantle is entirely of IPR origin, formed from the Pacific mantle in 180–130 Ma

(Pacific ocean floor MORBs) and from the Indian mantle with a plate age of �80 Ma (Yakushima) to �70 Ma

(Shimanto) (Figures 8b–8c). The passage of IPR over the Pacific-Indian mantle boundary should have

occurred somewhere in the western Pacific basin between 130 Ma and 80 Ma, by the time of IPR subduction

beneath the Eurasian continent at 60–55 Ma (Figure 8b).

If the estimates of Indian-type AOC subductions occurring at 42–15 Ma at N-Izu and at 24–10 Ma in the

Marianas [Straub et al., 2015] are correct, the formation ages of the subducted Indian-type Pacific Plate are

about 100 Ma and 90 Ma, respectively. Both parts of the Pacific Plate belonged to the eastern wings of the

IPR at that times, as shown in Sdolias and M€uller [2006, Figure 4b]. Therefore, the Straub et al. [2015] model

requires location of the stationary Indian-Pacific mantle boundary far east to midway of the present Pacific

Ocean basin (thin dotted lines in Figure 8 [Straub et al., 2015, Figure 20, right]).

A problem with the far-east boundary model is the Detroit Seamount (�76–81 Ma) of the oldest Emperor

Chain volcano in the Hawaiian hotspot track. The seamount was located on the �100 Myr-old Pacific Plate
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near IPR, as shown in Sdolias and M€uller [2006, Figure 5a]. The erupted tholeiite basalts have been dated as

old as 81 Ma and show depleted Nd-Sr-Pb isotopic compositions very similar to EPR MORBs. However, more

enriched basalts somewhat similar to the rejuvenated stage Hawaiian hotspot basalts in terms of Ba/Th and

Sr isotopic compositions are also associated, although these lavas show Pb isotopic signatures of Pacific

mantle origin [Huang et al., 2005]. These features are interpreted as Hawaiian plume-IPR ridge interactions

and the ambient near-IPR mantle is supposed to be Pacific-type by 81 Ma [Huang et al., 2005]. This contra-

dicts the passage of IPR over the Indian-Pacific mantle boundary at 100–90 Ma proposed by Straub et al.

[2015] (Figure 8; thin dotted line in 90 Ma right plot), in which the Indian mantle underlay the Detroit Sea-

mount well before 90 Ma. We conclude that the passage of IPR over the Pacific-Indian mantle boundary

occurred at �80 Ma because the IPR should be younger than the oldest known MORB-type tholeiite (81

Ma) in the Detroit Seamount.

The paleogeography of the Philippine Sea Plate is enigmatic because the edges of the plate are surrounded

entirely by subduction zones [Hall, 2002]. This may affect relative locations between the N-Izu and Mariana

arcs and the Pacific Plate. We thus leave this question open for the Equatorial western Pacific and await the

results of future works. However, the concept that the Indian-Pacific mantle domain boundary existed

beneath the Pacific Plate prior to the initiation of subduction [Pearce and Parkinson, 1993; Straub et al.,

2015] is consistent with our SMB model, which indicates that the IPR crossed this preexisting Indian-Pacific

Figure 8. Schematic cross sections showing the growth of the Izanagi-Pacific Ridge (IPR) and its relationship to the Indian-Pacific mantle

domain boundary. Paleogeographic maps on the right were adopted from literature [M€uller et al., 2008] and modified by the authors, as

shown in Figure 2. IP: Izanagi Plate; FP: Farallon Plate; PP: Pacific Plate; JDF: Juan de Fuca Ridge; EPR: East Pacific Rise; SOPITA: South Pacific

Thermal and Isotopic Anomaly; OJP: Ontong Java Plateau; SR: Shatsky Rise; Hawaii: Hawaii hotspot; KJNR: Kurile-Japan-Nankai-Ryukyu

Trench. The thick deep-purple broken line represents the Indian-Pacific mantle domain boundary (this study). The thin deep-purple broken

line represents Indian-Pacific mantle domain boundary proposed by Straub et al. [2015]. The transparent white lines indicate hotspot tracks

of SOPITA and Hawaii. The small numbers in the left-hand plots indicate plates at given ages. Location of the sunken Izanagi Plate may be

deeper according to the geodynamic model [Seton et al., 2015].
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mantle boundary in the western Pacific Ocean basin at �80 Ma, prior to the initiation of subduction of the

Izu-Bonin-Mariana arc at �52 Ma.

5.2.2. Indian-Pacific SMB in the Past 140 Myr

The reconstruction of plate motion [M€uller et al., 2008; Sdolias and M€uller, 2006] and the source change of

the IPR mantle at �80 Ma (this study) (Figure 8) suggest that the position of the Indian-Pacific upper mantle

boundary has been stationary, whereas the Pacific Plate slab moved almost freely over the Indian-Pacific

mantle boundary. The IPR spreading ridge crossed the boundary around �80 Ma (Figures 8a–8c). The pas-

sage of the IPR might have caused spreading of the uppermost Indian mantle E-W (Figure 8b). Therefore,

the Indian-Pacific mantle boundary could have been extended slightly to the east by the drag force (Figure

8b).

Subsequent rigorous opening of the Japan Sea from �35 Ma to 15 Ma [Okamura et al., 2005] caused by slab

rollback [Sdolias and M€uller, 2006] would have brought the Indian mantle beneath the Eurasian continent

horizontally eastward, forming widespread depleted Indian mantle beneath the marginal basins (Figure 8c).

This hypothesis is supported by the Pb isotopes reported by Flower et al. [2001] and by our Nd-Hf isotope

systematics. Accreted Shimanto greenstone MORBs (�80–70 Ma) offer direct evidence of the depleted

Indian mantle existing in the western Pacific prior to IPR subduction. If the petit-spot EM1 basalts were the

enriched part of the Indian mantle in origin rather than leftover EM1 by the plumes in the SOPITA area, the

present Indian-Pacific mantle boundary more than 1100 km off from the Japan Trench at �6 Ma, which is

the approximate distance to the Shatsky Rise (Figure 8c, 0 Ma, right). In combination with the plate recon-

struction in the literature [M€uller et al., 2008], the geographic location of the Indian-Pacific mantle boundary

has been fairly stationary, and the passage of the IPR over the mantle boundary around �80 Ma was

thought to be almost subparallel to the boundary (Figures 8a–8c, right).

The above conclusion is the most applicable for the Japan Trench and Japan Sea back arc basin system.

Events occurring in the Izu-Bonin-Mariana arc-back arc basin system need further examination. The mantle

wedge composition immediately after the initiation of Pacific Plate subduction at �52 Ma is regarded as

Indian mantle, based on the Nd-Hf isotope compositions from the infant fore arc basalts, boninites at �48

Ma, and Eocene arc tholeiite basalts [Reagan et al., 2010] (Figure 6b). The composition of the incoming

Pacific Plate AOC is either Indian or Pacific mantle, based on the mass balance modeling of boninite forma-

tion [Li et al., 2013] (Figure 6b). Therefore, poor constraint is still given to this factor.

Additionally, the enriched-depleted variation in the Indian mantle is stronger than that in the Pacific mantle,

reflecting the contribution of recycled EM1 and EM2 components (Figure 6). The depleted Indian mantle is

dominant in the marginal basins (Figures 6a and 6b) and in the mantle beneath the western Pacific (Figure

6c). Progressive continent-ward enrichment in EM1 and EM2 components is obvious, which relates to the

prolonged subduction components [Kuritani et al., 2011; Rehkamper and Hofmann, 1997]. However, the ori-

gin of the depleted Indian mantle itself should also be explored along with the depleted Pacific mantle for

comprehensive understanding of the hemispheric-scale mantle heterogeneity. This, along with the origin of

the enriched mantles, is beyond the scope of the present paper; however, our results shed light on prob-

lems incurred in the analysis of spatial distribution of mantle sources.

6. Conclusions

We examined the Pb-Nd-Hf isotope and trace element compositions of MORBs from borehole cores

obtained in the western Pacific, accreted MORBs to the Cretaceous-Paleogene accretionary prism along the

northwestern Pacific subduction zones, OIBs from Cretaceous seamounts, and basalts from petit-spot volca-

noes in the northwestern Pacific. The results show that all of the surficial Pacific Plate MORBs of 160–130

Myr old have Pacific mantle provenance, whereas the accreted MORBs of �80–70 Myr old from the sub-

ducted IPR have Indian mantle origins. The OIBs and petit-spot basalts are from variously enriched sources

of EM1, EM2, HIMU, and FOZO. The upper mantle beneath the Pacific Ocean basin is entirely Pacific mantle,

forming a large Pacific mantle domain; however, it is influenced by the hotspot track of the SOPITA. In con-

trast, the mantle that formed the IPR MORB between �80 Ma and 70 Ma was Indian mantle. The western

Pacific marginal basins are also Indian mantle, irrespective of the mantle wedge beneath the subduction

zones, back arc basins, and Eurasian subcontinental mantle. We interpret that the IPR spreading ridge

passed over the Indian-Pacific mantle boundary at �80 Ma and subducted beneath the Eurasian Plate at
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65–55 Ma. The Indian-type MORBs have therefore been subducted beneath the Eurasia continent and are

now stagnated in the mantle transition zone. Therefore, the location of the Indian-Pacific mantle boundary

has remained almost stationary in the western Pacific, irrespective of the surface plate boundary (e.g., IPR).

The results of our SMB model for the upper mantle indicate that the Indian mantle has radiogenic Pb and

Hf, suggesting significant inputs of subducted EM1 and EM2 components over the geologic past.

Subduction-influenced subcontinental mantle of the Eurasian continent (Gondwana supercontinent) versus

the Pacific mantle unaffected by subduction would have been unmixed at least in the upper mantle,

although plume-influenced enriched materials do exist beneath the Pacific.

References

Allegre, C. J., and D. L. Turcotte (1986), Implications of a two-component marble-cake mantle, Nature, 323, 123–127.

Amakawa, H., D. S. Alibo, and Y. Nozaki (2000), Nd isotopic composition and REE pattern in the surface waters of the eastern Indian Ocean

and its adjacent seas, Geochim. Cosmochim. Acta, 64, 1715–1727, doi:10.1016/S0016-7037(00)00333-1.

Asaki, T., and T. Yoshida (1998), Subduction-zone type greenstones from the northern Shimanto belt in southern Tokushima Prefecture,

Southwest Japan, J. Mineral. Petrol. Econ. Geol., 93, 83–102.

Baker, J., D. Peate, T. Waight, and C. Meyzen (2004), Pb isotope analysis of standards and samples using 207Pb-204Pb double spike and thal-

lium to correct for mass bias with a double-focusing MC-ICP-MS, Chem. Geol., 211, 275–303, doi:10.1016/j.chemgeo.2004.06.030.

Behn, M. D., P. B. Kelemen, G. Hirth, B. R. Hacker, and H.-J. Massonne (2011), Diapirs as the source of the sediment signature in arc lavas,

Nat. Geosci., 4, 641–646, doi:10.1038/NGEO1214.
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