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Documenting the early tectonic and magmatic evolution of the Izu–Bonin–Mariana (IBM) arc system in 
the Western Pacific is critical for understanding the process and cause of subduction initiation along 
the current convergent margin between the Pacific and Philippine Sea plates. Forearc igneous sections 
provide firm evidence for seafloor spreading at the time of subduction initiation (52 Ma) and production 
of “forearc basalt”. Ocean floor drilling (International Ocean Discovery Program Expedition 351) recovered 
basement-forming, low-Ti tholeiitic basalt crust formed shortly after subduction initiation but distal 
from the convergent margin (nominally reararc) of the future IBM arc (Amami Sankaku Basin: ASB). 
Radiometric dating of this basement gives an age range (49.3–46.8 Ma with a weighted average of 
48.7 Ma) that overlaps that of basalt in the present-day IBM forearc, but up to 3.3 m.y. younger than the 
onset of forearc basalt activity. Similarity in age range and geochemical character between the reararc 
and forearc basalts implies that the ocean crust newly formed by seafloor spreading during subduction 
initiation extends from fore- to reararc of the present-day IBM arc. Given the age difference between 
the oldest forearc basalt and the ASB crust, asymmetric spreading caused by ridge migration might have 
taken place. This scenario for the formation of the ASB implies that the Mesozoic remnant arc terrane of 
the Daito Ridges comprised the overriding plate at subduction initiation. The juxtaposition of a relatively 
buoyant remnant arc terrane adjacent to an oceanic plate was more favourable for subduction initiation 
than would have been the case if both downgoing and overriding plates had been oceanic.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Among the proposed hypotheses for the fundamentally impor-
tant process of subduction zone initiation, two seem most widely 
relevant (e.g., Stern, 2004; Gerya, 2011): spontaneous initiation 
(e.g., Matsumoto and Tomoda, 1983; Stern and Bloomer, 1992;
Stern, 2004; Nikolaeva et al., 2010), and induced (or forced) ini-

* Corresponding author at: Institute of Earthquake and Volcano Geology, Geologi-
cal Survey of Japan, AIST, Central 7, 1-1-1, Higashi, Tsukuba, Ibaraki, 305-8567, Japan.

E-mail address: o-ishizuka@aist.go.jp (O. Ishizuka).
1 Now at School of Earth Sciences, University of Bristol, Wills Memorial Building, 

Queens Road, Clifton, BS8 1RJ, UK.
https://doi.org/10.1016/j.epsl.2017.10.023
0012-821X/© 2017 The Author(s). Published by Elsevier B.V. This is an open access artic
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
tiation (e.g., McKenzie, 1977; Gurnis et al., 2004; Maffione et al., 
2015). Induced initiation may be triggered by externally forced 
compression, for example, along a pre-existing discontinuity, such 
as a fracture zone. Spontaneous subduction initiation occurs when 
a change in plate motion allows the gravitationally unstable litho-
sphere to subside and be subducted. Stern (2004) suggested the 
Izu–Bonin–Mariana arc (IBM arc) in the Western Pacific represents 
an example of spontaneous subduction initiation wherein subsi-
dence of relatively old and dense Pacific lithosphere commenced 
along transform faults/fracture zones bounded by relatively buoy-
ant lithosphere. Thorough reconstruction of the plates involved 
is required for testing the competing hypotheses for process of 
subduction initiation. Constraining the nature and origin of the 
le under the CC BY-NC-ND license 
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overriding and subducting plates is especially important, because 
numerical modelling shows plate density is a key parameter con-
trolling subduction initiation (e.g., Leng and Gurnis, 2015).

The IBM arc is an optimal place to investigate processes of 
subduction initiation. Extensive exposures of volcanic as well as 
plutonic lower crust and upper mantle sections in the present-day 
IBM forearc give access to a magmatic record preserved in the ju-
venile arc developed immediately after subduction initiation (e.g., 
Taylor et al., 1994; Ishizuka et al., 2006, 2011a, 2014a; Reagan et 
al., 2008, 2010, 2013). Disturbance of the exposed crustal section 
after its formation is minimal given the absence of overprinting by 
younger volcanism and significant tectonic movement. Erosion due 
to subduction of the Pacific Plate sustains exposure of the fore-
arc section. The freshness of exposed samples allows most primary 
geochemical characteristics of the earliest magmatism to be char-
acterised. Reliable age determination has provided a framework for 
constraining the temporal variation of magmatism associated with 
the development of subduction initiation and the formation of a 
subduction zone (Ishizuka et al., 2006, 2011a, 2014a; Reagan et al., 
2008, 2010, 2013; Brounce et al., 2015).

Geochronology of igneous rocks from the IBM forearc section 
has revealed that the first basaltic magmatism (termed “forearc 
basalt” by Reagan et al., 2010) subsequent to subduction initia-
tion was produced by decompression melting of highly-depleted 
mantle and commenced at 51–52 Ma (Ishizuka et al., 2011a;
Reagan et al., 2013). Occurrence of sheeted dykes indicates that 
seafloor spreading took place in the overriding plate (Ishizuka et 
al., 2011a). The switch to fluxed melting of a harzburgitic (i.e., 
prior melt-depleted and refractory) mantle generating boninitic 
magma took place by 48 Ma, and the change to fluxed melting 
in a counterflowing mantle resulting in “normal” arc magmatism 
took place 7–8 m.y. after subduction initiation. Subduction initi-
ation and subsequent magmatic evolution seem to have occurred 
nearly simultaneously along the length of the IBM subduction sys-
tem.

Understanding magmatic evolution of the arc after subduction 
initiation has been significantly improved. However, characteristics 
of the overriding plate prior to subduction initiation, i.e., base-
ment of the future IBM arc system, is still not well constrained. 
This hampers understanding of the tectonic setting leading to sub-
duction initiation, and hence, the capacity to provide information 
needed to evaluate contrasting models of subduction initiation 
generally.

Seafloor drilling by IODP (International Ocean Discovery Pro-
gram) Expedition 351 was conducted to recover rock samples 
formed in association with subduction initiation as well as the pre-
inception basement of the IBM arc. It is particularly important to 
understand the age and origin of the arc basement to establish 
constraints on the tectonic situation at initiation, and reveal the 
duration and extent of seafloor spreading associated with subduc-
tion initiation.

In this contribution, we focus on the age of the present-day 
reararc basement as drilled in the Amami Sankaku Basin (ASB). 
We report 40Ar/39Ar ages of this basement as well as its major 
element composition. Based on this new dataset, the origin of the 
general arc basement crust, and the implications with respect to 
the tectonic setting at subduction initiation are discussed.

2. Geological background

The drill site of IODP Expedition 351, U1438, is located in the 
Amami Sankaku Basin now located in a reararc position relative 
to the Kyushu–Palau Ridge (KPR), and assumed reararc area of the 
proto-IBM arc (Fig. 1a, b). The KPR is a remnant arc separated from 
the IBM arc by arc rifting and backarc spreading after 25 Ma in the 
Shikoku and Parece-Vela Basins (Ishizuka et al., 2011b). The KPR 
was active in the Eocene and Oligocene (e.g., Mizuno et al., 1977;
Ishizuka et al., 2011b). The extinct spreading centre of the West 
Philippine Basin (CBF rift) is truncated by the KPR at ∼15◦N 
(Fig. 1a). Radiometric ages for volcanic rocks collected from the 
northern to central KPR range in age between 43 and 25 Ma but 
are mostly between 27 and 25 Ma, indicating arc volcanism ended 
on the KPR at about this time (Ishizuka et al., 2011b). This obser-
vation has been reinforced by studies of the volcaniclastic deposits 
recovered at U1438 (Arculus et al., 2015; Brandl et al., 2017). The 
core record shows that the input of volcanic debris from the KPR 
ended abruptly around 25 Ma (Fig. 2), implying that arc rifting 
and opening of the Shikoku and Parece Vela Basins initiated at 
∼25 Ma (Ishizuka et al., 2011b). This interpretation is generally 
consistent with the estimated timing of rifting and spreading of 
the Shikoku Basin based on magnetic anomaly data and seafloor 
fabric observations. Okino et al. (1994) identified a magnetic lin-
eation corresponding to Anomaly 7 in the westernmost (oldest) 
margin of the basin and suggested spreading started at 26 Ma. The 
lack of systematic age variations of volcanic rocks along the KPR 
indicates that rifting was initiated almost concurrently along the 
entire ridge between 30◦N and 11◦N.

Regarding the oldest volcanic record of the KPR, Brandl et al.
(2017) reported on the geochemical compositions of glasses (oc-
curring as inclusions in minerals) formed at the KPR from ∼25 to 
40 Ma at U1438. The sedimentary section containing the oldest 
volcaniclastic material above the igneous basement of U1438 was 
estimated to be between 40 and 57 Ma based on micropaleonto-
logical information (Fig. 2; Arculus et al., 2015). This is consistent 
with the oldest age of an andesitic rock recovered (43.29 Ma) and a 
48.5 Ma granodiorite from Minami-Koho seamount at the intersec-
tion between the KPR and Daito Ridge (Fig. 3; Mizuno et al., 1977;
Ishizuka et al., 2011b). However, direct and conclusive age data for 
the oldest volcanism on the KPR has not been previously obtained.

Crustal models based on wide-angle seismic profiles indi-
cate that the KPR has a variable crustal thickness of 8–23 km 
(Nishizawa et al., 2016); the thicker parts of the ridge include an 
expanded middle crust section with Vp of 6.0–6.8 km/s, indicating 
a similar crustal structure to that observed beneath the IBM arc 
(e.g., Kodaira et al., 2007). In its reararc area, significant structural 
variation along the KPR is present, such as the ocean basins like 
the ASB and Kikai Basin (Fig. 1b), and remnant arcs preserved as 
the Daito Ridges, indicating a complex geologic and tectonic evo-
lution in this region (Nishizawa et al., 2016) prior to subduction 
initiation to form the IBM arc.

The Daito Ridges region is a complex array of ridges and basins 
(Fig. 1a, b). The region comprises three remnant arcs: the Amami 
Plateau, the Daito and Oki-Daito Ridges, and two ocean basins 
between these ridges (the Kita-Daito and Minami-Daito Basins). 
Granitoids and arc-related volcanic rocks of Cretaceous age are ex-
posed on the Amami Plateau (e.g., Hickey-Vargas, 2005) which has 
a crustal thickness of up to 19 km (Nishizawa et al., 2014). Geo-
chemical characteristics of the volcanic rocks are consistent with 
formation of the Plateau by Cretaceous subduction zone magma-
tism (Hickey-Vargas, 2005). The Daito Ridge is generally east–west 
trending and intersects the KPR at its eastern end. Low-grade 
metamorphic rocks, sedimentary rocks, and some volcanic rocks 
were recovered by dredging, apparently from beneath Eocene sed-
imentary rocks (Mizuno et al., 1978). Recent shallow drilling using 
the Deep Sea Boring Machine System (BMS) recovered fresh vol-
canic rocks from the eastern part of the Daito Ridge. The recovered 
andesites, with distinctive trace element characteristics of arc mag-
mas, yielded 40Ar/39Ar ages of 116.9 and 118.9 Ma (Ishizuka et al., 
2011b). These ages are significantly older than any other volcanism 
in the IBM arc, and reinforce the crucial point that the Daito Ridge 
comprises Mesozoic arc rocks overlain by middle Eocene sedimen-
tary rocks.
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Fig. 1. a) Location map of drill site U1438 of IODP Exp. 351 in the Philippine Sea. The Izu–Bonin–Mariana (IBM) arc trench system forms the convergent boundary between 
the Pacific and Philippine Sea Plates. The localities of previously dated samples are also shown: white dots represent forearc basalts and yellow dots boninites (Cosca et al., 
1998; Ishizuka et al., 2006, 2011a). b) Detailed bathymetric map of the drill site.
The Oki-Daito Ridge (Fig. 1a) is a WNW–ESE trending ridge 
characterised by crust ranging from 20 to 23 km in thickness 
(Nishizawa et al., 2014), and is regarded as another Mesozoic rem-
nant arc (Tani et al., 2012). A large bathymetric high west of the 
Oki-Daito Ridge is the Oki-Daito Rise, which partially overlaps the 
western part of the Oki-Daito Ridge (Fig. 1a). The Rise is charac-
terised by much thinner crust (10–15 km) compared to the Oki-
Daito Ridge, and occurrence of basalts with Ocean-Island Basalt 
(OIB)-like geochemical characteristics with an age range between 
40 and 44 Ma (Ishizuka et al., 2013).

Remnant arc terranes of the Daito Ridges region are separated 
by intervening seafloor of the Kita-Daito and Minami-Daito Basins 
(Fig. 1a, b). The Kita-Daito Basin, separating the Amami Plateau 
and the Daito Ridge, has a thin crust of 4 to 6 km based on 
seismic velocity structure (Nishizawa et al., 2014). Nishizawa et 
al. (2014) concluded this basin could have formed in a backarc 
setting. The Minami-Daito Basin, located between the Daito and 
Oki-Daito Ridges, has abundant bathymetric highs, and has a crust 
of 7–10 km thickness (Nishizawa et al., 2014). Basalts recovered 
from sills at Deep Sea Drilling Project (DSDP) Site 446 in the west-
ern part of the Basin and by shallow drilling at a seamount in 
the basin clearly have OIB-like geochemical characteristics (e.g., 
Hickey-Vargas et al., 2006; Ishizuka et al., 2013). These basalts have 
40Ar/39Ar ages of 43 to 51 Ma. The age of formation of the Kita-
Daito and Minami-Daito basins is currently not known.

The Amami Sankaku Basin is bordered to the west by a ma-
jor N–S striking fault scarp (Minami-Amami Escarpment) and by 
the Amami Plateau, to the south by the Daito Ridge, and to the 
northeast by the KPR (Fig. 1b). Multichannel seismic reflection pro-
files across the ASB (Higuchi et al., 2007; Nishizawa et al., 2016)
reveal a 1–2 km thick sedimentary section. The sediment is under-
lain by igneous basement with a thickness of around 5.5 km. Since 
the sedimentary sequence of this basin is isolated from any drilled 
sections in the Philippine Sea, no age constraints have previously 
been obtained for the formation of this Basin prior to drilling at 
Site U1438.

3. Drilled section and samples studied

Site U1438 of IODP Exp. 351 is located on flat-lying sediments 
at 4700 m water depth in the ASB (Fig. 1a, b). Igneous basement 
was reached after coring the entire sediment section. The cored 
interval comprises 5 units (Expedition 351 Scientists, 2015). The 
uppermost Unit I comprises hemipelagic sediment with interca-
lated ash layers, presumably sourced from explosive volcanism in 
the Ryukyu and Kyushu arcs. Units II and III host a series of vol-
caniclastic gravity-flow deposits, recording the magmatic history of 
the IBM arc between ∼40 and 25 Ma (Fig. 2; Brandl et al., 2017). 
Unit III is characterised by coarse-grained volcaniclastic material 
compared to Unit II, and repetitive conglomerate- and sandstone-
dominated intervals. Siliceous pelagic sediment (Unit IV) underlies 
Unit III with less coarse-grained sediment input. Unit IV is the 
most lithologically diverse, and characterised by the occurrence 
of reddish radiolaria-bearing mudstone, interbedded with layers of 
siltstone in the middle and lower parts. Basaltic andesite cobbles 
from the lower part of the unit have quench features, and all ap-
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Fig. 2. Age–depth plot for Site U1438 based on biostratigraphic and palaeomagnetic 
data. 40Ar/39Ar ages obtained in this study are also shown with 2σ error.

pear concordant with the overlying and underlying sedimentary 
rocks. These features suggest that the basaltic andesites are shal-
low intrusive rocks, most likely sills.

Drilling at Site U1438 encountered oceanic basement. A basalt 
section, named as Unit 1, is dominantly composed of sheet lava 
flows. This unit continues to the bottom of the Hole at 1611 mbsf, 
and 44 m of core material was recovered in total. Numerous flow 
contacts were identified in Unit 1 including some with chilled 
margins, and this unit has been divided into 6 subunits (Fig. 4). 
Paleomagnetic measurements show consistent shallow plunges of 
maximum anisotropy axes, which implies these basalts were em-
placed as sheet flows rather than pillow lavas (Expedition 351 
Scientists, 2015).

Basalts have diverse but mainly microcrystalline to fine-grained 
textures. Phenocrysts are present in approximately half of the 
basalts and consist of plagioclase, clinopyroxene and spinel, to-
gether with olivine pseudomorphs. There is no obvious interval 
reflective of significant age gaps within Unit 1 except an occur-
rence of a piece of limestone at 1571 mbsf (Expedition 351 Sci-
entists, 2015). For major element analysis, 98 samples were se-
lected to reveal compositional variation along the entire section of 
Unit 1. Three samples of andesitic sills from Unit IV were also anal-
ysed.

Samples for age dating were selected exclusively based on 
freshness. Unit 1c is formed of relatively coarse-grained and 
holocrystalline basalts dominantly composed of plagioclase and 
clinopyroxene showing ophitic–subophitic textures, and contain 
minimal amounts of interstitial poorly-crystallised material. This 
makes Unit 1c the most suitable for dating; accordingly, all dated 
samples were selected from six different intervals within this Sub-
unit.

4. Analytical procedures

4.1. Major element chemistry

About 20 g of rock chips were ultrasonically cleaned with dis-
tilled water, and then crushed by an iron pestle and pulverised 
using an agate mortar. Whole rock major elements were analysed 
on glass beads, prepared by fusing 1:10 mixtures of 0.5 g sub-
samples and lithium tetraborate. The glass beads were analysed 
using a Panalytical Axios XRF spectrometer at the Geological Sur-
vey of Japan/AIST. External error and accuracy are generally <2% 
(2.s.d), but Na could have as much as ∼7% error. The data for 
each element are in agreement with accepted values of interna-
tional standards within errors (Table S1).

4.2. 40Ar/39Ar dating

Ages of the basement samples from Site U1438 were deter-
mined using the 40Ar/39Ar dating facility at the Geological Survey 
of Japan/AIST. Details of the procedures are reported in Ishizuka 
et al. (2009). 20–25 mg of phenocryst-free groundmass, crushed 
and sieved to 186–250 μm in size, was analysed using a step-
wise heating procedure. The samples were treated in 6N HCl for 30 
minutes and then 4N HNO3 for 30 minutes at 95 ◦C with stirring 
to remove any alteration products (clays and carbonates) present 
in interstitial spaces. After this treatment, samples were exam-
ined under a microscope, and microphenocrysts of clinopyroxene 
were removed. This procedure effectively separated and concen-
trated fresh plagioclase in the groundmass and microphenocrysts. 
Sample irradiation was done at the CLICIT facility of the Oregon 
State University TRIGA reactor for 4 h. Sanidine separated from the 
Fish Canyon Tuff (FC3) was used for the flux monitor and assigned 
an age of 27.5 Ma, which has been determined against our primary 
standard for our K–Ar laboratory, Sori biotite, whose age is 91.2 Ma 
(Uchiumi and Shibata, 1980).

A CO2 laser heating system (NEWWAVE MIR10-30) was used at 
continuous wave mode for sample heating. A faceted lens was used 
to obtain a 3.2 mm-diameter beam with homogenous energy dis-
tribution to ensure uniform heating of the samples during stepwise 
heating analysis. Argon isotopes were measured on a IsotopX NGX 
noble gas mass spectrometer fitted with a Hamamatsu Photonics 
R4146 secondary electron multiplier in a peak-jumping mode.

Correction for interfering isotopes was achieved by analyses of 
CaF2 and KFeSiO4 glasses irradiated with the samples. The blank 
of the system including the mass spectrometer and the extrac-
tion line was 2.9 × 10−14 ml STP for 36Ar, 1.4 × 10−13 ml STP for 
37Ar, 1.0 × 10−14 ml STP for 38Ar, 1.2 × 10−14 ml STP for 39Ar and 
1.9 × 10−12 ml STP for 40Ar. The blank analysis was done every 
2 or 3 step analyses. All errors for 40Ar/39Ar results are reported 
at one standard deviation. Errors for ages include analytical uncer-
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Fig. 3. Compilation of 40Ar/39Ar, K–Ar, and U–Pb zircon dating results for igneous rocks from the IBM forearc, KPR, ASB and West Philippine Basin, modified after Ishizuka et 
al. (2014a). For data sources, see Ishizuka et al. (2011a, 2011b).
tainties for Ar isotope analysis, correction for interfering isotopes 
and J value estimation. An error of 0.5% was assigned to J values 
as a pooled estimate during the course of this study. Results of Ar 
isotopic analyses and correction factors for interfering isotopes are 
presented in supplementary data (Table S2).

Plateau ages were calculated as weighted means of ages of 
plateau-forming steps, where each age was weighted by the in-
verse of its variance. The age plateaus were determined following 
the definition by Fleck et al. (1977). Inverse isochrons were calcu-
lated using York’s least-squares fit, which accommodates errors in 
both ratios and correlations of errors (York, 1969).

5. Results

5.1. Major element composition

All the analytical data are presented in supplementary Table S1. 
Major element compositions of Unit 1 basalts show discernible 
variations with depth: Titania content clearly indicates discontin-
uous variation with depth, which strongly implies the occurrence 
of distinct subunits within this basalt section (Fig. 4). FeO*/MgO, 
Na2O, CaO and Al2O3 also have similar discontinuous variations, 
similar to that of TiO2, even though the distinction among the 
subunits is not as clear as the case for TiO2 (Fig. 4). Subunit bound-
aries estimated based on Ti content variation, which is not likely 
to be modified by the effect of alteration, are consistent with pet-
rographic determination of subunits within the basaltic section 
(Fig. 4). Subunit 1a has a uniquely large variation with depth, i.e., 
FeO*/MgO, TiO2, and CaO decrease upward, while Na2O and SiO2
increase (Fig. 4). Low FeO*/MgO compared with basalts in Subunits 
1b–1f (Fig. 4) results from both higher MgO (9–14%) and lower 
FeO* (4.7–9.6%) (Table S1). Na2O/CaO increases from 0.2 to 0.8 up-
ward within this Subunit toward the sediment contact (Fig. 4).

Potash content of the basalt has a different behaviour than the 
oxides presented above (Fig. 4). Potash is consistently low in Sub-
unit 1c, while it is highly variable in other subunits. Subunit 1a 
has a range from near 0 to ∼1 wt.%. There is significant difference 
between Subunit 1c and 1d, and Subunit 1d to 1f again show-
ing a large variation ranging from <0.1 to 1 wt.%. Each subunit, 
even though not in a systematic way, appears to have a distinct 
variation in terms of K2O content. The origin of major and trace 
element variation in the subunits of Unit 1, including the impacts 
of alteration, is considered in detail in Hickey-Vargas et al. (sub-
mitted).

Based on their composition, the Unit 1 basalts are tholeiitic, de-
fined collectively by sharply increasing FeO*/MgO with increasing 
SiO2 (Fig. 5a). Subunit 1a, however, shows a distinct trend with rel-
atively low and constant FeO*/MgO with increasing SiO2, and Na2O 
reaching values similar to those of Unit IV andesites (Figs. 4 and 
5a). Titania contents have a similar range to that of forearc basalt 
from the IBM forearc, but are significantly lower than MORB (com-
pared at a similar SiO2 (Fig. 5b) or MgO (not shown)) or tholeiitic 
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Fig. 4. Depth profiles of major element composition of Unit 1 basalts and Unit IV andesites from Site U1438.
basalts of the Philippine Sea backarc basin crust, with the excep-
tion of those from ODP Site 1201 and DSDP Site 447.

5.2. 40Ar/39Ar ages

Six samples from Unit 1 basalts (Site U1438) were dated by 
stepwise heating analysis (Table 1, S2; Fig. 6). These samples are 
from Subunit 1c, covering the core depth between 1509.1 mbsf 
and 1534.23 mbsf. All analyses for six samples gave well-defined 
age plateaus comprised of 86.1 to 100% of released gas. For each 
age spectrum, the inverse isochron age is identical to the weighted 
average age of plateau-forming steps, and the 40Ar/36Ar intercept 
of the inverse isochron is consistent with the atmospheric ratio 
within 2σ error. These data support the likelihood that the plateau 
ages are reliably recording the eruption ages of the basalt lavas. 
The plateau ages range from 46.8 to 49.3 Ma, all indistinguishable 
within 2σ error with a weighted average of 48.7 ± 0. Ma. No sys-
tematic age variation is recognised with depth of the core (Fig. 2).
6. Discussion

6.1. Age of the Amami Sankaku Basin (ASB) igneous crust

40Ar/39Ar dating reveals basalts from Subunit 1c of Site U1438 
formed at around 48.7 Ma. Apart from the uppermost Subunit 1a, 
basalts from all Subunits of Unit 1 have very similar chemical 
characteristics with recognisable, yet small, differences among the 
Subunits. Combined with the lack of evidence for significant time 
gaps within the basalt lava section, it is reasonable to consider 
that at least the upper 150 m of the ASB igneous crust formed 
at around 48.7 Ma. Furthermore, these basalts are depleted low-K, 
low-Ti tholeiite (Figs. 4, 5), and dissimilar to the late stage alkaline 
and highly incompatible element-enriched basalts reported from 
other Philippine Sea backarc basins (e.g., Shikoku Basin: Ishizuka 
et al., 2009). This implies that the age of these basalts corre-
sponds to that of the main stage of formation of the ASB igneous 
crust.
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Fig. 5. Major element plots for the Unit 1 basalts from Site U1438. The line separating the tholeiitic and calc-alkaline field is from Miyashiro (1974). For data sources, see 
Ishizuka et al. (2014b).

Table 1
Results of stepwise-heating analyses of groundmass of basalts from Unit 1 of Site U1438.

Analysis
No.

Sample
No.

Steps Total gas age (±1σ ) Plateau age (±1σ )

Integrated age
(Ma)

Weighted average
(Ma)

Inv. isochron age
(Ma)

40Ar/36Ar
intercept

MSWD Fraction of 39Ar
(%)

16029 1438E76R2 86-91 14 48.9 ± 0.6 49.3 ± 0.5 49.9 ± 0.8 289 ± 6 0.83 100.0
16023 1438E76R2 126-130 11 48.3 ± 0.9 48.4 ± 0.8 49.4 ± 2.4 278 ± 40 0.44 100.0
16026 1438E77R1 53-58 10 48.9 ± 1.0 46.8 ± 0.9 43.7 ± 2.1 331 ± 22 0.85 86.1
16010 1438E77R1 90-95 14 48.5 ± 0.8 48.7 ± 0.7 49.3 ± 1.0 291 ± 5 0.97 100.0
16027 1438E78R2 60-65 10 47.0 ± 1.6 48.1 ± 1.3 45 ± 4 332 ± 44 1.02 100.0
16024 1438E80R1 60-65 11 48.8 ± 0.5 48.7 ± 0.4 47.9 ± 0.7 303 ± 4 0.65 100.0

Inv. isochron age: inverse isochron age.
MSWD: mean square of weighted deviates ((SUMS/(n − 2))0.5) in York (1969).
Integrated ages were calculated using sum of the total gas released.
λb = 4.962 × 10−10 y−1, λe = 0.581 × 10−10 y−1, 40 K/K = 0.01167% (Steiger and Jager, 1977).
The ages of these Unit 1 basalts are also consistent with the 
early or middle Eocene ages estimated for the overlying sedimen-
tary rock section of Unit IV based on biostratigraphy (Fig. 2).

6.2. Spreading at subduction initiation

The ASB crust has been previously regarded as typical oceanic 
crust based on seismic data. Arculus et al. (2015) proposed that 
the ASB crust formed by seafloor spreading during the inception 
of the IBM subduction zone. This is mainly based on the geochem-
ical similarity of the ASB basalt to forearc basalt, and the overlap 
of the biostratigraphically-constrained age and that of subduction 
initiation at the IBM arc. Direct dating of the basaltic flows pin-
points the age of formation of this crust. Our results confirm the 
formation of the ASB was contemporaneous with the 52–48 Ma 
magmatism of the forearc basalt reported from the IBM forearc 
(Fig. 3: Ishizuka et al., 2011a). In other words, the ASB crust is not 
pre-Eocene arc basement formed prior to subduction initiation and 
the development of the IBM arc.

In fact, the results indicate that the uppermost ASB crust 
formed about 3.3 m.y. after onset of forearc basalt magmatism 
(52 Ma). If we accept the model that subduction initiation and 
eruption of the earliest lavas of the IBM arc took place simulta-
neously along the entire length of the arc (Ishizuka et al., 2011a), 
these ages suggest that the oceanic igneous crust preserved at the 
reararc side of the future IBM arc formed later than that in the 
present-day forearc.
It is difficult to explain this situation as resulting from symmet-
ric seafloor spreading, generating oceanic-type crust on which the 
chain of stratovolcanoes of the KPR was subsequently built. One 
possible explanation is that spreading following subduction initi-
ation was affected by ridge jumps or migrations, and was asym-
metric. Asymmetric spreading has been reported from mid-ocean 
ridges as well as from backarc basins (e.g., Allerton et al., 2000;
Yamazaki et al., 2003; Deschamps and Fujiwara, 2003). Interaction 
of a spreading centre with a mantle plume or mantle wedge cor-
ner flow has been proposed as a cause of ridge migration (Müller 
et al., 2008; Martinez and Taylor, 2002). Asymmetric rheological 
and stress conditions due to the presence of subduction-related 
magmatism in an arc environment could also cause ridge migra-
tion (Martinez and Taylor, 2002; Deschamps and Fujiwara, 2003). 
Relative motion between the downgoing slab and overriding plate 
may also affect the location and rate of spreading (e.g., Martinez 
and Taylor, 2002; Sdrolias and Müller, 2006).

Asymmetric spreading accompanied by ridge migration ob-
served in backarc basins could be analogous to spreading resulting 
from subduction initiation due to asymmetry of the newly devel-
oped plate boundary (e.g., Parson et al., 1990; Martinez and Taylor, 
2002; Deschamps and Fujiwara, 2003; Brandl et al., 2017). It is 
known for example that at the earliest stages of backarc basin for-
mation, spreading is unstable, possibly due to the interaction with 
the surrounding plates or regional tectonics (Parson et al., 1990;
Yamazaki et al., 2003). These effects could also affect seafloor 
spreading during subduction initiation. Based on geological obser-
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Fig. 6. 40Ar/39Ar age spectra and Ca/K plots for basalts from Unit 1 at Site 1438.
vations in the forearc area, the locus of the seafloor spreading (i.e., 
distribution of forearc basalt) and early arc magmatism were spa-
tially and temporally juxtaposed (Ishizuka et al., 2011a; Reagan et 
al., 2013, 2017). Noting the ages of the ASB crust, the youngest 
forearc basalt and the oldest boninite almost overlap (Fig. 3), it 
seems possible that developing arc magmatism affected the mode 
of seafloor spreading. It has been noted that the locus of early 
arc magmatism migrated away from trench, i.e., migrated west-
ward in the current geographic location during the first 7–8 m.y. 
after subduction initiation (Ishizuka et al., 2006, 2011a). Recent 
drilling of IODP Exp. 352 also confirmed that forearc basalt vol-
canism occurred closer to the trench than boninitic volcanism, and 
that they are fully transitional in composition (Fig. 1a, Reagan et 
al., 2017). On the other hand, no boninite has been recovered 
from KPR and volcaniclastic deposits cored at U1438. The volcanic 
record preserved at U1438 and the age of volcanics recovered from 
the KPR are no older than 48 Ma (Fig. 3: Ishizuka et al., 2011b;
Brandl et al., 2017). These observations imply that volcanism 
within the reararc initiated up to several million years after volcan-
ism in the frontal arc side. We conclude migration and instability 
of the locus of magmatism in the overriding plate developed dur-
ing subduction initiation. The spreading axis might have moved 
away from the trench, i.e., ridge migration away from the trench 
and asymmetric spreading took place, which could be the reason 
that the ASB crust is younger than the oldest forearc basalt from 
the IBM forearc (Fig. 7).

Up to now, we have had minimal data for constraining the ex-
tent and rate of spreading in an overriding plate associated with 
subduction initiation. If the ASB crust formed through seafloor 
spreading following the onset of subduction, some estimates about 



88 O. Ishizuka et al. / Earth and Planetary Science Letters 481 (2018) 80–90
Fig. 7. Schematic cartoon illustrating the evolution of the proto-IBM arc including 
formation of the ASB following subduction initiation. ASB formed from a migrating 
spreading centre associated with subduction initiation.

the mode of spreading can be made. The maximum we estimate 
for the width of the seafloor created by spreading associated with 
subduction initiation approaches 300 km, comprising the forearc 
slope, the modern and remnant arc sections and the ASB. If we as-
sume a period of spreading of 3.3 m.y. (between 52 and 48.7 Ma), a 
full spreading rate is estimated to be 9.1 cm/yr, which corresponds 
to an intermediate-rate spreading centre, and is comparable to that 
of the West Philippine Basin (Deschamps and Lallemand, 2002;
Ishizuka et al., 2013). In case of asymmetric spreading, however, 
the half spreading rate must have been faster (up to 15 cm/yr) 
than this estimate, and corresponds to fast spreading.

6.3. Implication to tectonics at subduction initiation

It is now clear that the ASB is not part of the Mesozoic remnant 
arc terrane of the Daito Ridges (Fig. 8). At the onset of subduction 
that created the proto-IBM arc, this terrane is supposed to have 
been on the overriding plate, and then rifted prior to the onset of 
spreading (Figs. 7, 8). In fact, pieces of Mesozoic crust have been 
reported along the forearc of the IBM arc. These include Creta-
ceous granitic bodies (Tani et al., 2012) and Jurassic basalt with 
Fig. 8. Schematic diagram showing a tectonic reconstruction of the Philippine Sea 
Plate around 49–48 Ma. Seafloor spreading associated with subduction initiation 
formed ocean crust on the overriding plate mainly composed of Mesozoic arc ter-
rane with intervening ocean basins. Boninite volcanoes and later island arc vol-
canoes formed on this ocean crust. Spreading of the West Philippine Basin com-
menced by this period, almost contemporaneously with onset of magmatism caused 
by arrival of Oki-Daito plume.

Indian Ocean MORB character (Ishizuka et al., 2011a) in the Izu–
Bonin section of the arc, and Mesozoic plutonic rocks from the 
Palau Trench (Malyarenko and Lelikov, 1995). The recovered plu-
tonic rocks could be part of arc crust, and Jurassic basalt could 
correspond to intervening ocean basins among the arc massifs (e.g., 
Daito Ridge, Oki-Daito Ridge) of the Daito Ridges. These Mesozoic 
crustal rocks could be rifted blocks caused by onset of spreading 
on the overriding plate at subduction initiation, i.e., they provide 
supporting evidence for the model assuming that the overriding 
plate at subduction initiation was a Mesozoic arc terrane along the 
entire length of the future IBM arc (Fig. 8).

We conclude the overriding plate is not ocean crust as pre-
viously has been assumed (e.g., Stern and Bloomer, 1992; Stern, 
2004; Ishizuka et al., 2006). Numerical and conceptual models for 
subduction initiation predict that the density contrast of juxtapos-
ing plates plays an important role in triggering the sinking of the 
downgoing slab through gravitational instability (e.g., Matsumoto 
and Tomoda, 1983; Stern and Bloomer, 1992; Gurnis et al., 2004). 
Remnant arcs of the Daito Ridges have less dense and thicker crust 
relative to normal oceanic igneous crust, i.e., they are more buoy-
ant (Nishizawa et al., 2014). Assuming the downgoing plate was 
the Pacific Plate, a tectonic setting wherein a plate composed of 
buoyant Mesozoic remnant arcs faced an oceanic plate is more 
favourable for subduction initiation than the situation where both 
plates consist of oceanic crust. Volcanoes of the IBM arc have been 
established on oceanic crust produced following the onset of sub-
duction, but subduction began between juxtaposed oceanic crust 
(Pacific Plate) and remnant arc terranes (Daito Ridges).

Spreading of the West Philippine Basin is supposed to have ini-
tiated within the same Mesozoic terrane before 50 Ma, possibly 
almost contemporaneously with the onset of magmatism caused 
by arrival of Oki-Daito plume (Deschamps and Lallemand, 2002;
Ishizuka et al., 2013). ODP Site 1201 (Fig. 1a) basalts cored from 
the northeastern margin of the West Philippine Basin, i.e., west 
of the KPR, share similar geochemical characteristics with the ASB 
basalts and FAB (e.g., Ti/V is lower, and more depleted in incom-
patible elements than N-MORB, Savov et al., 2006; Hickey-Vargas 
et al., 2006; Arculus et al., 2015). This strongly implies that a 
highly depleted MORB-type mantle source was present beneath 
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the Philippine Sea area during the period of subduction initiation, 
and appears to have been tapped during generation of both forearc 
basalt and basalts of the oldest part of the West Philippine Basin.

7. Conclusions

1) 40Ar/39Ar dating of the ASB provides the first radiometric 
age constraints on the arc basement in the rear side of the IBM 
arc. The age of final magmatism forming the oceanic igneous crust 
of the ASB is around 48.7 Ma. This age overlaps with the age 
range of forearc basalt from the IBM forearc, but is up to 3.3 m.y. 
younger than the onset of that forearc basalt activity, regarded as 
the marker for subduction initiation.

2) We conclude the combination of similarity in age range and 
geochemical character (e.g., low Ti/V, highly depleted in incompat-
ible elements compared to N-MORB) implies the ocean crust of 
the ASB is equivalent to forearc basalt found in the IBM forearc. 
A corollary is ocean crust formed consequent to subduction initia-
tion in the overriding plate extended from the forearc to reararc of 
the future IBM arc, i.e., the basement of the IBM arc is ocean crust 
formed at or soon after subduction initiation.

3) The age of the ASB ocean crust clearly indicates it is not part 
of the Mesozoic Daito Ridges. This Mesozoic terrane, which con-
stituted the overriding plate at subduction initiation, had probably 
been rifted apart due to extension of the overriding plate during 
subduction initiation, and does not form the IBM arc basement. 
Where an overriding plate is composed of remnant arc terranes, it 
is more favourable for subduction initiation to be localised along 
the boundary between such terranes and oceanic lithosphere.

4) The temporal relationship between forearc basalt and ASB 
basalts seems to suggest that seafloor spreading during subduction 
initiation was strongly asymmetric as a result of ridge migration. 
With our estimated width (300 km) and minimum duration of 
spreading (3.3 m.y.), the spreading rate was intermediate to fast 
(9.1 to 15 cm/y) depending on the mode of spreading. Ridge migra-
tion might have been caused by unstable relative motion between 
the downgoing and overriding plates, emerging arc magmatism 
caused by onset of fluxed melting of mantle, and mantle wedge 
corner flow which was just being established after the slab started 
to sink.
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