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Abstract 

This paper explores the evolutional process of back-arc basin (BAB) magma system at final spreading stage of extinct 
BAB, Shikoku Basin (Philippine Sea) and assesses its tectonic evolution using a newly discovered oceanic core com‑
plex, the Mado Megamullion. Bulk and in-situ chemical compositions together with in-situ Pb isotope composition of 
dolerite, oxide gabbro, gabbro, olivine gabbro, dunite, and peridotite are presented. Compositional ranges and trends 
of the igneous and peridotitic rocks from the Mado Megamullion are similar to those from the slow- to ultraslow-
spreading mid-ocean ridges (MOR). Since the timing of the Mado Megamullion exhumation corresponds to the very 
end of the Shikoku Basin opening, the magma supply was subdued and highly episodic, leading to extreme magma 
differentiation to form ferrobasaltic, hydrous magmas. In-situ Pb isotope composition of magmatic brown amphibole 
in the oxide gabbro is identical to that of depleted source mantle for mid-ocean ridge basalt (MORB). In the context 
of hydrous BAB magma genesis, the magmatic water was derived solely from the MORB source mantle. The distance 
from the back-arc spreading center to the arc front increased away through maturing of the Shikoku Basin to cause 
MORB-like magmatism. After the exhumation of Mado Megamullion along detachment faults, dolerite dikes intruded 
as a post-spreading magmatism. The final magmatism along with post-spreading Kinan Seamount Chain volcanism 
were introduced around the extinct back-arc spreading center after the opening of Shikoku Basin by residual mantle 
upwelling.
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1  Introduction
Back-arc basins (BAB) are extensional basins formed 
behind subduction zones by rifting and in some cases, 
seafloor spreading developing on the overriding plate. 
Arc magmatism has been investigated intensively 
because it is a general feature of every subduction zone 

setting and significantly hazardous with explosive volca-
noes due to the high volatile contents in the arc magmas 
(e.g., Tatsumi and Suzuki-Kamata 2014), while the BAB 
are not always present in the subduction zones and make 
up far less of Earth’s surface compared to open ocean 
basins. Considering that the BAB belong to the same 
regional setting as the arcs and contributes significantly 
to the dynamics of subduction zones [cf. review by Pearce 
and Stern (2006)], it is significant to examine magma 
genesis in BAB as a step toward the understanding of the 
magmatic system in convergent margins.
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BAB basalts (BABB) show a wide variety of chemical 
composition, which is generally intermediate between 
mid-ocean ridge basalts (MORB) and island-arc basalts 
(IAB) (e.g., Gill 1976; Hawkins and Melchior 1985). The 
IAB-type BABB are characterized by increased con-
centrations of large ion lithophile elements (LILE) and 
reduced concentrations of high field strength elements 
(HFSE): the former is linked to elemental transport by 
the hydrous fluid, and the latter is linked to increased 
mantle melting as the result of the hydrous fluid influx 
(e.g., Stolper and Newman 1994; Pearce and Stern 2006). 
The introduction of water in the mantle wedge lowers its 
solidus, allowing mantle melting to greater extents at a 
given temperature (e.g., Hirschmann et al. 1999; Parman 
and Grove 2004), which in turn leading to the formation 
of highly refractory residual peridotites. Accordingly, 
modern-day peridotites from forearcs are significantly 
more chemically depleted than most mid-ocean ridge 
peridotites (Parkinson and Pearce 1998; Pearce et  al. 
2000; Birner et al. 2017). The subduction-related elemen-
tal input and mantle depletion associated with BABB 
genesis have also been documented by perspectives from 
isotopes, halogens, and noble gasses (e.g., Hickey-Var-
gas 1991; Ikeda et al. 1998; Pearce et  al. 1999; Kendrick 
et al. 2020). These data are also in good agreement with 
geophysical investigations that depicted a thicker and 
more differentiated BAB crust located close to the arc, 
as a consequence of enhanced mantle melting caused by 
hydrous fluid supply from the down-going slab (Arai and 
Dunn 2014; Eason and Dunn 2015). The gradual decrease 
in IAB signature with increasing distance from the arc 
reflects the maturing of the BAB (Taylor and Martinez 
2003; Langmuir et al. 2006).

Previous studies on BAB focused mainly on basaltic 
samples from the shallow crust as they are more acces-
sible than to the lower crust and underlying mantle 
samples. Hence, plutonic rocks and peridotites from 
these settings are poorly studied although they can be 
of critical importance to investigate nascent magmatic 
system at the BAB. Oceanic core complexes (OCC), 
dome-like features representing footwalls of detach-
ment faults (i.e., large-offset extensional fault with 
low-angle surface expressions), are important tectonic 
windows into the lower crust and uppermost mantle 
beneath oceanic spreading systems (e.g., Cann et  al. 
1997). These features can locally occur in BAB, where 
they allow for a direct investigation of deep-seated 
materials. For instance, recent studies on the Godzilla 
Megamullion, the world’s largest OCC (~ 125 × 55 km2) 
located in an extinct BAB, the Parece Vela Basin (Phil-
ippine Sea) (Ohara et  al. 2001, 2002, 2003; Harigane 
et  al. 2011, 2019; Loocke et  al. 2013; Sanfilippo et  al. 
2013). As a whole, the gabbro, troctolite and peridotite 

from the Godzilla Megamullion are similar to those 
from the mid-ocean ridges (MOR) in terms of petrog-
raphy and chemistry. More recently, Harigane et  al. 
(2019) evidenced a functional necessity of magma-
derived water to parental magmas of gabbros from 
the Godzilla Megamullion. Similar conclusions were 
reached by Basch et  al. (2020) for the lower crustal 
rocks of a newly discovered OCC, named Mado Mega-
mullion in the Shikoku Basin (Philippine Sea). Based on 
textural and chemical characteristics of a subset of gab-
bros and troctolites, Basch et al, (2020) suggested that 
the involvement of primary magmas enriched in water 
in the Shikoku Basin–Parece Vela Basin magma system 
as a functional necessity to generate abundant amphi-
bole in the lower crust in the BAB. In detail, Basch et al. 
(2020) argued that the abundant water in the primary 
magmas contributed to the precipitation of clinopyrox-
enes at a very early stage of the BAB magma evolution, 
followed by Fe-Ti oxides and pargasitic amphiboles 
in the evolved gabbros. Although the efforts toward 
unraveling early evolutionary process of “wet” BAB 
magma system, the mechanism driving water enrich-
ment is still equivocal due to later multiple metamor-
phic overprints under the presence of seawater (e.g., 
Harigane et al. 2019). To tackle this issue, in-situ analy-
sis of isotope sensitive to seawater introduction into 
the magmatic body must be coupled to careful petro-
graphic observation. In addition, since the BAB magma 
changes in composition during the maturing of BAB 
as mentioned above, we need to reassess the water 
involvement during the course of BAB evolution, con-
sidering that both the Mado Megamullion and Godzilla 
Megamullion formed at the final spreading stage of Shi-
koku Basin and Parece Vela Basin, respectively.

Here, we present bulk and in-situ chemical composi-
tions, combined with in-situ Pb isotope composition of 
crustal and mantle rocks collected at the Mado Megam-
ullion. Recently, Basch et al. (2020), Hirauchi et al. (2021), 
and Sen et al. (under review) have been reporting in-situ 
mineral compositions of the rock samples collected at the 
Mado Megamullion, but their bulk chemical composi-
tion and isotope composition have not yet been analyzed 
to date. The main aims of this study are to investigate 
mantle melting, magma transport, and wet BAB magma 
evolution, and to perceive the tectonic evolution of the 
Shikoku Basin, with analyzing bulk and in-situ chemical 
compositions together with in-situ Pb isotope composi-
tion of the rock samples from the Mado Megamullion. In 
principle, we consider that the timing of the exhumation 
of Mado Megamullion corresponds to the very end of 
the spreading of Shikoku Basin, where subdued, episodic 
magmatism is supposed beneath the back-arc spreading 
center.
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2 � Geological background
The Shikoku Basin is a broad fan-shaped BAB at the 
northern end of the Philippine Sea bounded by the 
Kyushu–Palau Ridge to the west, the Izu–Ogasawara 
island arc–trench system to the east, and the Nan-
kai Trough to the north (Fig.  1a). The Shikoku Basin 
merges to the north of the Parece Vela Basin at ca. 
24ºS (Fig. 1a). A geodynamic evolution of the Shikoku 
Basin was reconstructed using magnetic anomalies 
and topography by Okino et al. (1994) and later revised 
based on newly collected geophysical data by Okino 
(2015). Four stages can be recognized and synthetized 
as follows. (1) The formation of the Shikoku Basin ini-
tiated with the rifting in the Early Oligocene followed 
by the opening from ca. 24  Ma. This initial stage cor-
responds to the final volcanic stage of Kyushu–Palau 
Ridge (Ishizuka et  al., 2011). (2) A mature ocean floor 
opened in NNW-SSE direction from ca. 24 to 22  Ma 
with southward propagation of the Shikoku Basin 
spreading center at a speed of ca. 10  cm/year. The 
spreading rate was estimated at ca. 2.3  cm/year in the 
beginning, then increased to ca. 4.6  cm/year. (3) The 
spreading axis gradually rotated clockwise to N-S from 
ca. 22 to 19 Ma. The spreading rate was estimated at ca. 
4.5  cm/year, then decreased down to 2.3  cm/year. (4) 
The spreading axis was gradually rotated anticlockwise 

to NW–SE from ca. 19 to 15  Ma. The spreading rate 
was estimated at ca. 2–3  cm/year before the cessa-
tion of the spreading. During the final spreading, the 
spreading axis was frequently segmented at the scale 
of few tens of kilometers, and spreading direction was 
oblique (i.e., sigmoidal or curved).

The extinct spreading center of the Shikoku Basin is 
overlapped by a volcanic seamounts chain, called Kinan 
Seamount Chain (Okino et al., 1998, 1999). The Kinan 
Seamount Chain yields an age range of ca. 15 to 7 Ma 
(Ishizuka et al., 2009), thus erupted well after the cessa-
tion of Shikoku Basin spreading. The estimated tectonic 
arrangement and the age data indicate that the magmas 
remained beneath the axial zone caused post-spreading 
Kinan Seamount Chain volcanism (Okino et  al., 1999; 
Ishizuka et  al., 2009). Using multiple isotopic analyses 
(Pb, Nd and Sr), Sato et  al. (2002) and Ishizuka et  al. 
(2009) revealed that the Kinan Seamount Chain basalts 
show compositional similarity to the MORB with vari-
ous degree of contribution from enriched mantle com-
ponent (EM-1). Of note, the Kinan Seamount Chain 
basalts show limited chemical signatures of subduction-
related elemental input (Ishizuka et  al., 2009). Toward 
the southern Shikoku Basin, the size of the seamounts 
decreases, and the rift structure remains in the rem-
nant spreading axis. The Mado Megamullion is located 

Fig. 1  Bathymetric maps including the location of Mado Megamullion. The white square in a corresponds to the area shown in b. The black stars in 
b indicate the sampling sites. Abbreviations: MT = Mariana Trough, NTO = Non-Transform Offset, OT = Ogasawara Trough, PVB = Parece Vela Basin, 
SB = Shikoku Basin, and WPB = West Philippine Basin
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at an inside corner of ridge axis–transform intersection 
in the southernmost Shikoku Basin (Fig. 1b).

The multibeam bathymetry of Mado Megamul-
lion shows spreading-parallel surface corrugations on 
the domed surface, having a typical characteristic of 
OCC exposed at MOR (Ohara et  al. 2018; Okino et  al. 
2019). The corrugated detachment surface expands 
over ~ 500 km2 until the termination region (Fig. 1b). The 
Mado Megamullion, along with the other topographic 
highs in the same region such as Non-Transform Offset 
(NTO) Massif (Fig.  1b), are found in correspondence 
with the mantle bouguer anomaly fields ca. 20 mGal 
higher than the surroundings (Okino et  al. 2019; Aki-
zawa et  al. 2020a). This is attributed to the presence of 
high-density materials in the shallow region, consistent 
with the presence of gabbros or variously serpentinized 
peridotites (Ohara et al. 2018; Basch et al. 2020; Hirauchi 
et  al. 2021; Sen et  al. under review). The gabbros from 
the Mado Megamullion record crystal-plastic defor-
mation events at granulite-facies (ca. 930–870  °C) to 
amphibolite-facies (850–810 °C) conditions, which likely 
commenced in presence of small melt fractions (Basch 
et  al. 2020). The deep-rooted gabbroic and peridotitic 
rocks from the Mado Megamullion were exhumed to the 
seafloor via detachment faulting initiated at breakaway 
region (Fig. 1b).

3 � Sampling sites and submersible seafloor 
observation

In this study, we used rock samples collected at the 
Mado Megamullion by seafloor dredging during R/V 
Hakuho-maru KH-18-2 cruise, and by submersible div-
ing using deep-submergence vehicle (DSV) Shinkai 
6500 during R/V Yokosuka YK18-07, YK19-04S, and 
YK20-18S cruises. The samples were collected along 
the transform fault (KH-18-2-D12, YK18-07-6K-1515, 
and YK20-18S-6K-1569), and on the top of the dome-
like structure of the Mado Megamullion (KH-18-2-D05, 
YK19-04S-6K-1536) (Fig.  1b). We observed exclusively 
angular gabbroic outcrops in the domed top (Fig.  2a), 
whereas smooth peridotitic outcrops with platy dike 
intrusions and angular gabbroic rocks were observed 
along the wall of the transform fault (Fig. 2b) during sub-
mersible observation by DSV Shinkai 6500. In addition to 
the Mado Megamullion, we dredged rock samples from 
the NTO Massif (KH-18-2-D15, Fig. 1b), which also has 
the dome-like structure.

4 � Sample description
A total of 19 igneous rocks and 15 peridotitic rocks 
were selected for our study. They are classified as dol-
erite, oxide gabbro, gabbro, olivine gabbro, dunite, and 
peridotite (Table  1). Modal proportions of the rocks 

were determined by point counting method with cover-
ing the area of entire thin section (about 4.7 × 2.8  cm2). 
Modal amounts of primary orthopyroxene and clinopy-
roxene were not estimated for the peridotites as most 
of them are completely altered to bastite pseudomorphs 
(Hirauchi et  al. 2021) and indistinguishable from each 
other. For this reason, we use the general rock name peri-
dotite, instead of harzburgite or lherzolite.

The dolerites are mainly composed of lath-shaped pla-
gioclase and granular clinopyroxene with trace amounts 
of euhedral to subhedral Fe-Ti oxide and granular brown 
amphibole (Fig.  3a). The minerals are fine-grained 
(~ 1 mm in diameter) and show ophitic texture. The dol-
erites are particularly devoid of deformation.

The oxide gabbros are coarse-grained (~ 1 cm in diam-
eter) and show hypidiomorphic texture (Figs.  2c, 3b). 
Clinopyroxene and plagioclase are often rimmed by pale 
brown to green amphibole and chlorite, respectively 
(Figs. 3b, 4). Brown amphibole is present as granular or 
interstitial to clinopyroxene and plagioclase (Fig.  3b). 
Rare fine-grained (~ 0.1  mm in diameter) subhedral 
titanite is in close association with the amphibole. In 
place, a mylonitic YK20-18S-6K-1569-R4-2 oxide gabbro 
is directly in contact with a porphyroclastic YK20-18S-
6K-1569-R4-1 olivine gabbro (Fig. 2d).

Main constituent mineral of the olivine gabbros and 
gabbros are plagioclase and clinopyroxene with minor 
olivine, Fe-Ti oxide, amphibole, and orthopyroxene 
(Table 1). The olivine gabbros and gabbros show a defor-
mation intensity grading from undeformed to mylonitic 
through porphyroclastic, and constituent mineral grain 
size comes to 1 cm in diameter (Table 1). Orthopyroxene 
is intimately associated with olivine (Fig. 3c). Interstitial 
to granular brown amphibole is frequently replaced by 
green amphibole (Fig. 3d). In the less deformed samples, 
micrometer-sized brown amphibole veinlets crosscut 
magmatic minerals such as plagioclase and clinopyrox-
ene, and a part of brown amphibole is in general replaced 
by the green amphibole (Fig.  3d). Mylonitic YK19-04S-
6K-1536-R14B-2 olivine gabbro shows a sharp contact 
with porphyroclastic YK19-04S-6K-1536-R14B-1 gabbro 
(Fig.  3e). Textural variability is recognized in KH-18-2-
D05-R101A-a olivine gabbro: fine-grained (~ 1  mm in 
diameter) domains are enclosed within a granular coarse-
grained (~ 5  mm in diameter) domain (Fig.  3f ). Such 
gabbroic rocks are called varitextured gabbro and inter-
preted as a mixture of gabbro with frozen melts crys-
tallized in-situ in the periphery of axial melt lens (e.g., 
Koepke et al., 2011; Basch et al. 2020). Some gabbros are 
crosscut by centimeter to millimeter-sized felsic veins, 
which are locally organized in a framework disrupting 
a former gabbro and thereby called hybridized gabbro 
(Basch et al. 2020). Their parental melts are preferentially 
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interpreted to have been generated by extreme differen-
tiation of magma, although an origin by hydrous partial 
melting of gabbros under amphibolite facies cannot be 
excluded (Basch et al. 2020).

The dunites and peridotites are severely serpentinized 
(Table 1). In the dunites, chromian spinel is subhedral in 
shape (Fig. 3g) and more abundant (2.6–6.4 vol%) than in 
the peridotites (~ 1.9 vol%) (Table 1). Orthopyroxene and 
bastite pseudomorphs after pyroxenes are often associ-
ated with the chromian spinel in the dunites (Fig.  3g). 
Some peridotites include vermicular-shaped chromian 
spinel within the orthopyroxene or bastite pseudo-
morphs after pyroxenes (Fig. 3h, Table 1). Of note, some 
peridotites are crosscut by centimeter to millimeter-sized 
network-like veins (Figs.  2e, 2f, 3i). The network-like 
veins are mainly composed of clinopyroxene, plagio-
clase, and brown amphibole with trace Fe-Ti oxide. The 
plagioclase and clinopyroxene-rich veins are referred to 
as “gabbroic veins,” whereas the brown amphibole and 

plagioclase-rich veins are referred to as “oxide gabbroic 
veins,” hereafter (Table 1). In the hand specimens, these 
veins can be distinguished by color contrast: dark green-
ish for the gabbroic vein (Fig.  2e) and blackish for the 
oxide gabbroic vein (Fig. 2f ). The oxide gabbroic veins are 
particularly abundant in the brown amphibole, which is 
in part replaced or overgrown by green amphibole with 
close association of chlorite (Fig.  3k). The orthopyrox-
ene and clinopyroxene are, respectively, replaced by pale 
brown to green amphibole and talc (Fig.  3j), and pale 
brown to green amphibole around the veins. Kinked 
orthopyroxene porphyroclasts exhibit undulose extinc-
tion with neoblasts in YK18-07-6K-1515-R3 peridotite 
(Fig. 3l).

5 � Analytical methods
5.1 � Bulk major‑element analysis
Sample powders were prepared by a procedure described 
in our previous report by Akizawa et al. (2020b). For bulk 

Fig. 2  Seafloor observation and rock samples from Mado Megamullion. a Representative occurrence of gabbroic rocks on the seafloor. b 
Representative occurrence of peridotitic rocks with platy dike intrusion on the seafloor. a, b were taken during submersible diving of 6K-1536 and 
6K-1515, respectively. c YK18-07-6K-1515-R14 oxide gabbro. d A contact between YK20-18S-6K-1569-R4-1 gabbro and YK20-18S-6K-1569-R4-2 
oxide gabbro. e YK18-07-6K-1515-R10 peridotite with gabbroic vein network. f YK18-07-6K-1515-R6 peridotite with oxide gabbroic vein network. 
Abbreviations: Ga = gabbro, Ol ga = olivine gabbro, Ox ga = oxide gabbro, and Pe = peridotite
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major-element analysis, the sample powders were dried 
for 12  h at 110  °C in an oven. Then, the resulting sam-
ple powders were weighed with accuracy of 0.0001 g (W1 
g) and heated for 7 h at 950 °C in a maffle furnace. After 
the heating procedure, samples were weighed again with 
accuracy of 0.0001 g (W2 g) to calculate an ignition loss 
(loss on ignition: LOI) using the following equation.

Fused-glass beads were prepared from the sample 
powders used for the LOI measurements. After the 
mixing of sample powder (0.4000 ± 0.0004  g) with a 
4.0000 ± 0.0004  g flux (Li2B4O7, MERCK), the resulting 
sample mixture was fused for 600 s at 1180  °C within a 
Pt-Au crucible with 3.5 cm in diameter (95% Pt and 5% 
Au) using a RIGAKU automated high frequency bead 
sampler at Atmosphere and Ocean Research Institute 
(AORI), the University of Tokyo (Kashiwa, Japan) (Aki-
zawa et al., 2020b). After the cooling, the resulting fused-
glass beads were analyzed for bulk major elements.

Bulk major-element composition (SiO2, TiO2, Al2O3, 
Cr2O3, total Fe2O3 = TFe2O3, MnO, MgO, CaO, Na2O, 
K2O, NiO, and P2O5) of the fused-glass bead was deter-
mined using a RIGAKU ZSX Primus II X-ray fluores-
cence (XRF) spectrometer at AORI. An accelerating 
voltage of 50  kV and a probe current of 50  mA were 
employed for the XRF measurements. Calibration curves 
were determined with geological reference materials of 
JA-1 (andesite), JA-2 (andesite), JA-3 (andesite), JB-1b 
(basalt), JB-2 (basalt), JB-3 (basalt), JCh-1 (chert), JF-1 
(feldspar), JF-2 (feldspar), JG-1a (granodiorite), JG-2 
(granite), JG-3 (granodiorite), JGb-1 (gabbro), JGb-2 
(gabbro), JH-1 (hornblendite), JLk-1 (lake sediment), 
JSd-1 (stream sediment), JSd-2 (stream sediment), JSd-3 
(stream sediment), JSl-1 (slate), JSl-2 (slate), JSy-1 (syen-
ite), JP-1 (dunite), JR-1 (rhyolite), JR-2 (rhyolite), JR-3 
(rhyolite), and JP-1 + JB-2 (a mixture with the ratio of 
1:1) distributed from Geological Survey of Japan (GSJ). 
The abundance values for the analytes were referred from 
compiled reference reported by Imai et  al. (1995, 1996, 

(1)LOI = (W1 −W2)/W1 × 100 (wt%)

1999). Reference materials of AGV-1 (andesite), BIR-1 
(basalt), DNC-1 (diabase), STM-1 (syenite), and W-2 
(diabase) obtained from United States Geological Survey 
(USGS) were also analyzed to evaluate the accuracy of 
the resulting data. The results of the reference materials 
are consistent with the reference values given by Gladney 
and Roelandts (1988a, b), and Jochum et  al. (2016) (see 
Additional file 1: Table S1).

5.2 � Mineral major‑element analysis
Major-element compositions of minerals were deter-
mined with an electron probe micro-analysis (EPMA) 
using a JEOL JXA-8900R microprobe installed at AORI. 
An accelerating voltage of 15  kV, a probe current of 12 
nA, and a beam diameter of 3 µm were adopted. A peak 
counting time of 20 s and a background counting time of 
10  s were used, except for Na and Ni, for which a peak 
counting time of 10 s and a background counting time of 
5 s, and a peak counting time of 30 s and a background 
counting time of 15  s were used, respectively. Natural 
or synthetic minerals of quartz (SiO2), potassium tita-
nium phosphate (KTiPO4), corundum (Al2O3), eskolaite 
(Cr2O3), manganosite (MnO), periclase (MgO), wollas-
tonite (CaSiO3), manganese ferrite (MnO¬Fe2O3), jadeite 
(NaAlSi2O6), and nickel oxide (NiO) were used as stand-
ards. Raw data were corrected using a ZAF online cor-
rection program. Mg# was calculated as Mg/(Mg + Fe2+) 
atomic ratio, and An content as Ca/(Ca + Al + K) atomic 
ratio for plagioclase.

5.3 � Bulk trace‑element analysis
Concentrations of trace elements Li, V, Rb, Sr, Y, Zr, Nb, 
Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, 
Yb, Lu, Hf, Ta, Pb, Th and U were determined by induc-
tively coupled plasma-mass spectrometry (ICP-MS) uti-
lizing an Agilent 7900 ICP-MS installed at the Geological 
Survey of Japan (GSJ/AIST, Japan). About 100 mg of sam-
ple powder was decomposed by a mixture of HF and 
HNO3 (3:1) in a Teflon beaker using a microwave dissolu-
tion system (Anton Paar Mutiwave 3000). The dissolved 

(See figure on next page.)
Fig. 3  Petrography of rock samples from Mado Megamullion. a Granular brown amphibole in YK18-07-6K-1515-R8 dolerite. b Coarse-grained 
YK18-07-6K-1515-R14 oxide gabbro. The white squares show analytical area by EPMA in Fig. 4. c Interstitial brown amphibole and orthopyroxene 
in YK19-04S-6K-1536-R18 olivine gabbro. d Interstitial brown amphibole overprinted by green amphibole in YK19-04S-6K-1536-R18 olivine 
gabbro. e A contact between porphyroclastic YK19-04S-6K-1536-R14B-1 olivine gabbro and mylonitic YK19-04S-6K-1536-R14B-2 olivine gabbro. 
f Varitextured YK18-2-D05-R101-a olivine gabbro. g Anhedral massive chromian spinel in KH-18-02-D12-R32b dunite. h Vermicular chromian 
spinel in bastite pseudomorph after orthopyroxene in KH-18-02-D12-R2 peridotite. i Network-like vein in YK19-04S-6K-1536-R12A peridotite. The 
white square represents the area of k. j Partial replacement of orthopyroxene by pale brown amphibole and talc close to network-like vein in 
YK18-07-6K-1515-R6 peridotite. k Overgrowth of green amphibole on brown amphibole in network-like vein in YK19-04S-6K-1536-R12A peridotite. 
l Kinked orthopyroxene porphyroclast exhibiting undulose extinction with neoblasts in YK18-07-6K-1515-R3 peridotite. a, f, h, i and l were 
taken under crossed-polarized light. b, c, d, e, g and k were taken under plane-polarized light. j is COMP image taken by EPMA. Abbreviations: 
Amp = amphibole, Ba = bastite, Chl = chlorite, Cpx = clinopyroxene, Dol = dolerite, Du = dunite, Ga = gabbro, Ol = olivine, Ol ga = olivine gabbro, 
Opx = orthopyroxene, Ox ga = oxide gabbro, Pe = peridotite, Pl = plagioclase, Pm = pseudomorph, Ser = serpentine, Spl = chromian spinel, and 
Tlc = talc
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Fig. 3  (See legend on previous page.)
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sample solutions were then heated to dryness, and the 
sample cakes were re-dissolved in 2% HNO3 prior to the 
ICP-MS analysis. Indium and Re were used for internal 
standardization, while JB-2 basalt solution with similar 
dilution to the sample was used as external standard dur-
ing ICP-MS measurements. Instrumental calibration was 
carried out using five to six solutions made from interna-
tional rock standard materials of BIR-1, BCR-1, AGV-1, 
JB-1a, JA-1, and JGb-1. Reproducibilities of the meas-
urements were generally better than ± 4% (2 SD) for the 
rare-earth elements (REE), and better than ± 6% (2 SD) 
for other elements except for trace elements with very 
low concentrations (Ishizuka et  al. 2020; see BHVO-2 
analyses in Additional file  1: Table  S2). Detection limits 
vary from element to element, but for elements with low 
concentrations such as REE and Ta typically were 0.2 to 
2 pg g−1.

5.4 � In‑situ Pb isotope analysis
In-situ Pb isotope analysis was conducted by a double-
focusing multiple-collector-ICP-MS (MC-ICP-MS) 

(Neptune XT, Thermo Fisher Scientific) combined with 
a laser ablation system utilizing 260  nm femtosecond 
laser (Jupiter solid nebulizer, ST Japan INC.) installed at 
the University of Tokyo (Hongo, Japan). The laser abla-
tion system enables us laser sampling with ultrafast laser 
scanning achieved by combination of a Galvanometric 
optics and high-repetition rate (> 1 kHz) (Yokoyama et al. 
2011; Makino et al. 2019). In-situ Pb isotope analysis was 
carried out by laser ablation of 200 × 200 μm2 area with 
a repetition rate of 4000 Hz and with an energy density 
(fluence) of 4.4 kJ/cm2 at the target area. We used a He 
gas with flow rate of 0.6 l/min as a carrier gas to enhance 
both the production of small sample aerosols and mini-
mizing re-deposition of the sample aerosol around the 
ablation pit (Eggins et  al. 1998; Günther and Heinrich 
1999), resulting in better transport efficiency from the 
sample cell to the ICP and better ionization efficiency. 
An Ar makeup gas was added at the exit of the sample 
cell at a flow rate of 1.0 l/min. A signal-smoothing device 
was set between the sample cell and the torch to improve 
signal stability (Tunheng and Hirata 2004). Optimum 

Fig. 4  Elemental distribution map of YK18-07-6K-1515-R14 oxide gabbro. Analytical areas are shown in Fig. 3b. An accelerating voltage of 15 kV, 
a probe current of 70 nA, a probe diameter of 1 μm, a stepping size of 9 µm, and measurement time of 80 ms were adopted for the elemental 
distribution map analyses by EPMA at AORI, the University of Tokyo. Abbreviations: Amp = amphibole, Chl = chlorite, Cpx = clinopyroxene, 
Ed = edenite, Ilm = ilmenite, Mag = magnetite, Par = pargasite, and Pl = plagioclase
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instrumental parameters were established to show a 
maximum Pb intensity using a standard of NIST SRM 
610. In the MC-ICP-MS analysis, amplifiers utilizing 
1013 Ω resistor were applied to two Faraday detectors for 
202Hg (L3) and 204Pb (L1) isotopes. For Faraday detectors 
for other three isotopes 206Pb (H1), 207Pb (H2), and 208Pb 
(H3), conventional amplifiers utilizing 1011 Ω resistor 
were applied. Detailed analytical conditions are summa-
rized in Additional file 1: Table S3.

Signal intensities for Pb isotopes were monitored with 
time-resolved analysis (TRA) mode. Integration times of 
5 s and 10 s were employed for background and analyte 
signals, respectively. A sample-standard-sample bracket-
ing technique was employed for mass bias calibration. A 
single analytical session is composed of 3 spot analyses 
of the NIST SRM610 glass, and about 12 spot analyses 
of unknown samples or the basaltic reference BIR-1G 
glass. The mass bias was calibrated with normalizing 
208Pb/206Pb and 207Pb/206Pb ratios of the NIST SRM610 
glass based on the literature values reported by Wood-
head and Hergt (2001). For data reduction, a conven-
tional tau correction method was utilized to compensate 
decay in signal response (Kimura et al. 2016). We calcu-
lated a mean of individual ratio along with a standard 
deviation of the mean. A total uncertainty of 208Pb/206Pb 
and 207Pb/206Pb ratios sum statistical errors from the 
standard deviation of the mean and the repeatability of 
primary standard analyses. The resultant 208Pb/206Pb and 
207Pb/206Pb ratios for the BIR-1G glass were agreed well 
with the reference values reported by Elburg et al. (2005) 
(Additional file 1: Table S4).

6 � Results
6.1 � Bulk major‑element analysis
Bulk major-element compositions are given in Additional 
file 1: Table S5 with total amounts of sample powder pre-
pared in this study. The igneous rocks show chemical 
correlations as in Fig. 5a–c, which include chemical com-
positions of igneous and peirdotitic rocks from the global 
MOR system. The peridotites with the gabbroic and 
oxide gabbroic veins are deviated from normal depleted 
peridotites (Fig.  5). The deviations are shown with the 
pale blue and black arrows in Fig. 5a, b.

6.2 � Mineral major‑element analysis
Mineral major-element compositions were analyzed 
for selected samples and are shown in Additional file 1: 
Tables S6–11. The clinopyroxenes in the peridotite show 
higher Mg# value (~ 0.9) and Cr2O3 content (~ 1.0 wt%) 
than those in the igneous rocks (Fig.  6a). The plagio-
clases in the peridotite overlap in chemical composition 
to those in the oxide gabbro (Fig.  6b), being consistent 
with the fact that the plagioclases in the peridotite are a 

constituent mineral of the oxide gabbroic vein. In the pla-
gioclase An content–clinopyroxene Mg# space, the Mado 
Megamullion igneous rocks follow a compositional trend 
close to that of Southwest Indian Ridge (SWIR) (Fig. 6c). 
The trend is distinct from that of East Pacific Rise (EPR) 
or Mid-Atlantic Ridge (MAR) (Fig.  6c). The amphiboles 
show a wide compositional range from tremolite to par-
gasite, through hornblende and edenite in the peridotite, 
olivine gabbro and oxide gabbro (Fig. 6d).

6.3 � Bulk trace‑element analysis
Bulk trace-element concentrations are given in Addi-
tional file  1: Table  S5. CI chondrite-normalized trace-
element and REE patterns are shown in Fig.  7. The 
abundances of trace elements are poorer in the gabbro 
and olivine gabbro than the other igneous rocks (Fig. 7a, 
b). The ratio of light REE (LREE) and heavy REE (HREE) 
are higher in the dolerite and hybridized gabbro than the 
other igneous rocks (La/Yb vs Dy/Yb ratios are shown 
in Fig.  8). The olivine gabbro and gabbro show positive 
Eu and Sr anomalies (Fig. 7a). The REE patterns of dol-
erite are characterized by a steady decrease from mid-
dle REE (MREE) to LREE with flatness between MREE 
and HREE (Fig. 7c). The LREE-rich dolerite shows nega-
tive Eu and Sr anomalies (Figs. 7a, 9a). The incompatible 
trace elements are more abundant in the peridotite asso-
ciated with the gabbroic and oxide gabbroic veins than 
in those without these magmatic veins (Fig.  7c, d). The 
dunite is higher in LREE/HREE ratio and lower in MREE/
HREE ratios than the peridotite (La/Yb vs Dy/Yb ratios 
are shown in Fig. 8). The samples showing compositional 
anomaly of Ce in the MORB-normalized REE patterns 
are significantly high in LOI (Fig. 9b).

6.4 � In‑situ Pb isotope analysis
We analyzed clear crystalline grains of magmatic brown 
amphibole in YK18-07-6K-1515-R14 oxide gabbro (Addi-
tional file 1: Table S12). The results show tight ranges of 
207Pb/206Pb (0.866–0.879) and 208Pb/206Pb (2.114–2.123) 
(Fig.  10). The data field partly overlaps with that of 
Kinan Seamount Chain basalts, but it is clearly distinct 
from those of seawaters and marine sediments (Fig. 10). 
The data range of 207Pb/206Pb overlaps with a value of 
depleted MORB source mantle (DMM, a hypothetical 
source reservoir to depleted MORB) (Fig. 10).

7 � Discussion
We discuss the magmatic and tectonic evolution of the 
Shikoku Basin based on the analytical results of the rock 
samples recovered from the Mado Megamullion here-
after. We start with the magmatic evolution (Sects.  7.1 
to 7.3) and mantle melting (Sect. 7.4), followed by post-
spreading magmatism (Sect.  7.5) in the Shikoku Basin 



Page 12 of 24Akizawa et al. Progress in Earth and Planetary Science            (2021) 8:65 

spreading center. Then, we discuss the origin of water in 
the magma and tectonic evolution (Sect. 7.6). We refer to 
Karson et al. (2015) for the classification of spreading rate 
as fast: 120–80 mm/year, intermediate: 80–50 mm/year, 
slow: 50–20 mm/year, and ultraslow: < 20 mm/year.

7.1 � Magmatic evolution during the formation of Mado 
Megamullion 1: constraints from plutonic rocks

The gabbroic rocks from the Mado Megamullion 
are deformed to various degree from undeformed to 

mylonitic through porphyroclastic (Basch et  al. 2020; 
Hirauchi et  al. 2021). In places, they show lithological 
and structural contacts (Figs.  2d, 3e), which may cor-
respond to tectonic contacts developed during detach-
ment faulting (e.g., Harigane et al. 2011). Although they 
are tectonically disturbed to some degrees, numerous 
plutonic rocks were recovered from the Mado Mega-
mullion (Table 1). This suggests the existence of active 
magmatism during the exhumation of Mado Megam-
ullion. It is consistent with the numerical models that 
the detachment develops when appreciable amounts of 

Fig. 5  Bulk major-element compositions (in wt%). The black and blue arrows represent reaction trends between oxide gabbroic melt–peridotite, 
and gabbroic melt–peridotite, respectively. The background data represent bulk compositions of dolerite, oxide gabbro, gabbro, olivine gabbro, and 
troctolite from fore-arc region (Mortimer et al. 1998; Meffre et al. 2012; Falloon et al. 2014; Johnson et al. 2014), fast-spreading East Pacific Rise (EPR) 
(Pedersen et al. 1996; Natland and Dick 2009), slow-spreading Mid-Atlantic Ridge (MAR) (Godard et al. 2009), and ultraslow-spreading Southwest 
Indian Ridge (SWIR) (PetDB database: Lehnert et al. 2000). Compositional data of peridotites are from fore-arc region (Parkinson and Pearce 1998; 
Pearce et al. 2000; Birner et al. 2017), fast- to intermediate-spreading MOR (Niu and Hékinian 1997; Regelous et al. 2016; Niu 2004), slow-spreading 
MOR (Niu 2004; Regelous et al. 2016), and ultraslow-spreading MOR (Niu 2004; Regelous et al. 2016). Primitive upper mantle (PUM) data are from 
Jagoutz et al. (1979), Palme and Nickel (1985), Hart and Zindler (1986), and McDonough and Sun (1995). Abbreviations: Dol = dolerite, Du = dunite, 
Ga = gabbro, Ol ga = olivine gabbro, Ox ga = oxide gabbro, and Pe = peridotite
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magma (30 to 50% of total plate separation) are present 
(Buck et al. 2005; Tucholke et al. 2008).

The gabbroic rocks show positive Eu and Sr anomalies 
in the CI chondrite-normalized trace-element patterns 
(Fig. 7a), suggesting the presence of cumulus plagioclase 
grains. In the view from MORB differentiation, typi-
cal tholeiitic evolution trend (e.g., Miyashiro 1974; Dick 
et  al., 2002) is characterized by initial Fe-Ti enrichment 
followed by a Fe-Ti depletion with SiO2 enrichment. The 
rationale behind the tholeiitic evolution trend is that the 
melts become saturated in Fe-Ti oxides at the kink point 
due to an increase of oxygen fugacity or water activ-
ity, leading to the oxide gabbro formation (e.g., Toplis 
and Carroll 1996; Botcharnikov et al. 2005; Koepke et al. 
2018). Thus, the oxide gabbros in the Mado Megamullion 
formed from the highly differentiated late-stage ferroba-
saltic magmas under an increased oxygen fugacity and/or 

water activity at the final spreading stage of the Shikoku 
Basin. The kinks seen in the chemical trends from olivine 
gabbros/gabbros to oxide gabbros in Fig. 5a–c were prob-
ably emphasized by such magma differentiation process.

The magma differentiation is also corroborated from 
the presence of orthopyroxene in the olivine gab-
bros from the Mado Megamullion. The orthopyroxene 
grains are necessarily and intimately associated with 
the olivine grains in the olivine gabbros (Fig.  3c). This 
textural characteristic cannot be simply explained by 
the crystallization of an orthopyroxene-saturated melt 
at high-pressure or hydrous conditions (Berndt et  al. 
2005; Feig et  al. 2006). Instead, we espouse a two-
step peritectic reaction of olivine and evolved melt as 
described in detail by Zellmer et al. (2016): (1) the dis-
solution of Mg-rich olivine, which is rate-limited by 
Mg-Fe interdiffusion at the rim, and (2) the nucleation 

Fig. 6  Major-element mineral compositions (in wt%). Average data with 1 SD in c. The lines in c represent compositional trends defined by lower 
crustal rocks from fast-spreading EPR (pink), slow-spreading MAR (pale blue), and ultraslow-spreading SWIR (gray) by Basch et al. (2020). Amphibole 
classification in d is after Leake et al. (1997). Abbreviation: apfu = atoms per formula unit, Cpx = clinopyroxene, Dol = dolerite, Ga = gabbro, Ol 
ga = olivine gabbro, Ox ga = oxide gabbro, Pe = peridotite, and Pl = plagioclase
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and growth of Mg-rich orthopyroxene preferentially in 
the melt boundary layer. Bloomer et al. (1991) reported 
a similar reaction process from the gabbros in the 
Atlantis Bank OCC in the SWIR, where the primitive 
lithologies such as olivine gabbros and troctolites are 
crosscut by evolved lithologies such as oxide gabbros 
and felsic rocks (Bloomer et al. 1991; Ozawa et al. 1991; 
Nguyen et al. 2018; Dick et al. 2019). It is thus plausi-
ble that the late, highly differentiated melt percolation 
through nearly solidified crystal framework caused the 
peritectic reactions to form orthopyroxene grains in the 
olivine gabbros. Similarly, the magmatic brown amphi-
boles are identified as granular or interstitial in almost 
all the igneous rocks from the Mado Megamullion 
(Fig.  3a–d; Table  1). As investigated more in detail in 
Sect. 7.6, the evolved melts were hydrous due to magma 
differentiation, and magmatic brown amphiboles were 
left along grain boundaries between anhydrous miner-
als as olivine, plagioclase, and clinopyroxene in the oli-
vine gabbros (cf., Coogan et al. 2001).

In places, network-like vein intrusions of felsic rock 
crosscut the magmatic framework of gabbros in the 
Mado Megamullion, leaving hybridized gabbros (Basch 
et al. 2020). In terms of the modal proportion of brown 
amphibole, Fe-Ti oxide, and plagioclase, the felsic rocks 
are different in appearance; the brown amphibole and 
Fe-Ti oxide-rich mafic to felsic rocks show diffuse con-
tacts with the host gabbros in comparison with the sharp 
contacts between the plagioclase-rich felsic rocks and the 
host gabbros (see Figure 5b and 5c in Basch et al. (2020)). 
Basch et  al. (2020) demonstrated that the emplacement 
of the diffuse contact occurred at relatively higher tem-
peratures up to ca. 850 °C than those of the sharp contact 
based on the detailed petrography and in-situ chemical 
analyses. Therefore, the parental melts of the network-
like vein in the peridotites probably changed in chemi-
cal composition from mafic to felsic during the extensive 
cooling derived from the scarcity of melt supply and thus 
heat supply and/or hydrothermal fluid ingress along the 
detachment faults (Fig. 11a, b) (e.g., Coogan et al. 2007). 

Fig. 7  CI chondrite-normalized bulk trace-element patterns. Mado Megamullion basalt compositions are from Basch et al. (2020). CI chondrite 
values are after Sun and McDonough (1989). Abbreviations: CI chon = CI chondrite, Ba = basalt, Dol = dolerite, Ox ga = oxide gabbro, Ga = gabbro, 
Ol ga = olivine gabbro, Du = dunite, and Pe = peridotite
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This hypothetical interpretation accords with the highly 
fractionated bulk chemical characteristics of the hybrid-
ized gabbro reported herein (Figs. 5, 7).

Although primitive lithologies such as troctolite 
have not been recovered from the Mado Megamullion, 
Basch et  al. (2020) delineated a compositional trend 
particular to the Mado Megamullion in the plagioclase 

An content–clinopyroxene Mg# space assuming that 
the primitive troctolites from the Godzilla Megamul-
lion (Sanfilippo et  al. 2013; 2016) can be a good can-
didate to represent primitive counterpart of the Mado 
Megamullion gabbros (the black broken arrow in 
Fig. 6c). On this basis, Basch et al. (2020) suggested that 
the steep decline from the fast-spreading EPR-like com-
position to ultraslow-spreading SWIR-like composition 
through the slow-spreading MAR-like composition, 
was due to a high-water content in the primary mag-
mas. However, the magma genesis and magma differen-
tiation process are possibly different between the Mado 
Megamullion and Godzilla Megamullion considering 
that the areal dimension of the former is significantly 
smaller (~ ca. 500 km2) than the later (~ ca. 7000 km2). 
Therefore, we indicate that the Godzilla Megamullion 
troctolites must be treated with peculiarity in terms 
of composition and cannot be directly related to the 
same crystalline descent that Basch et al. (2020) delin-
eated for the Mado Megamullion (the black broken 
arrow in Fig.  6c). Excluding these Godzilla Megamul-
lion troctolitic rocks, the intrinsic compositional trend 
of the Mado Megamullion in the plagioclase An con-
tent–clinopyroxene Mg# space rather mimics that of 
ultraslow-spreading SWIR (Fig.  6c). In summary, we 
favor a magma evolution process for the Mado Mega-
mullion in which the water content was gradually con-
centrated through magma differentiation beneath the 
extinct spreading center in the Shikoku Basin. In this 
regard, the Mado Megamullion formed in a back-arc 
ridge analogous to the open ocean MOR. Further inves-
tigation and sample collection are desired in the Mado 
Megamullion to get primitive lithologies.

Fig. 8  Relationship between CI chondrite-normalized ratios of La/Yb 
and Dy/Yb. Compositional data from fore-arc region are after Meffre 
et al. (2012), Falloon et al. (2014) and Johnson et al. (2014). Those from 
slow-spreading MAR are after Godard et al. (2009). CI chondrite values 
are after Sun and McDonough (1989). Abbreviations: CI chon = CI 
chondrite, Dol = dolerite, Ox ga = oxide gabbro, Ga = gabbro, Ol 
ga = olivine gabbro, Du = dunite, and Pe = peridotite

Fig. 9  Relationship between Ce*/Eu* and Ce*/LOI. Ce* and Eu* represent CI chondrite-normalized ratios of Ce/(La + Pr) and Eu/(Sm + Gd), 
respectively. CI chondrite values are after Sun and McDonough (1989). The abbreviations are the same with Fig. 8
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7.2 � Magmatic evolution during the formation of Mado 
Megamullion 2: constraints from network‑like veins 
in peridotites

The peridotites from the Mado Megamullion are crosscut 
by numerous network-like veins (Table  1), which range 
from gabbro to oxide gabbro in composition (Fig. 2e, f ). 
Accordingly, the peridotite bulk major-element composi-
tions show relative enrichments in gabbroic component 
(the pale blue arrows in Fig. 5a, b) or oxide gabbroic com-
ponent (the black arrows in Fig.  5a, b), and the MREE/
HREE ratios are higher in the peridotites associated 
with the network-like veins respect to the other perido-
tites (Figs. 7d, 8). Therefore, the peridotites are variously 
enriched as a result of elemental inputs derived from 
later intrusions of less evolved (gabbroic) to more evolved 
(oxide gabbroic) melts. This melt intrusion events were 
followed by partial replacement of pyroxenes by amphi-
boles (Fig.  3j). As demonstrated in detail by Natland 
and Dick (2001), these late melt intrusions and zone of 
deformation are intimately associated in the Atlantis 

Bank OCC in the SWIR. The network-like veins and host 
gabbroic and peridotitic rocks record the crystal-plastic 
deformation evidenced by the occurrence of porphyro-
clasts with undulose extinction and kink bands with fine-
grained neoblasts (Fig. 3i, l) (Basch et al. 2020; Hirauchi 
et  al. 2021). All of the lines of evidence presented in 
Sects. 7.1 and 7.2 advocate that the vein network-forming 
melts percolated both into the plutonic and peridotitic 
rocks pervasively during the exhumation of the Mado 
Megamullion (Fig. 11b).

7.3 � Magmatic evolution during the formation of Mado 
Megamullion 3: constraints from dunites

Dunites are widely reported from the seafloor and typi-
cally interpreted as fossilized melt channels (e.g., Warren 
2016; Akizawa et  al. 2020c). During the dunite channel 
formation by focused melt percolation, chromian spi-
nels grow as a result of incongruent melting of orthopy-
roxenes (Nicolas and Prinzhofer 1983). We infer that the 
chromian spinels in the dunites from the Mado Megam-
ullion were formed by infiltrating melt/peridotite reac-
tion mechanism, as supported by the subhedral shape 
of the chromian spinels in the dunites (Fig.  3g), higher 
modal abundance of the chromian spinels in the dunites 
(2.6 to 6.4  vol%) respect to the peridotites (~ 1.9  vol%) 
(Table  1), and the close association between the chro-
mian spinels and the orthopyroxenes (or bastite pseu-
domorphs after pyroxenes) in the dunites (Fig.  3g). We 
argue that SiO2-poor melts generated by partial melting 
at higher pressures were focused and reacted with the 
peridotite at lower pressure (cf., Kelemen 1990; Akizawa 
et al. 2016). We outline a model in which the dunite for-
mation predated later infiltrations of the gabbroic and 
oxide gabbroic veins as presented in Fig. 11a.

7.4 � Mantle melting recorded in peridotites from Mado 
Megamullion

Abyssal peridotites are in general affected by seafloor 
weathering, causing substantial Mg loss (Snow and Dick 
1995). The effect of seafloor weathering can be seen with 
the negative Ce anomalies in the CI chondrite-normal-
ized trace-element patterns (Figs. 7d, 9b), inherited from 
the seawater composition (Niu 2004). Although we can-
not eliminate elemental effects of seafloor weathering 
and melt infiltration, the Mado Megamullion peridotites 
without the network-like veins overlap the compositional 
range of the global abyssal peridotites from the slow- to 
ultraslow-spreading MOR in Mg/Si–Al/Si space (Fig. 5d).

Melting reactions in the spinel stability field (< ca. 
2.5 GPa) produce olivine and liquid at the expense of 
pyroxenes and spinel along the peridotite solidus (e.g., 
Robinson et  al. 1998). Residual peridotites are thereby 
enriched in Mg and depleted in Si and Al, forming an 

Fig. 10  In-situ Pb isotope data of magmatic brown amphibole in 
YK18-07-6K-1515-R14 oxide gabbro. The inset represents a simplified 
model of mantle contamination by the input of slab component 
with the positions of Kian Seamount Chain (KSC), East Shikoku Basin 
Seamount (ESBS), Kinan Escarpment (KE), and Back-arc Seamount 
Chain (BASC) relative to the Shikoku Basin (SB) spreading center and 
arc front. The pale blue arrow denotes a compositional change by 
the input of slab component. Measured variability (1SD) is smaller 
than each symbol size. Pb isotope data of KSC basalts, ESBS basalts, 
KE basalts, and BASC basalts are from Ishizuka et al. (2009); those of 
seawaters are from Ling et al. (1997); and those of marine sediments 
are from Plank and Langmuir (1998). MORB data field is after Stracke 
et al. (2005). The values of 207Pb/206Pb in depleted MORB mantle 
(DMM, a hypothetical source reservoir to MORB) were taken from 
Workman and Hart (2005). D-DMM and E-DMM represent depleted 
DMM and enriched DMM, respectively (Workman and Hart, 2005)



Page 17 of 24Akizawa et al. Progress in Earth and Planetary Science            (2021) 8:65 	

array with negative slope in Mg/Si and Al/Si space (cf. 
Pearson et al. 2003). The covariation of Mg/Si and Al/
Si for a large data base of abyssal peridotites is plot-
ted with chondritic meteorites in Fig.  5d. Considering 
the relative fertility in chemical composition (Fig.  5d) 
and in modal amount of pyroxenes and bastite pseudo-
morphs after pyroxenes (Table  1) of the Mado Mega-
mullion peridotites studied here, we expect that they 
were originally lherzolites.

As explained in the introduction, some of the geochem-
ical studies of BABB argued that high degrees of mantle 
melting are expected as a result of water introduction 
into the mantle source beneath the back-arc spreading 
center from the down-going slab (e.g., Stolper and New-
man 1994; Taylor and Martinez 2003; Kelley et al. 2006). 
Although the introduction of water leads to a deepen-
ing of the melting regime down to the garnet stability 
field (Asimow and Langmuir 2003), there is in general 

Fig. 11  Schematic models for the evolution of Mado Megamullion. a Deep-seated formation of the dunites and gabbros. b Mafic to felsic 
melt intrusion during the progressive exhumation of the Mado Megamullion. c Dolerite dike intrusion at the final emplacement of the Mado 
Megamullion. d A concept of matured back-arc spreading during the formation of Mado Megamullion. Fertile mantle without subduction-related 
elemental input is the source of melt forming the Mado Megamullion. a–c were modified after Basch et al. (2020)
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no garnet signature in BABB [cf. Langmuir et al. (2006) 
and references therein]. In principle, it is possible that the 
source mantle composition is significantly depleted and 
that garnet is no longer present, or that melting is not a 
fractional process so that melt remains in equilibrium 
with its residue and is extracted at shallow depths. Alter-
natively, Langmuir et  al. (2006) developed a model of 
mixing between (1) melts produced by fractional melting 
of a water-poor source analogous to the depleted mantle 
typical at MOR, and (2) melts produced by equilibrium 
melting of a hydrous source receiving a high-water flux 
from the subducting slab and melted at shallow pres-
sures. As we discussed in Sect.  7.1, the plutonic rocks 
from the Mado Megamullion are undistinguishable from 
those formed at slow- to ultraslow-spreading MOR. For 
this reason, we postulate that the contribution of water 
from the subducting slab was very limited or even neg-
ligible, and that the melting regime beneath the back-arc 
ridge was similar to those of an open ocean MOR during 
the formation of Mado Megamullion (Fig. 11d).

To estimate the melting extent of the Mado Megam-
ullion peridotites, Yb concentration was used because 
they are much less mobile during late-stage events such 
as melt infiltration and weathering than the MREE and 
LREE (e.g., Yoshikawa and Nakamura 2000). The esti-
mated melting extents of the Mado Megamullion peri-
dotites roughly range between 3 and 15%, and were 
limited only within the spinel stability field (Fig. 12) (Sen 
et  al. under review). Shallow mantle melting limited to 
the spinel stability field was also inferred from the bulk 
chemical composition of basalts from the post-spreading 
Kinan Seamount Chain (Ishizuka et al. 2009). Moreover, 
the Kinan Seamount Chain basalts show isotopic similar-
ity to the MORB, with limited signatures of subduction-
related elemental inputs (Ishizuka et al. 2009). Therefore, 
we can now infer that the magmas at the final spreading 
stage to the post-spreading stage of the Shikoku Basin 
were generated from a typical DMM without the subduc-
tion-related elemental input. This idea will be better sub-
stantiated in Sects. 7.5 and 7.6.

7.5 � Post‑spreading magmatism recorded in Mado 
Megamullion: constraints from dolerites

Few tens of centimeters-thick platy dolerite dikes could 
be traced over tens of meters in the massive Mado 
Megamullion peridotite body during DSV Shinkai 6500 
submersible observation (Fig.  2b). The CI-chondrite-
normalized REE patterns of dolerite are characterized 
by a steady decrease from MREE to LREE with flatness 
between MREE and HREE (Fig. 7c). The LREE-rich dol-
erite (YK18-07S-6K-1515-R11) exceptionally shows 
negative Eu and Sr anomalies (Fig.  7a, c), suggesting 
the crystallization from a melt that had experienced 

fractionation of plagioclase. In this regard, along with the 
compositional similarity (Figs. 5, 8), the dolerite-forming 
melts were variously fractionated and probably associ-
ated in part with the melt parental to the hybridized 
gabbro. However, we cannot fully predicate the genetic 
relationship of the dolerite and hybridized gabbro as 
assertive geological evidence and thorough isotopic per-
spective are lacking in the present status.

According to the thin-section observation, the dolerite 
dikes avoid the deformation associated with the exhu-
mation of Mado Megamullion along the detachment 
faults. We thus suggest that variously fractionated melts 
intruded and formed the dolerite dike intrusions after 
the exhumation of Mado Megamullion at shallow depths 
(Fig. 11c). The spreading of Shikoku Basin ceased at ca. 
15 Ma (Okino et al. 1994), but post-spreading volcanism 
associated with the formation of Kinan Seamount Chain 
lasted until ca. 7  Ma in the extinct back-arc spreading 
center (Ishizuka et  al. 2009). The final vestiges of BAB 
magmatism probably lasted for several millions of years 
after the cessation of BAB spreading by residual mantle 
upwelling beneath the extinct back-arc spreading center 
(Ishizuka et al. 2009).

7.6 � Origin of water and tectonic implication for evolution 
of Shikoku Basin

To a first approximation, BABB differ from MORB in 
magma genesis primarily because the enhanced water 

Fig. 12  Bulk compositional variation between MORB-normalized 
(MORB-N) Yb and MgO. Modeled melting trends during fractional and 
incremental batch melting of fertile mantle peridotite in the garnet 
stability field and spinel stability field are modified after Yoshikawa 
and Nakamura (2000). Abbreviations: Du = dunite, and Pe = peridotite
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content increases the degree of partial melting (e.g., Tay-
lor and Martinez 2003; Kelley et al. 2006; Langmuir et al. 
2006). Whereas melting regimes beneath the open ocean 
ridge system are considered to be roughly triangular in 
shape (e.g., Langmuir et  al. 1992), those beneath BAB 
are considered to be asymmetric by both lateral mantle 
flow and water flux on the subduction side of the back-
arc spreading ridge (Taylor and Martinez 2003; Langmuir 
et  al. 2006). Mixing fertile mantle (upper mantle asthe-
nosphere) with subduction component-bearing depleted 
mantle (hydrated mantle wedge) from the subduction 
side could be important where the back-arc spreading 
ridge and arc front converges. However, if the back-arc 
spreading ridge and arc front are well-separated, a sub-
duction component is hardly added to the source man-
tle beneath the back-arc spreading ridge (Taylor and 
Martinez 2003; Kelley et al. 2006; Langmuir et al., 2006; 
Pearce and Stern 2006). Therefore, not only the present 
subduction system, but also the previous geometry of the 
back-arc spreading ridge, arc front, and down-going slab 
might affect the BABB composition. The combination of 
such temporal and spatial effects may tend to produce 
complex four-dimensional mixing of the source mantle 
beneath the BAB.

As for the present slab geometry beneath the Izu–Ogasa-
wara–Mariana Trench, a number of data sources and seis-
mic models have imaged that the subducting Pacific Plate 
is stagnated in the mantle transition zone beneath the 
southern Shikoku Basin, whereas the Pacific Plate seems to 
sink directly into the lower mantle beneath the Palace Vela 
Basin (e.g., Okino et al. 1989; Van der Hilst and Seno, 1993; 
Fukao et al., 2001; Li et al., 2008; Jaxybulatov et al., 2013). 
The numerical studies demonstrated that the buoyancy at 
the 660-km phase boundary acts as the obstructing force 
due to decomposition of ringwoodite with a negative Cla-
peyron slope (Fukao et al. (2009) and references therein), 
and facilitates stagnant slab formation, and following slab 
rollback and back-arc spreading (e.g., Tagawa et al. 2007; 
Nakakuki and Mura 2013). Although we cannot recon-
struct time-dependent change of the slab geometry in the 
present study, our rock samples provide “a snapshot” in the 
final spreading stage of the Shikoku Basin, and can evalu-
ate the effect of slab contamination to the source mantle 
using in-situ Pb isotope data set.

According to the in-situ Pb isotope analyses of the 
magmatic brown amphiboles in the oxide gabbro 
(Fig. 10), it is interpreted to have been crystallized from 
the melt originated from DMM that sourcing MORB at 
MOR, rather than from “slab-contaminated” mantle. The 
207Pb/206Pb and 208Pb/206Pb data field of the magmatic 

brown amphibole partly overlaps with that of Kinan Sea-
mount Chain basalt, but distinct from those of basalts 
from East Shikoku Basin Seamount, Kinan Escarpment, 
and Back-arc Seamount Chain (Fig. 10). According to the 
perspectives from trace elements and multiple isotopes 
by Ishizuka et al. (2009), the basaltic magmas forming the 
Kinan Seamount Chain were generated from DMM with-
out or slight slab contamination, whereas those forming 
the East Shikoku Basin Seamount, Kinan Escarpment, 
and Back-arc Seamount Chain were contaminated by 
the slab components. As simply outlined in the inset 
of Fig.  10, the Kinan Seamount Chain is most distant 
from the arc front among the above-listed localities. 
These chemical and geometrical characteristics lead us 
to indicate that the negative trend toward the seawaters 
and sediments in the 207Pb/206Pb and 208Pb/206Pb space 
is “slab input trend” (Fig.  10), and the magmatic water 
stored in the magmatic brown amphiboles in the oxide 
gabbro (Figs. 3b, 4) was derived solely from an astheno-
spheric mantle that sourcing MORB at MOR. The Shi-
koku Basin was probably well apart from the subducting 
slab, due to for example the slab stagnation accompanied 
by the slab rollback and back-arc spreading through the 
maturing of Shikoku Basin (Fig. 11d).

The magmatic brown amphiboles and clinopyroxenes 
are often replaced by green to pale brown amphiboles 
(Figs.  3d, 3e, 4). The replacement boundaries are wavy 
and gradual in chemical composition (Fig.  4). Harigane 
et  al. (2019) investigated the green amphiboles in close 
association with the magmatic brown amphiboles in 
the gabbros from the Godzilla Megamullion, and dem-
onstrated that retrograde metamorphic reactions with 
introduction of seawater-derived fluids were necessary 
to form the green amphiboles (cf., Harigane et  al. 2010, 
2011). The color, thus compositional variations of the 
amphiboles from pargasite to tremolite through edenite 
and hornblend (Fig. 6d) are attributed to the multiple ori-
gin under magmatic to metamorphic conditions.

8 � Conclusions
We presented bulk and in-situ chemical compositions 
with in-situ Pb isotope composition of dolerite, oxide 
gabbro, gabbro, olivine gabbro, dunite, and peridotite 
collected at the Mado Megamullion, Shikoku Basin. The 
rock samples recovered from the Mado Megamullion are 
similar in lithology and chemical composition with those 
from the slow- to ultraslow-spreading MOR. We outline 
a possible magmatic and tectonic story that the Mado 
Megamullion had recorded at the final spreading stage of 
Shikoku Basin.
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The mantle started melting in the spinel stability field 
to generate BABB beneath the back-arc spreading center. 
The melts generated at deeper depths were focused 
forming channelized dunite at shallower depths. The 
mechanism of dunite formation was incongruent melt-
ing of orthopyroxene in the former peridotite, induced 
by the input of SiO2-poor melt generated at high pres-
sures in the spinel stability field. The magmas were highly 
evolved to hydrous, ferrobasaltic composition, and pre-
cipitated magmatic brown amphiboles and Fe-Ti oxides. 
Cutting off from fresh magma replenishment eventually 
functioned to highly differentiate the magmas. Since the 
timing of the exhumation of Mado Megamullion cor-
responds to the very end of the spreading of Shikoku 
Basin, the magma supply was subdued and highly epi-
sodic beneath the back-arc spreading center, which is 
analogous to the slow- to ultraslow-spreading MOR. The 
evolved melts later intruded pervasively into the plutonic 
and peridotitic rocks along the detachment faults during 
the exhumation of Mado Megamullion to form network-
like mafic to felsic veins. Afterward, seawater-derived 
fluid inputs occurred along the detachment faults, and 
locally modified the pristine magmatic assemblages with 
forming green amphiboles as a product of retrograde 
metamorphic reaction.

The distance from the back-arc spreading center to the 
arc front increased away through maturing of Shikoku 
Basin. Since the back-arc spreading ridge and arc front 
were well-separated, the subduction component could 
not be added to the source mantle beneath the back-
arc spreading center. The dolerite intrusion postdated 
the exhumation of Mado Megamullion. In the Shikoku 
Basin, post-spreading volcanism, called Kinan Seamount 
Chain, overlaps in the extinct back-arc spreading center. 
The spreading of the Shikoku Basin terminated at ca. 
15  Ma, whereas the post-spreading volcanism lasted up 
to ~ 7 Ma. The magma injections had continued from the 
final spreading stage to the post-spreading stage of the 
Shikoku Basin for several millions of years by residual 
mantle upwelling beneath the extinct back-arc spread-
ing center. Time-dependent geometry of the back-arc 
spreading center, arc front, and down-going slab prob-
ably affect the BABB composition. The combination of 
such temporal and spatial effects may tend to produce 
complex four-dimensional mixing of the source mantle 
beneath the BAB. The Mado Megamullion is of profound 
importance to investigate the slow- to ultraslow-spread-
ing MOR-like magmatic and tectonic history at the final 
spreading stage of the Shikoku Basin.
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