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Abstract 

During the middle Miocene, forearc alkaline magmatism occurred in the Outer Zone of Southwest Japan and the 
northern Ryukyu Arc, resulting in the formation of forearc alkaline basaltic rocks with ocean island basalt (OIB)-like 
chemical signatures. In contrast, subduction-related magmatism was present in the central Ryukyu Arc. However, the 
southwestern margin of the forearc alkaline magmatism was poorly constrained in the Ryukyu Arc. We examined two 
basaltic dikes in the Chichibu accretionary complex of Amami-Oshima Island, the central Ryukyu Arc. The dikes cut 
massive basalt, reddish chert, varicolored shale, and grey chert. The chemical compositions of basaltic dikes are char-
acterized by the enrichment of incompatible trace elements, possibly representing a low degree of partial melting 
from a deep mantle source. 40Ar/39Ar dating analyses indicate that the basaltic dikes yield ages of 16.37 ± 0.14 Ma and 
16.51 ± 0.10 Ma. The paleomagnetic analyses on stepwise thermal demagnetizations allowed extracting the direction 
of stable magnetizations with unblocking temperatures of 450–575 °C for the two dikes [(Dec, Inc) = (138.1°, − 13.3°), 
(124.0°, − 24.9°)]. The magnetization could be primary, acquired either as part of a secular variation or a geomagnetic 
excursion during reversed polarity chron/subchron. The 40Ar/39Ar ages and paleomagnetic directions within the error 
range imply that they intruded almost simultaneously during C5Cn.2r (16.532–16.434 Ma). The age and trace element 
patterns of the basaltic dikes are comparable to those of Miocene alkaline basaltic rocks, which resulted from forearc 
alkaline magmatism during the initial subduction of the young and warm Shikoku Basin. The discovery of alkaline 
basaltic dikes on Amami-Oshima Island suggests that the distribution of middle Miocene forearc alkaline magma-
tism may extend to the central Ryukyu Arc. Hence, the northern end of the Kyushu-Palau Ridge (i.e., southern end of 
Shikoku Basin) could have been located south of Amami-Oshima Island around 16.5–16.4 Ma, then moved eastward 
to the current location.
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Graphical Abstract

Introduction
During the middle Miocene, intensive magmatism 
occurred in Southwest Japan, resulting in the forma-
tion of high-magnesian andesites (HMA), felsic plu-
tonic rocks, forearc mid-ocean ridge basalt (MORB)-like 
basalts, and forearc alkaline basalts (Kimura et al. 2005). 
This magmatism is thought to have occurred in associa-
tion with the subduction of the young and hot Shikoku 
Basin (Kimura et  al. 2005; Tatsumi 2006). Southwest 
Japan consists of Inner and Outer Zones, which are 
bounded by the Median Tectonic Line (Fig.  1a). In the 
southernmost part of the Inner Zone of Southwest Japan 
(Setouchi Province), the HMA was presumably formed 
by the interaction of slab melt with mantle peridotite 
(Tatsumi 2006). In the Outer Zone of Southwest Japan, 
HMA magma with crustal contamination and/or melts of 
subducted sediments resulted in felsic magmatism, while 
subduction generated MORB-like and forearc alkaline 
basaltic rocks (Kimura et al. 2005).

Lamprophyre dike, which has an alkaline basaltic com-
position, was found in Tanegashima (Taneda and Kinosh-
ita 1972; Ogasawara 1997; Kiminami et  al. 2017). The 
lamprophyre dike yields K–Ar ages of 16 ± 2 Ma (Taneda 
and Kinoshita 1972) and 18.2 ± 0.9 Ma (Ogasawara 1997), 
suggesting that forearc alkaline magmatism extended 
to the northern Ryukyu Arc (Kimura et  al. 2005). On 
the other hand, Shinjo et  al. (1999) proposed that arc 
volcanism occurred in the central Ryukyu Arc during 
21–13 Ma. Therefore, the distribution of middle Miocene 
forearc alkaline magmatism is poorly constrained in the 
Ryukyu Arc.

In this paper, we present geological information, whole-
rock composition, 40Ar/39Ar dating, and paleomagnetic 
directions of basaltic dikes on Amami-Oshima Island, 

central Ryukyu Arc. Based on these results, we discuss 
the timing of the basaltic dike intrusion and the magma 
origin of basaltic dikes. Our results provide an important 
constraint on the distribution of forearc alkaline magma-
tism in Southwest Japan and the Ryukyu Arc during the 
middle Miocene.

Geological background
Amami-Oshima Island is located in the central Ryukyu 
Arc between the Tokara Strait and the Kerama Gap, in 
which the geological belts are considered to be the south-
ern extension of the Outer Zone of Southwest Japan 
(Wallis et  al. 2020; Fig.  1a). The island consists of the 
Chichibu accretionary complex, Late Cretaceous Shi-
manto accretionary complex, Early Cretaceous lampro-
phyre, Eocene and Miocene granitic rocks, Eocene Wano 
Formation, and Quaternary sediments (Takeuchi 1993; 
Fig. 1b). The Chichibu accretionary complex in Amami-
Oshima Island consists of a mélange characterized by 
blocks of chert, basalt, limestone, siliceous mudstone, 
and sandstone in the mudstone matrix (Takeuchi 1993). 
Although the accretionary age of the Chichibu accretion-
ary complex remains unknown, correlation of geologic 
belts between Amami-Oshima Island and the Outer 
Zone of Southwest Japan and lithological assemblage of 
the mélange are comparable to the Late Jurassic to Early 
Cretaceous Chichibu accretionary complex in the South-
west Japan, which has been thought to represent the 
accretion of a seamount chain (Matsuoka 1992).

The basaltic rocks in the Chichibu accretionary com-
plex of Amami-Oshima Island are exposed as blocks in 
the mudstone matrix. These blocks are composed of mas-
sive basalt, pillow basalt and breccia, hyaloclastite, and 
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dolerite. Basalt blocks are also accompanied with chert 
and limestone. In addition, basaltic dikes, basaltic sills, 
and lamprophyre dikes intrude the Chichibu accretion-
ary complex of Amami-Oshima Island (Kanisawa et  al. 

1983; Osozawa et  al. 1983; Takeuchi 1993). Cretaceous 
lamprophyres, which have alkaline basaltic compositions, 
intrude into the pelagic sediments of the Chichibu accre-
tionary complex of Amami-Oshima Island (Kanisawa 

Fig. 1  Index map around the Ryukyu Arc. a The distribution of the Shimanto and Chichibu accretionary complexes in Southwest Japan and the 
Ryukyu Arc. Modified from Wallis et al. (2020). b Geological map of Amami-Oshima Island. Modified from Takeuchi (1993). The location of the figure 
is shown in a. The red star indicates the location of basaltic dikes at Naon
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et al. 1983; Osozawa et al. 1983). The basaltic dikes inves-
tigated are located at Naon (Fig.  1b) in the Chichibu 
accretionary complex. These dikes were reported by 
Takeuchi (1993), but their chemical compositions and 
ages remain unknown.

Occurrence of basaltic dikes and massive basalt
At Naon on Amami-Oshima Island, two basaltic dikes 
of 35–80 cm in thickness sharply intrude massive basalt, 
reddish chert, varicolored shale, and grey chert (Fig. 2a, 
b). The dikes strike east–northeast and dip steeply north, 
whereas bedding in grey chert dips moderately east 

(Fig. 2a). The boundaries between the dike and grey chert 
are rounded and embayed, possibly representing the 
melting of the grey chert wall rock (Fig. 3a, b). The injec-
tion structures are observed in the chert. Chilled margins 
1–2 mm thick with light grey or pale green color are rec-
ognized along the dike margins (Fig. 2c, d).

Under the microscope, the basaltic dikes are mainly 
composed of plagioclase, olivine, Fe–Ti oxide miner-
als, and interstitial glass with minor pyrite, apatite, and 
calcite (Fig. 3c). Olivine crystals (0.5–1 mm in size) and 
interstitial glass are commonly altered to chlorite, but 
plagioclase crystals (0.1–0.2  mm in size) are relatively 

Fig. 2  Occurrence of basaltic dikes at Naon in Amami-Oshima Island. a Two basaltic dikes intrude massive basalt and grey chert in the mélange. 
b Basaltic dike cuts massive basalt, reddish chert, varicolored shale, and grey chert. c Contact between dike and chert. d Chilled margin preserved 
along the boundary between dike and massive basalt. Locations of panels b–d are shown in a 
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fresh. Pyrite crystals (0.1–1  mm in size) are subhedral 
to anhedral, while apatite crystals (10–30  μm in size) 
are euhedral to subhedral. The outer margin of the dike 
preserved glass, but was locally altered to chlorite. The 
quartz veins in the grey chert were truncated by the 
dike (Fig.  3b), suggesting that the grey chert was lithi-
fied during dike intrusion. The massive basalt is mainly 
composed of 0.3–0.8 mm plagioclase crystals with Fe–Ti 
oxide minerals (0.05–0.2 mm in size), chlorite, and calcite 
(Fig. 3d). Interstitial glass is altered to chlorite and calcite 
veins are present. Olivine, pyrite, and apatite crystals are 
not recognized under the microscope.

Samples and methods
Samples
Samples for 40Ar/39Ar dating, geochemical, and paleo-
magnetic analyses were taken from two basaltic dikes 
and massive basalt at Naon on Amami-Oshima Island 

(Lat. = 28.332499°N, Long. = 129.30698910°E; Addi-
tional file  1: Figure S1). For the paleomagnetic study, 
11 and 9 oriented hand samples were collected from 
Dike 1 and Dike 2, respectively (Additional file  1: Fig-
ure S1b). Each hand sample was marked by three points 
representing a reference plane with strike (relative to 
magnetic north and a line connecting the two marked 
points sharing the strike direction) and dip (repre-
sented by a line connecting the midpoint of the two 
marked points and the third marked point). In the labo-
ratory, each hand sample was fixed with plaster to make 
the reference plane horizontal to take several cylindri-
cal cores from each hand sample vertically with a bor-
ing machine. Each drilled core was cut perpendicular 
to the axis of the cylinder to prepare several cylindrical 
specimens (25 mm in diameter and 22 mm in length).

Fig. 3  Photomicrographs of the basaltic dikes and massive basalt. a Plane-polarized light and b, c, d cross-polarized light. a Outer margin of the 
basaltic dike is locally altered to chlorite (Chl). b The chert including quartz vein was cut by the basaltic dike. Location of the figure is shown in a. c 
Basaltic Dike 1 (NCD1-2) and d massive basalt (NC8). Pl: plagioclase, Fe–Ti oxides: Fe–Ti oxide minerals
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Methods
The analytical details are presented in Additional Text 
S1 and outlined here. The 40Ar/39Ar dating was con-
ducted on acid-leached samples from two basaltic dikes 
(Additional file 2: Table S1). Neutron irradiation and Ar 
isotope measurements were conducted at the Kyoto Uni-
versity Reactor (KUR) and Geological Survey of Japan, 
National Institute of Advanced Industrial Sciences and 
Technology (AIST). Major and selected trace elements 
for ten less-altered samples from two basaltic dikes and 
massive basalt were measured using a Rigaku ZSX Pri-
mus II X-ray fluorescence (XRF) spectrometer at the 
National Museum of Nature and Science (NMNS). After 
XRF analysis, the concentration of a larger range of trace 
elements was measured using a quadrupole Agilent 
7700 × inductively coupled plasma-source mass spec-
trometry (ICP-MS) instrument at the NMNS. Analyti-
cal precision data for XRF and ICP-MS, estimated from 
repeated analyses of a well-established reference standard 
(JB-1a), are given in Tables S2 and S3. The standard devi-
ations of the calibration lines for the XRF are reported in 
Additional file 2: Table S2.

Paleomagnetic measurements were conducted at the 
GSJ-Lab. at AIST, using a superconducting rock mag-
netometer (2G Enterprises model 760) and a thermal 
demagnetizer (Natsuhara Giken TDS-1). The cylindri-
cal specimens were subjected to the stepwise thermal 
demagnetization experiments (ThD) in air from 25  ℃ 
up to 600 ℃ over 24–30 steps. The results of the experi-
ments were processed using Paleomagnetism.org 2.0 
(Koymans et al. 2016, 2020). The characteristic remanent 
magnetization (ChRM) of the specimens was determined 
using principal component analysis (PCA: Kirschvink 
1980), and paleomagnetic directions with maximum 
angular deviations (MAD) < 10° were adopted. The mean 
ChRM direction of each hand sample was then deter-
mined by the combined analyses of remagnetization cir-
cles (McFadden and McElhinny 1988; Additional file  1: 
Text S1.4). To identify the nature of the main magnetic 
carriers contributing to the primary remanent magneti-
zations, rock magnetic measurements were performed at 
the AIST Nano-Processing Facility (AIST-NPF) and GSJ-
Lab. at AIST (see details in Additional file 1: Text S1.5).

Results
40Ar/39Ar age of basaltic dikes
To evaluate the effects of alteration present in the low-
temperature steps, the samples were subjected to 26 
step-heating intervals by laser heating. Plateaus defined 
by 14 and 20 steps yield ages of 16.37 ± 0.14  Ma and 
16.51 ± 0.10  Ma for NCD1-2 (Dike1) and NCD2-2 
(Dike2) samples, respectively (Additional file 1: Figure S2; 
Additional file 2: Table S1). The plateaus comprised 53.8 

and 84.5% of the released gas from NCD1-2 and NCD2-
2, respectively. In addition, both samples returned well-
defined isochrons with 36Ar/40Ar intercepts identical to 
the atmospheric ratio within a 2σ error, and the derived 
isochron ages were 16.57 ± 0.28 Ma and 16.56 ± 0.24 Ma 
for NCD1-2 and NCD2-2 samples, respectively. For each 
sample, the weighted average age of the plateau-form-
ing steps and the isochron age were identical within 2σ 
error ranges. Therefore, the ages of 16.37 ± 0.14 Ma and 
16.51 ± 0.10 Ma were regarded as reliable intrusion ages 
for NCD1-2 and NCD2-2, respectively. The obtained 
ages of basaltic dikes both indicate the middle Miocene 
and are indistinguishable within a 2σ error.

Geochemical features of basaltic rocks
The basaltic dikes have basaltic trachyandesite and tra-
chyandesitic compositions, whereas the massive basalts 
have a wide compositional range from basalt to basaltic 
trachyandesitic to trachyandesitic compositions (Fig. 4a, 
Additional file 2: Tables S2, and S3). In the discrimination 
diagram using Th and Nb, both basaltic dikes and mas-
sive basalts plot near the ocean island basalt (OIB) within 
the field of alkaline basalt (Fig. 4b).

In the primitive mantle (PM; Sun and McDonough 
1989) normalized trace element pattern (Fig.  5a), both 
the basaltic dikes and the massive basalt are character-
ized by enrichment in large-ion lithophile (LIL) ele-
ments and light rare earth elements (REE), similar to 
OIB. The trace element abundances of Dike 1 and Dike 
2 were almost the same, except for fluid-mobile elements 
such as Cs, Rb, Ba, K, and Pb, possibly due to the differ-
ence in the degree of alteration rather than the original 
magma compositions. The massive basalts show enrich-
ment of Nb and Ta with depletion of Zr and Hf compared 
to the basaltic dikes (Fig. 5a). The PM-normalized trace 
element patterns of basaltic dikes resemble those of the 
Miocene alkaline basaltic rocks in Tanegashima and the 
Outer Zone of Southwest Japan, but differ from those of 
the island arc basalt-like rocks in the central Ryukyu Arc 
(Fig. 5b, c).

Paleomagnetism
The results of stepwise ThD show three to four linear 
components in the Zijderveld (vector endpoint) dia-
grams (Zijderveld 1967) for basaltic Dike 1 and Dike 2 
(Additional file 1: Figure S3). Components were classified 
into four groups based on the temperature ranges, i.e., 
25–100  °C (component A), 100–300  °C (component B), 
300–425 °C (component C), and 450–575 °C (component 
D). As the directions of components A, B, and C were 
scattered, they were considered secondary origins and 
possibly related to alteration. The directions of compo-
nent D exhibited a stable linear trend towards the origin 
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(see the insets of Additional file 1: Figure S3c). Compo-
nent D shared a common direction of negative inclination 
at approximately 25% and 75% of the specimens in Dike 
1 and Dike 2, respectively (Additional file  2: Table  S4). 
After PCA and the combined analyses of remagnetiza-
tion circles (see Additional file  1: Text S1.4 and Figure 
S4), reliable paleomagnetic directions were obtained 
from three and eight hand samples of Dike 1 and Dike 
2, respectively (Additional file  2: Table  S5). The param-
eters for fitting the stepwise ThD results for component 
D are summarized in Additional file  2: Table  S4. The 
average paleomagnetic directions of the hand samples 
yielded mean ChRM directions with negative inclinations 
(Additional file 1: Figure S5a, b). The mean direction of 
Dike 2 (declination; D = 124.0°, inclination; I = −  24.9°, 
α95 = 8.1°) was within the 95% confidence limit for that 
of Dike 1 (D = 138.1°, I = − 13.3°, α95 = 18.3°) (Additional 
file 1: Figure S5c). The virtual geomagnetic poles (VGPs) 
for Dike 1 and Dike 2 are in the southern hemisphere, 
whose latitudes are slightly  < 45° (Fig. 6a). 

Discussion
Middle Miocene forearc alkaline magmatism 
in Amami‑Oshima Island
The 40Ar/39Ar ages of basaltic dikes were 16.37 ± 0.14 Ma 
and 16.51 ± 0.10  Ma (Additional file  1: Figure S2 and 
Additional file  2: Table  S1). This indicates that basal-
tic dike intrusion occurred in the accretionary complex 
during the middle Miocene, much younger than inferred 
accretionary age of Late Jurassic to Early Cretaceous. 
In contrast, the massive basalt intruded by the basaltic 
dikes was overlain by pelagic sedimentary rock. The mas-
sive basalt shows OIB-like trace element patterns with 
distinctive enrichment of Nb and Ta and depletion of 
Zr and Hf (Fig. 5a). Similar OIB-like basaltic rocks were 
also reported from the Chichibu accretionary complex of 
southwest Japan, which are interpreted to originate from 
intraplate volcanism associated with plume activity (e.g., 
Tatsumi et  al. 2000; Onoue et  al. 2004; Safonova et  al. 
2015). Similarly, the massive basalt at Naon likely repre-
sents intraplate volcanism before subduction.

Paleomagnetic analyses show that basaltic dikes have 
three to four linear components. The stable ChRM, 
obtained at 450–575 °C, is considered the primary mag-
netization at the time of the basaltic dike intrusions and 
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Fig. 4  Geochemical discrimination diagram of basaltic rocks in 
Amami-Ohshima Island. a Total alkali vs. SiO2 plot (after Le Maitre 
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Miyashiro (1978). Error bars indicate standard deviations (two sigma) 
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(See figure on next page.)
Fig. 5  Primitive mantle normalized trace element patterns of basaltic rocks in Amami-Oshima Island. Trace element patterns of basaltic rocks in 
Amami-Oshima Island in comparison with a OIB, N-MORB, and E-MORB; b Miocene alkaline basaltic rocks; and c island arc basalt-like rocks. Data for 
Miocene rocks were compiled from the following sources: Kiminami et al. (2017) for Tanegashima, Otoyo, and Shingu; Shinjoe et al. (2003) for Cape 
Ashizuri; and Shinjo et al. (1999) for Kume-jima and Tonaki-jima. Data for N-MORB and E-MORB are obtained from Gale et al. (2013). The primitive 
mantle values were obtained from Sun and McDonough (1989). Note that HFSE such as Nb, Ta, and Ti (highlighted in red) are depleted in volcanic 
rocks in Kume-jima and Tonaki-jima, but not depleted in basaltic dikes on Amami-Oshima Island



Page 8 of 14Motohashi et al. Earth, Planets and Space            (2023) 75:9 

1

10

100

1000

Sa
m

pl
e 

/ P
rim

iti
ve

 m
an

tle

Cs Rb Ba Th U Nb Ta K La Ce Pb Pr Sr P Nd Zr Hf SmEu Ti Gd Tb Dy Y Ho Er TmYb Lu

Basaltic Dike 1 Basaltic Dike 2 Massive basalt

Normal MORB (Gale et al., 2013)Enriched MORB (Gale et al., 2013)

OIB (Sun and McDonough, 1989)

(b)

(a)

1

10

100

1000

S
am

pl
e 

/ P
rim

iti
ve

 m
an

tle

Cs Rb Ba Th U Nb Ta K La Ce Pb Pr Sr P Nd Zr Hf SmEu Ti Gd Tb Dy Y Ho Er TmYb Lu

Tanegashima
Shingu

 Otoyo
Cape Ashizuri 

Alkaline basaltic rocks

Amami-Oshima Island (Naon)
This study

1

10

100

1000

S
am

pl
e 

/ P
rim

iti
ve

 m
an

tle

Cs Rb Ba Th U Nb Ta K La Ce Pb Pr Sr P Nd Zr Hf SmEu Ti Gd Tb Dy Y Ho Er TmYb Lu

Amami-Oshima Island (Naon)
This study

 Kume-jima  Tonaki-jima
Island arc basalt-like rocks

(c)

Fig. 5  (See legend on previous page.)



Page 9 of 14Motohashi et al. Earth, Planets and Space            (2023) 75:9 	

is carried by magnetite with a small fraction of Ti sub-
stitution and/or non-stoichiometry (see Additional file 1: 
Text S2). The primary magnetization yielded mean paleo-
magnetic directions with negative inclinations (Addi-
tional file  1: Figure S5c). The latitudes of the associated 
VGPs were almost equal to or slightly lower than 45  ° 
(45°S for Dike 1 and 36°S for Dike 2; Fig. 6a).

The probability that the basaltic intrusion event 
occurred during the polarity transitions and excur-
sions was  < 2% and 3%, respectively (see Additional 
file  1: Text S3). We further investigated the possibility 
that the basaltic dikes experienced tectonic rotations 
after the intrusion over the past 2  Ma. Nishimura et  al. 
(2004) suggested a counterclockwise (CCW) rotation of 
3.95 × 10–2  rad/Myr for the central Ryukyu Arc, includ-
ing Amami-Oshima Island, using GPS data from 37 sta-
tions during 1996–2001. Assuming a constant rotation 
associated with the spreading of the Okinawa Trough in 
the past 2 Ma, this corresponds to a CCW rotation of ~ 5° 
for the total period. A correction of ~ 5° clockwise (CW) 
rotation gives VGP latitudes of 49° S for Dike 1 and 40° 

S for Dike 2 (light blue and light red arrows in Fig. 6a), 
whose confidence limits overlap with the 45° cutoff angle. 
Thus, we suggest that the paleomagnetic directions for 
the two dikes were acquired either as part of the secular 
variation or a geomagnetic excursion during the reversed 
polarity chron/subchron. We consider that the prob-
abilities that the paleomagnetic directions were record-
ings of a paleomagnetic field during a polarity transition 
or a reversal excursion during a normal polarity chron/
subchron are low.

Compared with corresponding age interval of Geo-
logic Time Scale 2020 for the Neogene Period (Raffi et al. 
2020), which is taken from astronomically tuned age for 
U1336 (Kochhann et al. 2016), the 40Ar/39Ar ages of the 
basaltic dikes overlap with the chrons of C5Cn and C5Cr 
(17.466–15.994 Ma) within a 2σ error range. Please note 
that the ages in the summary table of Ogg (2020) for Geo-
magnetic Polarity Timescale 2020 has errors for Chrons 
C5B, C5C, and C5D. Assuming that the scenario in the 
previous paragraph was valid, the ChRMs for the two 
dikes were acquired during a reversed chron/subchron. 

Dike 1 Dike 2 Location of Naon 45° cutoff

(a) (b)

Fig. 6  a VGP of Dike1 and Dike2. b VGP distributions for paleosecular variation at the site. a An equal area projection of mean paleomagnetic 
directions. Note that VGPs projected onto the southern hemisphere are shown as open circles. A purple star indicates the location of Naon 
(129.31 °E, 28.33 °N). Light red and light blue arrows indicate VGP latitudes for Dike1 and Dike2 corrected for ~ 5 ° CW rotation, respectively. b 
VGPs for 10,000 paleomagnetic directions for the studied site by random sampling based on the secular variation model of TK03.GAD (Tauxe 
and Kent 2004) using python code tk03.py of pmagpy (https://​earth​ref.​org/​MagIC/​books/​Tauxe/​Essen​tials/). TK03.GAD model is based on PSVRL 
(paleosecular variation from lavas) database (see McElhinny and McFadden (1997)). Solid (open) circles are VGPs plotted onto the northern 
(southern) hemisphere. Using the simulated paleosecular variations, we estimated the probability of having the paleomagnetic directions for Dike1 
and Dike2. The probability of having the paleomagnetic directions for dike1 within 17.6 ° angular distance (calculated from the paleomagnetic 
directions for the two dikes; see Fig. 5a) from dike2 by chance is 0.3%

https://earthref.org/MagIC/books/Tauxe/Essentials/
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Within a 2σ error range, the 40Ar/39Ar age of one dike 
(16.37 ± 0.14 Ma) overlaps with the subchrons of C5Cn.1r 
(16.351–16.261  Ma) and C5Cn.2r (16.532–16.434  Ma), 
whereas that of the other dike (16.51 ± 0.10  Ma) over-
laps with C5Cn.2r and chron C5Cr (17.154–16.637 Ma) 
(Fig. 7). The two basaltic dikes have almost the same trace 
element concentrations (Fig.  5), and the 40Ar/39Ar ages 
were identical within a 2σ error range (Additional file 1: 
Figure S2). In addition, examination of the paleosecu-
lar variations suggests that paleomagnetic directions for 
dikes are unlikely to be obtained independently (prob-
ability is 0.3% for uncorrected paleomagnetic directions; 
see the caption of Fig. 6). These features suggest that the 
intrusions of the two basaltic dikes occurred at almost 
the same time. Thus, the intrusion of basaltic dikes on 
Amami-Oshima Island is likely to have occurred during 
C5Cn.2r (16.532–16.434 Ma).

Implications for along‑arc variation of magmatism 
in central Ryukyu Arc
The geochemical, geochronological, and paleomagnetic 
results of the basaltic dikes suggest the presence of mid-
dle Miocene forearc alkaline magmatism in Amami-
Oshima Island, central Ryukyu Arc. Between 18–13 Ma, 
intrusion events of alkaline basaltic rocks have been 

reported from Tanegashima in the northern Ryukyu Arc 
(Taneda and Kinoshita 1972; Ogasawara 1997; Kiminami 
et al. 2017) and the Outer Zone of Southwest Japan (Uto 
et al. 1987; Shinjoe et al. 2003, 2010; Kiminami et al. 2017, 
Matsumoto et al. 2020). These alkaline basaltic rocks are 
considered to have formed in the forearc region as a part 
of Miocene igneous activity associated with the subduc-
tion of the young and warm Shikoku Basin (e.g., Kimura 
et al. 2005). The ages and trace element patterns of basal-
tic dikes on Amami-Oshima Island are comparable to 
those of the alkaline basaltic rocks in Tanegashima and 
the Outer Zone of Southwest Japan (Figs. 5b and 8), sug-
gesting that the forearc alkaline magmatism during the 
Miocene may have extended to Amami-Oshima Island in 
the central Ryukyu Arc.

On the other hand, arc magmatism of 21–13  Ma was 
recorded in basaltic to dacitic rocks from Kume-jima and 
Tonaki-jima in the southern part of the central Ryukyu 
Arc (Shinjo et al. 1999). These rocks were characterized 
by the depletion of high-field-strength elements (HFSE), 
such as Nb, Ta, and Ti in the PM-normalized trace ele-
ment patterns (Fig. 5c). Low concentrations of HFSE are 
characteristic of typical arc magmas derived from wedge 
mantle that are depleted in HFSE (e.g., Zheng 2019). To 
explain arc magmatism, Shinjo et al. (1999) proposed the 

Dike 1
(16.37±0.14 Ma)

1r 2r

C5Cn 

16.616.416.216.0
Age (Ma)

C5CrC5Br

1n 2n 3n

Dike 2
(16.51±0.10 Ma)

Fig. 7  40Ar/39Ar ages of basaltic dikes correlated with the geomagnetic polarity timescale. The geomagnetic polarity timescale was obtained from 
Raffi et al. (2020). Curves indicate the probability density distribution calculated using the averages and standard deviations of the 40Ar/39Ar age 
of the basaltic dikes. Reddish shaded areas represent probabilities corresponding to the reversed polarity subchrons C5Cn.1r and C5Cn.2r, and the 
chron of C5Cr
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subduction of the Philippine Sea plate beneath the cen-
tral Ryukyu Arc during the middle Miocene. However, 
the basaltic dikes on Amami-Oshima Island do not have 
such a depletion, implying that they do not comprise 
typical arc magma. Therefore, two different styles of mag-
matism (forearc alkaline magmatism and arc magmatism 
in the north and south, respectively) were present in the 
central Ryukyu Arc during the middle Miocene (Fig. 8).

The difference in magmatism along the central Ryukyu 
Arc could represent a difference in the subducting plate: 
the Shikoku Basin in the north and the West Philippine 
Basin in the south. The Shikoku Basin was formed along 
a ridge between the Izu-Bonin Arc and Kyushu-Palau 
Ridge between 27 and 15 Ma (Okino et al. 1999; Okino 

2015), whereas the West Philippine Basin was formed in 
the western part of the Philippine Sea Plate between 50 
and 36 Ma (Sasaki et al. 2014). The opening of the Japan 
Sea between 18 and 16  Ma with clockwise rotation of 
Southwest Japan (Hoshi 2018) is considered to have ini-
tiated the subduction of the Shikoku Basin beneath the 
Japanese Islands (Tatsumi and Hanyu 2003).

While the young and warm Shikoku Basin began to 
subduct beneath the Eurasian Plate, the relatively old and 
cold West Philippine Basin subduction had already pro-
gressed in the southern part of the central Ryukyu Arc. 
Under such conditions, forearc alkaline magmatism may 
have occurred in association with the subduction of the 
young Shikoku Basin, whereas arc magmatism may have 

Fig. 8  Age and distribution of forearc alkaline (red) and arc (blue) magmatism during middle Miocene. MTL: Median Tectonic Line, KPR: 
Kyushu-Palau Ridge. The white open triangle indicates Quaternary volcanoes on the volcanic front of Shinjo and Kato (2000). The red and blue 
symbols represent the alkaline and arc magnetism, respectively. The red star represents the study site. Age ranges for Miocene magmatism were 
compiled from the following sources: Uto et al. (1987) for the Shingu-Otoyo area; Shinjoe et al. (2010), and Matsumoto et al. (2020) for Cape 
Ashizuri; Ogasawara (1997) and Taneda & Kinoshita (1972) for Tanegashima; Daishi et al. (1987), Miki (1995), and Nakagawa and Murakami (1975) for 
Kume-jima; Kato (1985) for Tonaki-jima. The area enclosed by the broken line represents the paleo-location of the Kyushu-Palau Ridge in the middle 
Miocene, inferred from along the arc variation of magmatism in the central Ryukyu Arc
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been caused by dehydration from the subducted old West 
Philippine Basin (Shinjo et al. 1999). Thus, the northern 
end of the Kyushu-Palau Ridge may have been located 
between Amami-Oshima Island and Kume-jima/Tonaki-
jima around 16.5–16.4 Ma before migrating eastward to 
present location (Fig. 8). Tatsumi et al. (2020) proposed 
that the northern end of the Kyushu-Palau Ridge was 
located south of Yakushima Island at ca. 14 Ma based on 
the age of granitic plutonism in Yakushima Island. How-
ever, the age of alkaline basaltic dikes at Naon implies 
that the Kyushu-Palau Ridge may be located to the west 
of Amami-Oshima Island during the middle Miocene.

Conclusions
Geochemical, geochronological, and paleomagnetic 
investigations were conducted on the two basaltic 
dikes in the Chichibu accretionary complex of Amami-
Oshima Island, central Ryukyu Arc. The basaltic dikes 
have incompatible trace elements-enriched alkaline 
basaltic compositions and yielded the 40Ar/39Ar ages 
of 16.37 ± 0.14  Ma and 16.51 ± 0.10  Ma, indicative of 
an alkaline basaltic dike intrusion during the middle 
Miocene. Paleomagnetic analyses suggest that the pri-
mary paleomagnetic directions for the two dikes were 
acquired either as part of a secular variation or a geo-
magnetic excursion during the reversed polarity chron/
subchron. 40Ar/39Ar age of one dike overlaps with the 
subchrons of C5Cn.1r (16.351–16.261 Ma) and C5Cn.2r 
(16.532–16.434 Ma), whereas that of the other dike over-
laps with C5Cn.2r and chron C5Cr (17.466–17.154 Ma). 
The two basaltic dikes are indistinguishable by geochemi-
cal compositions, ages, and paleomagnetic directions 
within the error range, implying that they are likely to 
have intruded almost simultaneously during C5Cn.2r 
(16.532–16.434 Ma). The age and trace element patterns 
of the basaltic dikes are comparable to those of alkaline 
basaltic intrusive rocks distributed in the Outer Zone of 
Southwest Japan and the northern Ryukyu Arc. The dis-
covery of alkaline basaltic dikes from Amami-Oshima 
Island suggests that the distribution of middle Miocene 
forearc alkaline magmatism may extend to the northern 
part of the central Ryukyu Arc. Hence, the northern end 
of the Kyushu-Palau Ridge could have been located south 
of Amami-Oshima Island around 16.5–16.4  Ma, then 
moved eastward to the current location.
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