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ABSTRACT 
 

In this study, the late Cenozoic evolution of the east Eurasian 

convergent margin is described by investigating geothermal events related 

to regional tectonic movements. The opening of the Japan Sea, which 

occurred during the late Oligocene to early Miocene, was accompanied by 

massive deformation of the northwestern Pacific arc-trench system that 

inevitably brought about remarkable paleogeographic and 

paleoenvironmental changes. The focus of this study is southwestern 
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Japan, the forearc of which became a site of conspicuous and episodic post-

opening igneous activity. Sandstone samples were taken from a series of 

arc-parallel Cretaceous pull-apart basins adjacent to the Miocene volcanic 

province. Detrital apatite grains were separated from the samples and 

subjected to uranic fission track (FT) analysis. Based on the distribution of 

FT ages and the effect of annealing on FT lengths, we quantitatively 

restored the thermal impacts on the plate margin. All the samples from 

Shikoku Island, in the midwestern component of the southwest Japan arc, 

showed clear indications of elevated temperatures during the Oligo-

Miocene period, whereas sandstones obtained from Kyushu Island at the 

western end of the arc did not bear evidence of thermal events, except for 

the effect of gradual burial and exhumation through the Cenozoic. Such a 

contrast is probably attributed to the syn-opening deformation of the island 

arc. Since the western portion of the Japan Sea opened in a fan-shaped 

mode, backarc spreading resulted in a clockwise rotation of southwest 

Japan around a pivot pinned near Kyushu. Together with development of 

a gigantic crustal bend in the island, intensive restructuring of the plate 

margin provoked a southeastward migration of the contemporaneous 

volcanic front on Kyushu, evidenced by a varied thermal history along the 

arc as detected using apatite fission track analysis. Thus the geographic and 

environmental diversity of the Cenozoic Eurasian margin was enhanced by 

a backarc rifting event. 

 

 

1. INTRODUCTION 
 

Convergent plate margins are sites at which the Earth’s dynamic 

material recycling system is working, and processes through which they 

evolve are attractive and longstanding research subjects. The eastern margin 

of Eurasia, the target area of the present study, typifies a series of tectonic 

events, such as migration, amalgamation and collision of crustal blocks, and 

continental rifting that are governed by the subduction of oceanic plates. 

Among the notable Cenozoic events described in reliable plate 

reconstruction models (e.g., Itoh et al., 2017a), the backarc opening of the 

Japan Sea, which ended at around 15 Ma, is ranked at the most important 

level because massive movements of the east Asian arc-trench system 

inevitably brought about remarkable geographic and environmental 

changes. 
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This paper focuses on the southwestern Japan arc, which suffered from 

confined bending in association with fan-shaped spreading of the western 

half of the Japan Sea basins (Otofuji and Matsuda, 1987). Reflecting 

prolonged and prevalent oblique convergence of oceanic plates since 100 

Ma (Itoh et al., 2017a), an enormous and elongate pull-apart basin developed 

along the island arc by the end of Cretaceous. A voluminous marine 

sequence of the Onogawa and Izumi Groups (Figure 1), filling the tectonic 

sag, have experienced considerable burial and exhumation controlled by 

post-depositional tectonic episodes. 

To elucidate the spatiotemporal progress of the arc deformation, 

thermochronological analysis of fission tracks (FTs) residing in detrital 

apatite grains extracted from sedimentary rocks is of great use as 

exemplified by Itoh et al. (2017b, c). Their studies demonstrated that the late 

Cretaceous sediments recorded multiple cooling (uplift) events succeeding 

their initial settlement. 

In a timeline, as depicted by the previous studies, notable contraction 

episodes correspond to regional unconformities including the K/T gap 

(Campanian to Eocene), the initiation of backarc rifting around the present-

day Japan Sea (late Eocene to early Miocene), and a short-lived inversion 

under strong north-south tectonic stress provoked by the onset of northward 

movement of the Philippine Sea Plate (until the latest Miocene). 

We conducted field investigations in the Kyushu and Shikoku Islands, 

which are southwestern components of the Japanese archipelago. It is well 

known that the forearc accretionary prism (late Mesozoic to early Cenozoic) 

shows a structural bend simulating the sinuate morphology of the Ryukyu 

Trench and the Nankai Trough (see Figure 1). Otofuji and Matsuda (1987) 

argued that the cuspate shape built up during the course of the Miocene 

genesis of the Japan Sea, accompanied by a rapid clockwise rotation of 

southwest Japan. The author aims to unravel the process of the island arc’s 

development as triggered by regional tectonism, based on a quantitative 

analysis of FT annealing. 
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Figure 1. Study area index maps. Open arrow indicates recent convergent direction of 

the Philippine Sea plate. 

 

2. GEOLOGICAL BACKGROUND 
 

2.1. Kyushu Island 
 

Of the late Cretaceous deltaic-to-shallow marine basin-fill, which 

progradates and becomes younger eastward, the component found in 

Kyushu is named the Onogawa Group. It ranges from Turonian to Santonian 

in age, and has a cumulative thickness of more than 20 km (Hoshizumi et 

al., 2015). 
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Figure 2. Sampling locations and horizons for apatite FT analysis in the Kyushu and 

Shikoku Islands. 

This unit is divided into four subgroups around the sampling area, 

according to sedimentary cycle (Teraoka et al., 1992). A sandstone sample 

for FT thermochronological analysis was taken from the Lower Subgroup 

(Figure 2). 

 

 

2.2. Shikoku Island 
 

Late Cretaceous left-lateral motions on the arc-bisecting fault, the 

Median Tectonic Line (MTL; Figure 1), resulted in the formation of an east-
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west elongate pull-apart basin. The geological context of the dominantly 

shallow marine clastics filling the basin, known as the Izumi Group, was 

fully described by Noda and Toshimitsu (2009). Around the western part of 

the island, this group’s depositional age ranges from early to middle 

Campanian (Miyazaki et al., 2016). It crops out on both sides of the Iyo Fault 

(Figure 2), an active segment of the MTL, and is divided into marginal and 

main parts that commonly comprise a thick muddy sequence accompanying 

basal conglomerates and turbiditic alternations of mud-/sandstone beds, 

respectively. The sampled unit shows a synclinal structure with 

northeastward plunging axes. From this unit, we obtained four sandstone 

samples for the apatite FT thermochronological analysis. 

 

 

3. ANALYTICAL METHODS 
 

In this study, all the experimental procedures conducted on the apatite 

samples were executed by Geotrack International, Australia. As a 

pretreatment, dried hand samples were ground in a jaw crusher. The 

powdered rocks were rinsed to remove dust, and processed by usual mineral 

separation techniques, which include heavy liquid and magnetic separation. 

All the sampled units yielded a sufficient number of apatite grains such that 

when treated using FT analytical methods, age determination and track 

length measurements were possible. 

The acquired apatites were mounted in epoxy sheets that became 

thermoplastic on heated glass slides. By polishing these, the internal surfaces 

of the samples were revealed. There were then etched for 20 s in 5 M HNO3 

at room temperature (20C) in order to visualize spontaneous FTs. When the 

etching was complete, all the mounted sheets were cut into rectangles (1.5  

1.0 cm), then soaked in detergent, alcohol, and distilled water in that order. 

After the cleaning, they were stacked and wrapped in a heat-shrinking 

membrane keeping them in close contact with a low-U external detector 

(muscovite). Each package of mounted samples was tightly sandwiched 

between two pieces of U standard glass, then, the batches were set in an 

aluminum can for neutron irradiation. 
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The muscovite detectors were removed from the mounted apatites and 

standard glass after irradiation, then treated by hydrofluoric acid etchant to 

achieve visualization of the tracks produced by the induced nuclear fission 

of 235U. Utilizing the standard equation for zeta calibration (Eq. 5 of Hurford 

and Green, 1983), the FT ages of single grains were determined following 

the external detector method (EDM; Gleadow, 1981). Tracks of 20 apatite 

grains were counted in each mount, oriented with surfaces parallel to the 

crystallographic c-axis. If 20 suitably oriented grains could not be obtained, 

all available grains were adopted. 

Tracks within an eyepiece square graticule with 100 divisions were 

counted. The number of spontaneous tracks (Ns) in a certain number of grid 

squares (Na) was counted in every grain. Then, the number of induced tracks 

(Ni) within the correlated portions of the muscovite detector was determined. 

The spatial densities of the spontaneous and induced tracks (s and i) were 

calculated, and eventually, the FT ages were determined by substituting the 

track counts Ns and Ni for the track densities s and i. 

 

Table 1. Detailed dating results for GC1214-1 
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Table 2. Detailed dating results for GC1214-2 

 

 
 

In this study, neutron irradiation was executed in a well-thermalized flux 

(X-7 facility; ratio of Cd to Au of approximately 98) in the HIFAR (High 

Flux Australian Reactor) of the Australian Atomic Energy Commission. The 

total neutron fluence was evaluated from the densities of tracks counted in 

mica detectors attached to two pieces of standard CN5 glass (containing 11 

ppm U), d, at both ends of the sample stack in the irradiation canister. If a 

detectable flux gradient was observed over the length of the sample package, 

a value for each mount in the stack was deduced through linear interpolation 

of the values of d adjacent to the standard glass slides. 

As FTs in apatites are quite thermally sensitive, they may be reset at 

relatively low temperatures around 100C after geologic time spans. It has 

been shown that even volcanic rocks without post-eruptional reheating 

contain thermally affected apatites, the confined tracks of which are about 

14-15 m long. They are shorter than those of induced tracks (approximately 
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16 m) within the same apatites, and Green (1980) presented a justification 

for this phenomenon in terms of track annealing at moderate temperatures 

(<50C) over a geologic time. Quantitative models of the response of FTs 

residing in apatites have been constructed based on the method developed 

by Green et al. (1989). Another point is that annealing rates are considerably 

affected by chlorine contents (e.g., Green et al., 1986). Such anomalies, then, 

are eliminated by referring to Cl weight content. 

 

Table 3. Detailed dating results for GC1215-3 

 

 
 

We utilize apatite FTs having no intersections with the polished internal 

crystal surface, which we call “confined FTs.” They have been expanded by 

etchant that has infiltrated the crystals via fractures or other tracks, and 

become observable. The analyzer enables individual track lengths to be 

determined with a 0.2 m precision. Measurement was done under careful 

verification of the FTs’ annealing efficiency, and only horizontal tracks were 

treated, in accordance with a recommendation by Laslett et al. (1982). 
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Although 100 tracks were routinely measured per sample, the whole mount 

was scanned to pick up as many confined FTs as possible, in case fewer than 

100 confined tracks were available. 
 

Table 4. Detailed dating results for GC1215-4 
 

 
 

Table 5. Detailed dating results for GC1216-2 
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Table 6. Summary of FT length measurements for GC1214-1  

and GC1214-2 

 

 
 

Table 7. Summary of FT length measurements for GC1215-1, 

GC1215-2, GC1215-3 and GC1215-4 

 

 
 

Table 8. Summary of FT length measurements for GC1216-1  

and GC1216-2 

 

 
 

 

4. RESULTS 
 

Apatite grains were obtained from one Onogawa Group and four Izumi 

Group sites. Detailed dating results are presented in Tables 1 to 5 together 
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with analytical parameters for thermochronological study. Summaries of the 

FT length measurements are given in Tables 6 to 8. 

 

 

Figure 3. Basic analytical plots for GC1214-1. (a) Radial plot of single-grain ages.  

(b) Distribution of Cl content in apatite grains. (c) Single-grain age versus Cl weight 

fraction for individual apatite grains. (d) Distribution of confined track lengths. 

 

Figure 4. Basic analytical plots for GC1214-2. (a) Radial plot of single-grain ages.  

(b) Distribution of Cl content in apatite grains. (c) Single-grain age versus Cl weight 

fraction for individual apatite grains. (d) Distribution of confined track lengths. 
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Figure 5. Basic analytical plots for GC1215-3. (a) Radial plot of single-grain ages.  

(b) Distribution of Cl content in apatite grains. (c) Single-grain age versus Cl weight 

fraction for individual apatite grains. (d) Distribution of confined track lengths. 

 

Figure 6. Basic analytical plots for GC1215-4. (a) Radial plot of single-grain ages.  

(b) Distribution of Cl content in apatite grains. (c) Single-grain age versus Cl weight 

fraction for individual apatite grains. (d) Distribution of confined track lengths. 
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Figure 7. Basic analytical plots for GC1216-2. (a) Radial plot of single-grain ages.  

(b) Distribution of Cl content in apatite grains. (c) Single-grain age versus Cl weight 

fraction for individual apatite grains. (d) Distribution of confined track lengths. 

Figures 3 to 7 present basic analytical plots of each sample location, 

namely, a radial plot of single-grain ages (a), the distribution of Cl content 

in apatite grains (b), single-grain age versus Cl weight fraction for individual 

apatite grains (c), and the distribution of confined track lengths (d), which 

clearly suggests presence of shortened tracks as a result of thermal 

annealing. 

The apatite FT analysis for the one Onogawa Group sample from 

Kyushu Island indicates gradual uplift and exhumation since the Miocene. 

On the other hand, the four samples of the Izumi Group on Shikoku Island 

show a signature of higher temperatures reached around the Oligocene to 

Miocene. We consider the tectonic context of these results (difference in 

thermal histories along the island arc) in the following section. 

 

 

5. DISCUSSION 
 

Figures 8 to 12 delineate the burial and uplift/exhumation histories 

recovered using apatites separated from five samples of the Onogawa and 
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Izumi Groups. An in-house Geotrack numerical model on an analytical 

system was utilized to produce the graphical representations. A certain range 

of thermal conditions was determined for predictions that are consistent with 

the actual data at a 95% confidence interval (Green and Duddy, 2010). 

Contrary to previous FT analysis for the Izumi Group to the north of the 

present sampling sites (Figure 1 of Itoh et al., 2017c), FT ages younger than 

the stratigraphic assignment imply severer post-depositional heating. 
 

 

Figure 8. Burial and uplift/exhumation history restored for apatites separated from 

GC1214-1. 

It is commonly observed that the late Cretaceous sediments filling the 

forearc pull-apart basins on the investigated islands experienced a 

considerable cooling around the Miocene, suggesting a regional uplift. 

Accepted wisdom is that the Neogene rifting and opening of the southern 

Japan Sea marginal basin provoked massive subsidence of the backarc side 

of southwest Japan, which was succeeded by an abrupt, extensive uplift and 

formation of a ubiquitous unconformity at the initiation of the post-opening 

era (early middle Miocene; e.g., Itoh and Hayakawa, 1988; Tamaki et al., 

2006). The present study has confirmed that the tectonically driven 

regressive tendency was prevalent on the both the back- and forearc sides of 

the convergent margin. 
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Figure 9. Burial and uplift/exhumation history restored for apatites separated from 

GC1214-2. 

 

Figure 10. Burial and uplift/exhumation history restored for apatites separated from 

GC1215-3. 
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Figure 11. Burial and uplift/exhumation history restored for apatites separated from 

GC1215-4. 

 

Figure 12. Burial and uplift/exhumation history restored for apatites separated from 

GC1216-2. 
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Figure 13. Tectonic model of the western portion of southwest Japan around the time 

of the Miocene backarc opening event. 

A difference in the impact of the Oligo-Miocene thermal episode was 

observed between the Kyushu and Shikoku Islands. Late Cretaceous 

deposits on the former seem to have gradually cooled since the backarc 

opening, whereas the equivalents on the latter island suffered from elevated 

temperatures around the opening event, which may be attributed to syn-

/post-opening vigorous volcanism in southwest Japan. For example, Mt. 

Myojin, to the south of the sampling localities, is composed of a series of 

middle Miocene rhyolitic and dacitic intrusive rocks (Miyazaki et al., 2016). 

Although Kyushu Island was also under the influence of episodic igneous 

activities during the same period (Sano, 2010), the Cretaceous basin was 

immune to detectable re-heating. This is probably related to the gigantic 
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crustal bend (see Figure 13) that developed, forming a cylindrical fold with 

vertical axes as a result of the Miocene clockwise rotation of the 

southwestern Japan arc (e.g., Murata, 1987; Kano et al., 1990), by which the 

coeval volcanic front on Kyushu migrated toward the southern portion of the 

island. 

 

 

CONCLUSION 
 

In this paper, we have aimed to present a well-organized 

thermochronological study of a series of Cretaceous sediments distributed 

on the forearc side of southwest Japan, and have the following results to 

report. 

 

1. Apatites were obtained from one Onogawa Group site on Kyushu 

Island and four Izumi Group sites on Shikoku Island. Sufficient 

yields from the sites’ samples endorse the high quality of the 

analytical results. 

2. We found a common trend, that the late Cretaceous pull-apart basin 

fills have recorded a Miocene cooling event related to a regional 

uplift of the island arc, subsequent to the rifting and opening of the 

Japan Sea backarc basin. 

3. We confirmed a considerable difference in an Oligocene to Miocene 

thermal episode between the Kyushu and Shikoku Islands. Although 

forearc sediment on the former gradually cooled around the backarc 

opening, contemporaneous samples on the latter experienced higher 

temperatures during the tectonic event. Such a phenomenon may be 

linked to syn- and/or post-spreading volcanism in southwest Japan. 

The absence of the thermal effect on the Cretaceous basin of Kyushu 

is presumably attributed to the migration of the volcanic front as a 

result of arc-bending during the fan-shaped opening of the Japan 

Sea. 
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