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Abstract To decipher the Miocene evolution of the Shimanto belt of southwestern Japan, structural and
paleothermal studies were carried out in the western area of Shikoku Island. All units constituting the belt,
both in its Cretaceous and Tertiary domains, are in average strongly dipping to the NW or SE, while
shortening directions deduced from fault kinematics are consistently orientated NNW-SSE. Peak
paleotemperatures estimated with Raman spectra of organic matter increase strongly across the southern,
Tertiary portion of the belt, in tandem with the development of a steeply dipping metamorphic cleavage.
Near the southern tip of Ashizuri Peninsula, the unconformity between accreted strata and fore-arc basin,
present along the whole belt, corresponds to a large paleotemperature gap, supporting the occurrence of a
major collision in Early Miocene. This tectonic event occurred before the magmatic event that affected the
whole belt at ~15 Ma. The associated shortening was accommodated in two opposite modes, either localized
on regional-scale faults such as the Nobeoka Tectonic Line in Kyushu or distributed through the whole belt as
in Shikoku. The reappraisal of this collision leads to reinterpret large-scale seismic refraction profiles of the
margins, where the unit underlying the modern accretionary prism is now attributed to an older package of
deformed and accreted sedimentary units belonging to the Shimanto belt. When integrated into
reconstructions of Philippine Sea Plate motion, the collision corresponds to the oblique collision of a paleo
Izu-Bonin-Mariana Arc with Japan in Early Miocene.

Plain Language Summary We describe in this article how the southwest margin of Japan was
built in the past 20 Myr. The rocks presently exposed along the southern coast of Shikoku and the
eastern coast of Kyushu are fossil structures that have been exhumed from the depths. Their analysis
enables us to go back in time and to reconstruct the margin evolution around 20 to 15 Myr. At that time,
there was a large collision with a block on top of the plate that subducted below Japan. This collision
resulted in a large-scale deformation and shortening of the Japanese margin, which is recorded in the
rock structure as well as in the past thermal field. The present structure of the margin is mostly inherited
from this collisional event, ~20 Myr ago.

1. Introduction

The structure and dynamics of convergent margins is a major geodynamical question since the development
of the plate tectonics model [Dewey and Bird, 1970]. Southwest Japan, with its two-paired metamorphic belts
[Miyashiro, 1961], is the archetypal Pacific-type orogeny [Ernst, 2005; Maruyama, 1997] and provides the
opportunity to assess the production/recycling of crust in subduction zones. Beside the magmatic production
in the arc [Ernst, 2005], the growth of the upper plate crust depends on the processes active in its frontal
domain, the accretionary prism, where either accretion of lower plate material (sediments and crust) or
erosion of the upper plate may occur.

The Nankai accretionary prism, which constitutes the southwest margin of Japan, is an example of a modern
accretive margin [Von Huene and Scholl, 19911. Its landward prolongation, the Shimanto belt, enables us to go
back into time and to assess the evolution of the southwestern Japanese margin over the Cretaceous to
Neogene time span [Taira et al., 1988, 1980b]. Overall, there is a progressive younging of biostratigraphic ages
toward the south [Oyaizu et al., 2002; Taira et al., 1980b], reflecting prism progressive growth by frontal accre-
tion since the Cretaceous [Isozaki et al., 2010; Taira et al., 1988]. This accretion is the result of the imbrication of
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thrust sheets detached from the lower plate, as evidenced by the repetition of similar biostratigraphic ages
over different tectonic units [Nishi, 1988; Taira et al., 1980a, 1980b].

This model of steady state growth of the Shimanto belt provides a basis to compare its structure to modern
margins, such as the Nankai Trough. In this framework, the Nobeoka Tectonic Line, a large-scale fault within
the Shimanto belt, is considered as the fossil equivalent to the out-of-sequence thrust observed in Nankai
margin [Kimura et al., 2013; Kondo et al., 2005]. Similarly, the different deformation stages recorded in turbi-
dites from the Shimanto belt on Okinawa [Ujiie, 1997] or in Shikoku [DiTullio and Byrne, 1990] are interpreted
in terms of processes observed in modern subduction zones, such as offscraping, accretion,
and underplating.

Nevertheless, superimposed on this steady state evolution are several short-lived events. First, a belt-wide
magmatism occurred at ~15 Ma [Kimura et al., 2005], with a very large range of compositions and an origin
still under discussion [Kimura et al., 2014; Tatsumi, 2006]. Moreover, the general structure of the southern part
of the belt was interpreted by some authors as the result not of continuous subduction/accretion but of a
collision in the Early Miocene.

The southern, Tertiary part of the Shimanto belt has a similar structure on several belt-perpendicular transects
from Kyushu to Kanto [Charvet and Fabbri, 1987; Sakai, 1988; Sakai, 1985]. First, it is mostly composed of
strongly deformed sedimentary formations, whose bedding dips predominantly toward the north, inter-
preted as units accreted to the accretionary prism. Second, on top of these units, lie units deposited uncon-
formably, called, for example, the lorigawa formation/Miyazaki Group [Murata, 1997; Sakai, 1985], the Misaki
Group [Taira et al., 1980b], and the Tanabe and Kumano Groups [Chijiwa, 1988] in Kyushu, western Shikoku
and Kii, respectively.

Biostratigraphic ages of the younger, unconformable strata are at the oldest late Early Miocene to early
Middle Miocene [Sakai, 1988; Sakai, 1985], while accreted units can be as young as Early Miocene. The uncon-
formity, widely distributed throughout the belt and relatively contemporaneous irrespective of the transect
considered, is the principal argument to define a collisional stage, named the Takachiho orogeny [Charvet,
2013; Charvet and Fabbri, 1987; Sakai, 1988; Sakai, 1985; Sakamoto, 1977; Tanaka, 1977], affecting the whole
belt in the Early Miocene.

A major question regards the contribution of this collisional stage, with respect to steady state processes, to
the accretion and building of the margin. The relative lack of structural, petrological, and deformation age
data has prevented researchers so far to determine whether the geometry of the Shimanto belt and its
localized deformation structures were formed continuously since Cretaceous or discontinuously during a
short tectonic stage in Early Miocene.

The Miocene evolution of the southwestern margin of Japan is also a major element to constrain the
Philippine Sea Plate (PSP) motion at that time. Due to the scarcity of paleomagnetic data in a plate that is
almost completely oceanic, the relative motion of PSP features, such as Izu-Bonin-Mariana (IBM) Arc or the
Shikoku Basin (SB) with respect to Japan and its precise timing, remains uncertain [Ali and Moss, 1999; Hall,
2002; Hibbard and Karig, 1990; Sdrolias et al., 2004; Seno and Maruyama, 1984].

In this study, we carried out a field analysis in western Shikoku, encompassing the Cretaceous and Tertiary
domains of the belt, to determine the geometry of structures and the kinematics of deformation. We col-
lected samples for the analysis of Raman spectra of organic matter, from which we derived a map of peak
paleotemperature distribution. Combining these data with those acquired along another transect
[Raimbourg et al., 2014] leads to larger-scale scheme of the Miocene evolution of the Shimanto belt relying
on cross sections and plate reconstructions, highlighting the importance of the collision stage to the present
structure of the belt.

2. Geological Setting
2.1. General Structure
The Shimanto belt constitutes the most external tectonic belt of southwest Japan and extends from

Ryukyu Islands to Kanto area [Taira et al., 1988, 1980b]. The stratigraphic ages of the sediments compos-
ing it range from Cretaceous to Neogene and show an overall younging from the northern, inner domains
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Figure 1. Map of the Shimanto belt in western Shikoku, simplified from Geological Survey of Japan, A. [2015]. The Shimanto belt is divided into a northern Cretaceous
subbelt and a Paleogene to early Miocene southern subbelt.

to the southern, external ones [Taira et al, 1980b; Teraoka and Okumura, 1992]. It is limited on its
northern border by the Butsuzo Tectonic Line, separating it from the Chichibu belt. The Nobeoka
Tectonic Line in Kyushu and the Aki tectonic line in Shikoku divide the Shimanto belt into a northern
Cretaceous subbelt and a Paleogene to early Miocene southern subbelt [Murata, 1997; Saito et al.,
1996; Sakaguchi, 1999; Taira et al., 1988, 1980b].

The Shimanto belt is composed principally of “coherent” (i.e., not disaggregated) sedimentary rocks, made of
alternating sandstone and mudstone beds [Sakaguchi, 1999; Taira et al., 1988, 1980b]. Most authors consider
that these formations consist of deep seafloor sediments and also of trench-fill deposits. Sandwiched
between these coherent formations, several units of mélange, are described, comprising strongly deformed
slivers of sandstones and locally basalts in a mudstone matrix.

2.2. Structure of the Southern Part of the Shimanto Belt in Western Shikoku

The southern portion of the Shimanto belt in western Shikoku is constituted principally, from north to south,
by the Kurusuno and Shimizu formations (Figure 1). The Kurusuno formation is composed mostly of alternat-
ing mudstones and sandstone beds, with locally chaotic domains where blocks of sandstone with irregular
shapes are embedded in a matrix of mudstone. Biostratigraphic ages for the formation are Late Eocene to
Early Oligocene [Tokunaga, 1992]. Farther south, the Shimizu formation is mostly composed of chaotic sedi-
ments formed as a result of submarine sliding, of Late Eocene to Late Oligocene age [Kimura, 1985]. The
Shimizu formation is unconformably overlain by the Misaki formation, which is made of alternation of beds
of sandstone and mudstones, interpreted as a shallow-facies deposits. The sedimentary sequence is ~3000 m
thick, coarsening upward, with dominant mudstone near its base, and thick beds of sandstones locally inter-
calated with conglomerates near its top. The age of its lower member is Lower Miocene (Burdigalian)
[Kimura, 1985].

The Kurusuno and Shimizu Formations are intruded by magmatic bodies, including the Ashizuri-misaki gran-
ite dated 14 £ 2 Ma [Shibata and Nozawa, 1968, 1982].

The mudstone matrix of the Shimizu [Kimura, 1985] and Kurusuno Formations [Taira et al., 1980b] show a
well-developed metamorphic cleavage, which is absent or only locally present in other formations. The
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Figure 2. Map of bedding stratification (So) and cleavage planes (S1) and corresponding stereoplots of poles to planes. In the plots, the average pole appears as a red
circle. All stereographic projection in lower hemisphere.

nature of the mineral forming the cleavage is not indicated, except in in the south of the Kurusuno Formation
where metamorphic temperature is high enough for small biotite to crystallize [Tokunaga, 1992].

3. Structural Analysis
3.1. Bedding and Cleavage

Along the western and eastern coasts of Shikoku as well as along several inland transects, we measured the
orientation of the bedding surface. In addition, we observed locally the presence of a metamorphic cleavage,
apparent as a millimeter- to centimeter-spaced fissility of the rock (Figures 2 and 3). At microscopic scale, the
cleavage plane is defined by the preferred orientation of phyllosilicates, which are too small to be identified
under the optical microscope, as well as an anastomosing network of dark seams composed of insoluble resi-
due, a feature characteristic of pressure solution [DiTullio and Byrne, 1990; Kawabata et al., 2007]. The meta-
morphic cleavage is mostly developed in the Tertiary part of the belt, both in mélange formations (Figures 3a
and 3b) in well-bedded turbidites (Figures 3c-3e).

Cleavage and bedding share a relatively similar average orientation around NE-SW but are more scattered in
the Cretaceous part of the belt. Bedding and cleavage planes have mostly large dip angles, with dip direc-
tions toward the NW or the SE (Figure 2).

3.2. Kinematics of Deformation

3.2.1. Deformation Structures

In agreement with the low temperature conditions, deformation structures consist mostly of folds, faults, and
veins. The folds are at the 1-10 s meter scale and trend E-W in average (Figure 5c). The faults generally dip to
the north and their lateral extension ranges from 0.1 to 10 s of meters, while the thickness of their core is less
than a few millimeters. A large fraction of the faults are mineralized with quartz (Figure 4). The movement on
faults is indicated by striation or by deflection of the bedding (Figures 4a, 4c, and 4d) or sandstone boudins
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Figure 3. Development of a penetrative cleavage, cutting across (a and b) early-, soft-sediment stage slump folding or (c—e)
the bedding surface of turbidites. The cleavage is crosscut by later-stage, top-to-the-south shear zones mineralized with
quartz (Figure 3a). Outcrop reference: 230, Kurusuno Group (Figure 3a), 291 Kurusuno Group (Figure 3b), 269, Kurusuno
Group (Figure 3c), 262, Misaki Group (Figure 3d), and 237, Shimizu Group (Figure 3e).

(Figure 4b). Veins are millimeter to meter long and are concentrated in the sandstone domains, especially in
the vicinity of faults (Figures 4a and 4b). Their principal filling mineral is quartz.

3.2.2. Paleostress Inversion

Deformation markers used for the stress inversion comprise striated faults, veins, and folds. A confidence
level was attributed to the kinematics observed on each deformation marker (certain, probable, supposed,
and unknown), using the convention of fault slip analysis [Angelier, 1984; Delvaux and Sperner, 2003;
Sperner et al., 2003]. Following the recommendations of Sperner and Zweigel [2010], the data were sorted
manually into subsets, based on field-observed chronological relationships or geometrical reasoning (e.g.,
rotation of one principal stress axis to the vertical by restoration of the bedding stratification to the horizontal
[Lacombe, 2012]). Stress inversions were performed using the Win_Tensor program [Delvaux, 2013]. The
inversion procedure used by this program are described in detail in Delvaux and Sperner [2003]. The
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Figure 4. (a and b) Small-scale, low-angle thrust faults cutting across well-bedded turbidites (Figure 4a) and mélange rocks
with boudins of sandstone in a pelitic matrix (Figure 4b). (c and d) Large-scale thrust faults forming either an anastomosing
network in thin turbidites (Figure 4c) or localized on a master plane cutting across thick sandstone beds. (e) Strike-slip fault
offsetting layers of metapelites and metabasites. All faults are mineralized with quartz, and in Figures 4a and 4b the

movement on the shear plane is accompanied by forming quartz extension veins within the sheared sandstones beds and

lenses. Outcrops reference: 299, Northern belt (Figure 4a), 220, Okitsu mélange (Figure 4b), 302, Northern belt (Figure 4c),
293, Southern belt (Figure 4d), and 222, Okitsu mélange (Figure 4e).

inversion of fractures allows reconstructing a reduced tectonic stress tensor composed of four parameters,
the three orthogonal directions of principal stresses and the stress ratio R = (62 — 63)/(c1 — 03) (for
further details, see also Famin et al. [2014]). The horizontal maximum and minimum stress orientations
(SHmax and Shpn, respectively) and their 1o standard deviation are computed from the values and
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Figure 5. (a) Structural map showing the stress régime, the direction of the horizontal maximum stress SHpyax, and the direction of fold axes. The ranking system
refers to the quality of the inversion from A (best) to E (worst). TF, NF, SS, and UF stand for thrust faulting, normal faulting, strike slip faulting and unknown fault-
ing, respectively. (b and b’) Rose diagram of maximum stress orientation in thrust and strike-slip faulting on the west and east coast (with respect to Cape Ashizuri),
respectively. (c) Stereoplot of fold axes (average as a red circle).

uncertainties of the four parameters of the reduced stress tensor using the method of Lund and Townend
[2007]. The quality of each reduced stress tensor was estimated using two indexes, both ranging from A
(best) to E (worst). Each site of stress inversion is plotted on the geological map as a line giving the
direction of SH .y, With a size giving the quality of the inversion and a color depending on the stress régime.

At most sites, only a single stress régime can be observed (Figure 5 and supporting information S1). Except for
its northwesternmost domain, the stress regime is dominated by thrusting throughout the Shimanto belt.
Strike-slip faulting is locally present, in particular in the southern Shimizu and Misaki formations. Normal fault-
ing is less developed, and the corresponding direction of SH,,x is in general parallel to thrust and strike-
slip regimes.

The direction of the maximum principal stress in thrust and strike-slip faulting is concentrated around NNW-
SSE. There is a slight difference in orientation between the west and east coast (with respect to Ashizuri
Misaki), with an average direction as N153 and N176, respectively (Figures 5b and 5b’). As a result, the short-
ening direction points roughly toward the southern tip of the peninsula.

This NNW-SSE direction of shortening is consistent with the fold average orientation as N087 (Figure 5¢). It is
also compatible with the pole to the metamorphic cleavage, orientated in average N145 with a dip of 5°
(Figure 2).

4. Paleotemperatures
4.1. Methods

Raman Spectroscopy of Carbonaceous Material (RSCM) thermometry is based on the quantitative estimation of
the degree of structural transformation of carbonaceous material (CM) [Beyssac et al., 2002; Lahfid et al., 2010].
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Because of the irreversible character of graphitization, Raman spectrum of CM can be correlated with peak
T conditions (noted T,,ax hereafter).

RSCM analyses were conducted on thin sections prepared on CM-rich metasediments cut in the structural X-Z
plane (i.e., orthogonal to foliation and parallel to striation on surrounding faults). Raman spectra were obtained
using a Renishaw InVIA Reflex microspectrometer (Institut des Sciences de la Terre d'Orléans-Bureau de
Recherches Géologiques et Minieres; Orléans). A laser (514 nm) was focused on the sample by a DM2500
Leica microscope equipped with a 100X objective. Instrument control and Raman measurements were per-
formed with the software package Renishaw Wire 4.0. Acquisition time was generally over 30 s, and spectra were
accumulated once or twice. To avoid defects on the CM related to thin-section preparation, analyses were all
performed below the surface of the section by focusing the laser beam beneath a transparent crystal (i.e.,, dom-
inantly quartz and occasionally calcite or albite). The laser beam power at sample surface was set to ~0.5 mW.

To interpret Raman spectra, we used the procedure of Lahfid et al. [2010] adapted to the low-grade meta-
morphic rocks considered here. This decomposition of spectra is based on five peaks, forming a defect band
centered around 1350 cm™" (peaks D, D3, and D) and a graphite band centered around 1580-1600 cm ™"
(peaks D, and G). Tnax can then be estimated, with an uncertainty of £25°C, as Ra; = 0.0008T . + 0.3758,
where Ry, is the ratio of the peak areas defined as Ry, = (D + D4)/(D; + D5 + D3 + D4 + G). Note that the ther-
mometer is calibrated for the range 200-320°C, but for the sake of discussion we used the correlation
Ra1-Tmax for all samples where the decomposition in five peaks appropriately described the whole Raman
spectrum, i.e., in the range 170-370°C (see Table 1). For a couple of samples of much higher grade, the decom-
position of Raman spectra in five peaks was not possible. In this case, we applied the method described in
Beyssac et al. [2002] for a decomposition in three peaks, calibrated for the temperature range 330-650°C.

4.2, Results

Metamorphic temperatures show a general increase from the Cretaceous to the Tertiary portions of the
Shimanto belt (Figure 6). This increase is concentrated around the northern boundary of the Tertiary belt.
Farther south, the temperatures in the Eocene to Early Miocene formations are roughly constant and around
300-350°C. Except for a very high temperature of 439°C near the Ashizuri Granite, none of the highest tem-
peratures recorded can be associated with the proximity of an exposed magmatic intrusion. The strata of the
Middle Miocene Misaki Group were affected by much lower temperatures than the underlying Eocene to
Early Miocene formations, culminating along its northern boundary with a temperature gap of ~200°C across
the fault contact. There is also a progressive decrease in the temperature with the stratigraphic level, from
~260°C near the base of the Misaki Group up to ~170°C toward its top.

For the sake of comparison with Shikoku, additional paleotemperature measurements were carried out on
another transect of the Shimanto belt in eastern Kyushu (Figures 7a and 7a’), whose structure was already
described in Raimbourg et al. [2014]. Except for one sample near the Osuzuyama volcanics, the peak paleo-
temperatures are not controlled by the Miocene magmatic bodies. The paleotemperature field is controlled
by the tectonic position; i.e., paleotemperatures are relatively homogeneous within each structural unit but
change significantly across the tectonic contacts.

5. Discussion

The collisional model of evolution of the Tertiary Shimanto belt, the “Takachiho orogeny” [Charvet and Fabbri,
1987; Sakai, 1988; Sakai, 1985], revolves around the recognition along the entire belt of an unconformity in
Early Miocene times, separating strongly deformed rocks from overlying, less deformed ones (Figure 8).
Another group of studies, concentrated on the structure of the belt along the transect across eastern
Shikoku [e.g., DiTullio and Byrne, 1990; Underwood et al., 1993], described the evolution of the belt with pro-
cesses akin to modern subduction zones, without taking this unconformity into account.

The data collected in western Shikoku provide additional constraints to be combined with the existing data
to further understand the Miocene evolution of the belt. In the following, we examine first which geological
scenario fits best the western Shikoku data. We then propose a larger-scale tectonic framework incorporating
the different transects of the belt from Kyushu to Kii, leading to a new interpretation of seismic refraction pro-
files of the margin [e.g., Nakanishi et al., 2002]. We finally discuss how the collision in Early Miocene can be
accounted for in the geodynamical evolution of Japan and Philippine Sea Plate during the Tertiary.
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Table 1. Raman Spectroscopy of Carbonaceous Material®

Standard
Number of Ra1 = (Dy + Dy)/ Tmean Deviation
Area Sample Longitude Latitude Analyses (D1 +Dy+D3+D4g+G) (°Q) onT Stratigraphic Age
Kyushu HN44 131.3782566 325145217 9 0.663 356 21 Cretaceous
HN52-bis  131.2425042 324161024 10 0.663 357 23 Cretaceous

HN61 131.8558849 32.7202371 10 0.656 348 6 Cretaceous
HN63 131.4775705 32.6029473 9 0.652 343 9 Cretaceous
HNO5 131.742482 32593182 10 0.603 284 15 Eocene
HN58 131.7598370 32.6126455 10 0.609 291 14 Eocene
HN54 131.7309834 32.5912574 10 0.540 207 11 Eocene-Oligocene
HN64 131.4629731 32.5944187 9 0.565 238 6 Eocene-Oligocene
HN65 131.4035731 32.5451741 10 0.567 240 6 Eocene-Oligocene
HN68 131.3992347 32.5493934 10 0.587 264 22 Eocene-Oligocene
HN72 131.4140005 32.4553269 12 0.532 198 25 Eocene-Oligocene
HN75 131.2446024 324161858 10 0.570 244 11 Eocene-Oligocene
HN77 131.2446024 324161858 10 0.585 261 27 Eocene-Oligocene
HN78 131.3258374 323907349 10 0.536 202 14 Eocene-Oligocene
HN85 131.3148107 324286718 10 0.569 242 11 Eocene-Oligocene
HN91 131.2425042 324161024 10 0.561 233 8 Eocene-Oligocene
HN93 131.5820251 32.6044481 10 0.570 244 16 Eocene-Oligocene
HN94 131.5756283 32.6083713 10 0.563 235 13 Eocene-Oligocene
HN105 131.6656952 32.5257157 8 0.527 191 10 Eocene-Oligocene
HN128 131.6390575 324668230 10 0.513 174 13 Eocene-Oligocene
HN141 131.4810406 324981894 9 0.515 176 23 Eocene-Oligocene
HN158 131.3839863 32.4600447 8 0.518 181 23 Eocene-Oligocene
HN205 131.3366231 32.3839949 9 0.532 197 9 Eocene-Oligocene
HN211 131.4148044 32.3406888 9 0.591 268 18 Eocene-Oligocene

Western Shikoku ~ HN321 33213623116  133.2400431783 12 0.546 214 21 Cretaceous
HN323  33.2032327661 133.2344064839 1 0.550 219 8 Cretaceous
HN324  33.2009435495 133.2378526973 10 0.538 205 14 Cretaceous
HN325  33.2020049411 133.2353217866 10 0.563 235 25 Cretaceous
HN327  33.1180088776  133.154525008 11 0.540 206 15 Cretaceous
HN329  33.1633935877 133.1838373034 10 0.577 252 9 Cretaceous
HN330  33.1074861111 132.9569638889 10 0.543 211 15 Cretaceous
HN353 329110633774 132.6972258216 12 0.556 226 9 Cretaceous
HN354  32.9248617419 132.6789980132 12 0.559 230 11 Cretaceous
HN331 32.9572810822 132.9936133494 10 0.539 206 16 Eocene to Early Miocene
HN332  32.9469124213 132.9967380556 10 0.583 259 16 Eocene to Early Miocene
HN333  32.8793995084 133.0055300503 10 0.623 308 28 Eocene to Early Miocene
HN334  32.8431298202 132.9537619995 1 0.583 259 18 Eocene to Early Miocene
HN335  32.8307061256 132.9592277635 1 0.618 302 21 Eocene to Early Miocene
HN336  32.7990894462 132.9685170095 12 0.624 309 15 Eocene to Early Miocene
HN337  32.7872396286 133.0003133224 12 0.649 339 16 Eocene to Early Miocene
HN338  32.7592342289 133.0153296832 11 0.454 439 30 Eocene to Early Miocene
HN339  32.7556070588 132.9634607419 12 0.634 321 31 Eocene to Early Miocene
HN340  32.7688765296 132.9451434677 12 0.614 297 24 Eocene to Early Miocene
HN342  32.7821246938 132.8493288639 8 0.633 360 15 Eocene to Early Miocene
HN345  32.7558571166 132.7874248375 12 0.656 349 23 Eocene to Early Miocene
HN346  32.7598193292 132.765353585 12 0.651 342 21 Eocene to Early Miocene
HN347  32.7858217426  132.726688158 12 0.671 371 20 Eocene to Early Miocene
HN348  32.7952991639 132.7170286751 12 0.672 367 27 Eocene to Early Miocene
HN350  32.8416133626 132.6733160486 12 0.677 374 18 Eocene to Early Miocene
HN351  32.8642534993 132.6727152787 12 0.647 337 30 Eocene to Early Miocene
HN352  32.8772761694 132.7084973536 12 0.620 304 38 Eocene to Early Miocene
HN341  32.7876639613 132.9113802527 12 0.546 214 32 Middle Miocene
HN343  32.7849655619 132.8780557764 12 0.557 228 15 Middle Miocene
HN355  32.7812992687 132.9290111675 12 0.582 258 24 Middle Miocene
HN357  32.7895307474 132.8858588487 12 0.532 198 11 Middle Miocene
HN359 32.78711 132.86 12 0.511 172 14 Middle Miocene

@Raman spectra peak fitting method and conversion to temperatures was done according to Lahfid et al. [2010] for all but two samples (shown in italics). For
these two samples, Raman spectra were more adequately described with the geothermometer designed by Beyssac et al. [2002] for higher grade metamorphism
of carbonaceous matter.
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Figure 6. Distribution over southwestern Shikoku of maximum paleotemperatures, as recorded by the Raman geother-
mometer of organic matter.

5.1. Miocene Evolution of Western Shikoku

5.1.1. Metamorphic Temperature Field

The paleotemperatures in the Misaki Group, are of the order of 260°C at its bottom and decrease rapidly
toward its top. In contrast, the underlying accreted formations of the Kurusuno and Shimizu Groups experi-
enced significantly larger temperatures, in the range 300-350°C, over a large area (Figure 6).

There is therefore a temperature gap between the basin and its substratum of at least 50-100°C, which pre-
cludes first the interpretation of the fore-arc basin/underlying prism simply as the mirror of situation in the
offshore Nankai Trough continental slope [Expedition 315 Scientists, 2009], i.e., the modern equivalent of
the Shimanto belt, where the Kumano fore-arc basin is separated by a sedimentary unconformity from an
underlying package composed of older, accreted units. As a consequence, there is a tectonic event separat-
ing the thermal imprint on the Kurusuno and Shimizu formations from the deposition of the fore-arc basin on
top of them. The thermal and tectonic events are probably contemporaneous, as the Kurusuno and Shimizu
formations, which recorded the highest temperatures in the belt in western Shikoku, are also the ones where
the metamorphic cleavage, associated with a NW-SE shortening (Figures 2 and 5), is most developed. There is
therefore a close association between deformation and temperature record, pointing to a collision stage in
the Late Oligocene to Early Miocene (Figure 8).

5.1.2. Geochronological Constraints

K-Ar dating of the cleavage in the Kurusuno formation (Figure 1), where temperatures were highest and
where metamorphic biotite was reported [Tokunaga, 1992], gave ages between 18.5 and 33.7 Ma
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Figure 7. (a—c) Comparison of foliation/bedding attitude in eastern Kyushu [Raimbourg et al., 2014] compared to Shikoku, in the western (this study) and eastern
peninsulas [Hibbard et al., 1992; Taira et al., 1980b]. (a’-c’) Corresponding temperature field from Raman Spectroscopy of Carbonaceous Material data (Figures 7a’
and 7b’) and vitrinite reflectance data (Figure 7c’ from DiTullio and Hada [1993]), with the correspondence equation with temperature from Hara and Kimura [2008]).

Note that the ages of the Hyuga Group in orange in Figure 7a extend only to the late Early Oligocene.

[Agar et al., 1989]. The youngest K-Ar age was rejected because of the proximity of the sample with a faulted
contact, but another interpretation is possible. The grain size fraction (<0.5 um) chosen by Agar et al. [1989]
for dating clays may be too large to prevent the presence of inherited grains [Meunier et al., 2004;
Pevear, 1999]. As a consequence, all ages may be mixtures ages between inherited and neoformed
phyllosilicates, and the youngest one (18.5 Ma) may actually the closest to the true metamorphic age,
yielding an Early Miocene age for the formation of the metamorphic cleavage. A similar age of 18 Ma was
obtained for the formation of a pseudotachylyte in the Kure mélange [Honda et al, 2011], in the
Cretaceous part of the belt, suggesting that deformation in the Early Miocene spanned a portion of the

belt larger than only the southern, Tertiary domain.

5.1.3. Miocene Evolution of Western Shikoku
Our analysis demonstrates a significant time gap between a first episode of heating, in the Early Miocene,

responsible for the regional field of temperature in southwestern Shikoku and the widely recognized
magmatic event in Middle Miocene [Kimura et al., 2005]. The thermal overprint of contact metamorphism
around intrusive rocks is only recorded by the crystallinity of organic matter within an aureole of few kilo-
meters, as can be seen in the paleotemperatures of Kyushu (Figure 7a’, this study), of western (Figure 7b/,
this study), and eastern Shikoku (Figure 7¢’ [DiTullio and Hada, 1993). Thus, contact metamorphism cannot
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Figure 8. Compilation of plate motion, magmatism, and biostratigraphic ages over the Shimanto belt in the Oligo-Miocene. The timing of the major collisional stage
in the Early Miocene is bracketed by the biostratigraphic ages of the strongly tectonized formations and the deposition of the Misaki Group in western Shikoku. Solid/
dashed lines corresponds to the reliability of the time constraint. References: (a) Jolivet et al. [1994], (b) Chamot-Rooke et al. [1987], (c) Kimura et al. [2005], (d-e)
Hayashida et al. [1991] - Otofuji et al. [1991], (f) Sakai [1985], (g) Sakai [1988], (h) Kimura [1985], and (i) Taira et al. [1980b].

account for the elevated paleo-temperatures recorded in the 30 km x 30 km area of the Tertiary belt in
western Shikoku.

We propose therefore that a tectonic event in the Early Miocene was indeed responsible for the metamorphic
temperatures and most of the deformation recorded in the accreted units of the Tertiary Shimanto belt in
western Shikoku. Affected units were then exhumed and partly eroded before the deposition of a fore-arc
basin (the Misaki Group) in a high geothermal gradient. The basin and underlying units were then more
slightly deformed and possibly affected to some extent by contact metamorphism with nearby granites, such
as the Ashizuri granite. Our model supports the two-stage collision scheme [Charvet, 2013; Charvet and
Fabbri, 1987], with the main stage in the Early Miocene (Figure 8), before the fore-arc basin deposition, and
a minor stage affecting the basin, possibly coinciding with the magmatic event in Middle Miocene.

5.2. Miocene Evolution of the Shimanto Belt

5.2.1. Temperature Anomaly in the Southern Part of the Belt

As in western Shikoku (Figure 6), the highest paleotemperatures in eastern Shikoku are concentrated within
the southern, Tertiary portion of the belt [Laughland and Underwood, 1993; Ohmoiri et al., 1997] which is also
the case in Kii [Chijiwa, 1988]. This thermal anomaly is not observed in Kyushu, where the Tertiary Hyuga and
Nichinan Groups experienced much lower temperatures than the Cretaceous portion of the belt (Figure 7a’)
[Palazzin et al., 2016; Sampei and Kaji, 2013].

On Kii, the age of the heating phase extends at least from the deposition of the Kumano fore-arc basin (late
Early Miocene to early Middle Miocene) to the intrusion at ~15 Ma of Kumano magmatic rocks. In eastern
Shikoku, the timing of the thermal event is only loosely constrained as posterior to the biostratigraphic ages
of the two belts constituting the southern tip of the Peninsula, of Eocene to Early Oligocene age for the
Murotohanto belt [Taira et al., 1980b; Underwood et al., 1993], and of Late Oligocene to Early Miocene age
for the Nabae belt [Hibbard et al., 1992; Lewis and Byrne, 2001, and references therein]. The highest paleotem-
peratures are observed within the Murotohanto belt, where they coincide with the development of a steeply
dipping metamorphic cleavage [DiTullio et al., 1993; Hibbard et al., 1992; Underwood et al., 1993], very similar
to the cleavage observed in western Shikoku (Figure 2).
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Because of the development of this cleavage and its association with the paleotemperature field, we propose
that the Early Miocene evolution of eastern Shikoku follows the tectonic model we propose for western
Shikoku. The high paleotemperatures recorded in Murotohanto and Nabae in eastern Shikoku and
Kurusuno and Shimizu formations in western Shikoku result therefore from a collision in Early Miocene fol-
lowed by uplift and erosion. This collision occurred probably under a high geothermal gradient because of
the proximity of a ridge (see section 5.3). Subsequently to the collision, the high geothermal gradient lasted
during the deposition of fore-arc basins (Kumano in Kii and Misaki in western Shikoku) in the late
Early Miocene and early Middle Miocene (~17 Ma to 15 Ma) [Sakai, 1985]. Finally, magmatic bodies were
emplaced at ~15 Myr, but their influence on the paleotemperature field was limited to short-range,
contact metamorphism.

5.2.2. Tectonic Structure of the Southern Part of the Belt

Beyond the presence of a common unconformity between accreted strata and fore-arc basins (Figure 8),
there are differences between Shikoku and Kyushu cross sections in the way shortening was accommodated
(Figure 7). It is apparent in the average bedding dip of accreted formations, of the order of 30-50° in Kyushu
and 60-80° in Shikoku, suggesting a much larger amount of distributed shortening in Shikoku. In contrast, a
large out-of-sequence thrust was described in Kyushu, the Nobeoka Tectonic Line (NTL), separating the
Cretaceous (and the Eocene Kitagawa Group in the east) from the Tertiary formation of Hyuga [Murata,
1991, 1996, 1997, 1998]. The NTL has a very low dip to the north and accommodated large displacement
(~50 km) in the Early Oligocene-Middle Miocene time span [Raimbourg et al., 2014]. No such regional-scale
thrust is observed in Shikoku, and the corresponding limit (the Aki Tectonic Line) has an unclear nature. In
summary, all transects of the Tertiary Shimanto belt show a large amount of shortening, but this shortening
was distributed in Shikoku and localized on a regional-scale fault in Kyushu.

5.2.3. Geophysical Constraints

In addition to temperature and tectonic structure, the scenario of Early Miocene evolution of southwestern
Japan must integrate geophysical information about the large-scale structure of the margin. Bouguer gravity
anomaly of the margin shows the existence of several zones of positive anomaly, coinciding with Shikoku and
Kii southern tips but absent along Kyushu [Kimura et al., 2014]. These anomalies were interpreted by Kimura
et al. [2014] as reflecting the presence at depth of dense plutonic bodies emplaced during the Middle
Miocene magmatic event, as plutons of this age are present at the surface in the same area. This interpreta-
tion is somehow contradicted by the structure of Kyushu, where granitic bodies are present at the surface (for
example, Okueyama and Osuzuyama complexes [Imai et al., 1971]) without any effect on the gravity field.
Similarly, in western Shikoku and Kii Peninsula, the gravity field is not affected by the plutonic bodies except
for the very southern tips of the land (Figure 9). There is therefore no clear connection between the gravity
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Figure 10. (top) Modern margin, as imaged by a seismic refraction study off Shikoku [Kodaira et al., 2000], with our geolo-
gical interpretation superimposed on their seismic units. Bottom: Cross-section of the Shimanto belt evolution during the
Miocene (profile in western Shikoku). The Early Miocene prism is collided by the IBM ridge around 20-18 Ma (stages 1-2),
resulting in strong horizontal shortening and steepening of bedding. The associated burial, under a high geothermal
gradient due to the presence of the arc and the proximity of the ridge, results in heating, recorded in the Raman spectra of
organic matter. Following this stage, the margin is uplifted above sea level and eroded, while deep rocks are partially
exhumed (stage 3). As the IBM is relatively narrow and movement oblique with respect to the margin, the buoyant indenter
moves away, resulting in margin subsidence and sedimentation above an unconformity, in parallel with the growth of a
modern prism (stage 4). At ~15 Ma, subduction of the ridge results in a second heating event, associated with widespread
magmatism (stage 5). Later on, vertical movement of the margin is reversed to uplift, up to the present structure where the
basal unconformity is cropping out and constitutes a major boundary within the margin (stage 6).
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field and the magmatism on-land and no argument to support the existence of a very large magmatic body
under the Shimanto belt, as proposed by Kimura et al. [2014] below Kii Peninsula. On the other hand, the nat-
ure of the dense body, at the origin of the positive gravity anomalies located close to southern tips of Shikoku
and Kii, is unclear.

In addition to gravity data, several seismic refraction profile were acquired perpendicular to the Nankai mar-
gin up to the fossil Shimanto belt. Three profiles from western Shikoku to Kii show the same structure with a
lens-shaped body with (V<4 — 5 km/s) on top of a higher velocity body [Kodaira et al., 2000; Nakanishi et al.,
2002; Takahashi et al., 2002], with a sharp velocity gradient across the limit [Nakanishi et al., 2002]. The first
body is interpreted as the sedimentary wedge, while the nature of the second is more ambiguous, either
island-arc crust [Kodaira et al., 2000] or clay-rich metasediments [Nakanishi et al., 2008; Nakanishi et al.,
2002; Takahashi et al., 2002]. The velocity structure is relatively similar in profiles perpendicular to the margin
across the Ryukyu trench, near the southern tip of Kyushu [lwasaki et al., 1990].

Such a structure for the upper plate strongly differs from the classical model of accretionary wedge, com-
posed of a stack of units separated by landward dipping thrusts, as, for example, the Cascadia margin off
Vancouver [Clowes et al., 1987]. A possible interpretation is provided by the seismic profile off western
Shikoku [Takahashi et al., 2002], where the discontinuity apparent at depth in the seismic image (near their
point 1 and E1), which separates within the wedge the shallower unit A (with Vp < 4 km/s) from deeper unit
B (with Vp > 5 km/s), is very close to the on-land unconformity separating the Misaki fore-arc basin from
underlying accreted and deformed sediments. Following the unconformity into the seismic profiles, the deep
body with high velocity would be the strongly deformed accretionary prism composed of rocks older than
the Early Miocene, while the shallow body with much lower velocity would be the modern accretionary
wedge, incorporating material younger than the Early Miocene, laterally equivalent to the Misaki Basin.
This geometry, visible on all seismic profiles off Kii and Shikoku [Kodaira et al., 2000; Nakanishi et al., 1998;
Takahashi et al., 2002] and represented, for example, for the one between eastern and western Shikoku
(Figure 10—"Modern margin off Shikoku” redrawn from [Kodaira et al., 2000]), supports the significance of
the Early Miocene unconformity, which is present on-land on most transects of the belt [Sakai, 1988; Sakai,
1985], and also extends seaward and defines two distinct units within the accretionary wedge all along
the margin.

In this framework, the gravity anomaly observed in Shikoku and Kii southern tips could possibly relate to the
presence at depth of underplated slivers of the dense body responsible for the collision with the accretionary
prism, as advocated in Charvet [2013] and also supported by magnetotelluric studies [Fuji-ta et al., 1997]. The
body responsible for the anomaly off Kii has a diameter of 40 km, a height of 10 km, and a density contrast of
~0.3-0.4 g/cm? with the host rock [Honda and Kono, 2005]. Our model of the margin (Figure 10, top) implies
that the accretionary wedge just seaward of the coast is composed principally of Shimanto belt accreted
material. These rocks have undergone a large amount of deformation and heating; hence, they have presum-
ably a relatively large density. For comparison, accreted metasediments from the Morotsuka or Hyuga Groups
in Kyushu, which have experienced deformation under metamorphic condition of ~250-350°C [Palazzin et al.,
2016; Raimbourg et al,, 2014], have a density of 2.6-2.7 g/cm? [Tsuji et al., 2006]. The density of the body
responsible for the anomaly off Kii is therefore of the order of 2.9-3.1 g/cm?, i.e., similar to basaltic composi-
tion. A candidate for the collider could therefore be the Izu-Bonin arc [e.g., Hochstaedter et al., 2000], and sli-
vers of the volcanic arc teared and underplated during the collision, such as the equivalent of the Izu islands
(e.g., Miyake-Jima and Hachijo-Jima), could be responsible for the present gravity anomaly. The confirmation
of such an hypothesis is still lacking, as most recent seismic refraction studies [Kodaira et al., 2000; Nakanishi
et al., 2002; Takahashi et al., 2002] do not cross the gravity anomalies off Shikoku and Kii.

5.2.4. Geological Scenario for the Early Miocene Collision

The combination of on-land geological data with geophysical imaging of the margin leads us to propose a
model of collision, represented as schematic cross sections of Shikoku (Figure 10). A large accretionary prism
(Figure 10_1) collided in Early Miocene with a body belonging to the PSP (Figure 10_2). The strong shortening
associated with this collision is responsible for the tilting of bedding and the development of faults through-
out the belt and the apparition of a metamorphic foliation in its southern domain. This collision occurs under
a high geothermal gradient, as the indenter was most likely the magmatic arc and the ridge was also very
close (see reconstructions below). Burial was therefore accompanied by a large temperature increase,
recorded in the peak paleotemperature field.
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Following this stage of burial and heating, the underthrusting of the indenter resulted in uplifting and erosion
of the prism (Figure 10_3), providing sediments to form a new prism at the trench. After the indenter sub-
ducted away (Figure 10_4), the margin subsided and sediments were deposited on it to form the Misaki
Group. At 15 Ma, the subduction of the Shikoku Basin ridge led to a pulse of magmatism, cutting across earlier
structures and contacts (Figure 10_5). This second heating stage is responsible for the temperature recorded
in the Misaki Group. The continuous growth of the prism until present leads to the modern Nankai margin
(Figure 10_6). One of the prominent feature of the modern margin is the discontinuity, imaged by seismic
refraction studies [Kodaira et al., 2000; Takahashi et al., 2002], between an “old” prism affected by the Early
Miocene collision and a “modern” one postdating the collision.

5.2.5. Transfer of Material During the Collision

The geological scenario presented in Figure 10 implies a large amount of erosion associated with the colli-
sion, to exhume the metamorphic rocks of the Shimizu and Kurusuno formations (Figure 1). Estimating the
amount of eroded material requires to do rough approximations on the paleogeothermal gradient. The only
data available are provided by the basins deposited on top of deformed and eroded strata, hence posterior to
the collision. They give nevertheless an idea of the paleothermal temperature field. Within the Misaki forma-
tion, the difference in peak paleotemperature we measured using Raman is ~90°C, for a thickness of ~2000 m
[Kimura, 1985], yielding a gradient of ~45°C/km. In the Kumano Formation on Kii, the geothermal gradient
prevailing before the granite emplacement is ~80-100°C/km [Chijiwa, 1988]. The erosion necessary to put
to aerial exposure the rocks in the Kurusuno and Shimizu Formation, from their deep setting where
T ~ 300-350°C is prevailing, removes therefore a thickness of ~3-8 km of material.

The closest deposition site for the eroded material is the domain to the south of the Shimanto belt, and the
transport direction recorded in the Misaki fore-arc basin is indeed from north or northwest [Kimura, 1985].
Possible deposition sites are therefore the southern margin of Japan and the Shikoku basin, within the PSP
that subducts below Japan.

There is limited data concerning Early Miocene period within the Shikoku Basin, as most of the sediments are
younger than that age [Chamot-Rooke et al., 1987], even in the western [Shipboard Scientific Party, 2001] and
eastern borders [Underwood et al., 2010], i.e., the oldest portions of the basin.

In contrast, a likely deposition site for the material eroded during the Early Miocene collision is the seaward,
older (approximately early Miocene) part of the unconformable fore-arc basins overlying the eroded
Shimanto terranes. From Northern Ryukyu to Kanto, biostratigraphic ages of the unconformable fore-arc basins
on-land is late Early Miocene (~17-19 Ma) [Sakai, 1988; Sakai, 1985], but the unconformity extends seaward and
merges into the base of the modern accretionary wedge (Figure 10, top). The wedge is relatively thick, at most
7-9 km [Kodaira et al., 2000; Nakanishi et al., 2008; Takahashi et al., 2002], and its lower portion could have
accommodated a large fraction the material eroded during the Early Miocene collision. The oldest ages within
the wedge are ~12 Ma old, at a depth of 3 km below seafloor [Expedition 348 Scientists and Scientific Participants,
2014], so that a large uncertainty remains as to the age and the origin of most of the wedge material.

5.2.6. Comparison With Modern Margins

The collision stage in the Early Miocene (Figure 10_2) was followed by the succession of events uplift-erosion
(Figure 10_3) = rapid subsidence- deposition of a thick fore-arc basin (Figure 10_4), a situation that is very
similar to the recent evolution at erosive margins such as Costa Rica [Vannucchi et al., 2016; Vannucchi
et al.,, 2013]. There, Cocos Ridge subduction that started at ~2.2 Myr resulted in uplift then subsidence of
the upper plate in a 0.3 Myr time lapse, followed by the deposition of a ~1000 m thick fore-arc basin in
~2 Myr [Expedition 334 Scientists, 2012].

The driving force for uplift and erosion, in the Costa Rica margin and in our model of Shimanto belt evolution,
is the same, namely, the subduction of a thick, buoyant body on the subducting plate. The driving force for
the subsidence that follows requires removal of material from the margin, from either the upper plate (i.e.,
basal erosion of the wedge as in Costa Rica [Vannucchi et al., 2016; Vannucchi et al., 2013]) or the lower plate
(the subducting relief moves away, laterally in the Shimanto belt case, see Figure 11).

There is nevertheless a large difference in the amplitude of the displacement between Costa Rica margin,
taken as an example of an erosive modern margin, and the Shimanto belt. The uplift of the upper plate during
the initial stage is much larger in the Shimanto belt. The rocks below the unconformity have been buried
down to conditions of T ~ 300°C, before being exhumed to the surface. In contrast, the material below the
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Figure 11. Paleogeographic reconstructions of southwestern Japanese margin in 20-15 Ma time span. A large part of the deformation observed on-land in western
Shikoku resulted from the very oblique collision with the Izu Bonin Mariana (IBM) arc (in pink in the figure). The collision started from the Early Miocene in Kyushu and
west Shikoku and propagated eastward to east Shikoku and Kii in the time span 20-17 Ma. It resulted in Kyushu in the slip on the NTL (kinematics from Kondo et al.
[2005]) and in western Shikoku in the map-scale tilting of the bedding, cleavage development, and widespread faulting. This event was followed at ~15 Ma by a

major reorganization of the plate geometry, evidenced by the rapid rotation of southwestern Japan [Otofuji et al., 1991], a wide-spread event of magmatism along
the margin (distribution of magmatism modified from Kimura et al. [2005]), and the end of Shikoku Basin spreading [Chamot-Rooke et al., 1987; Taylor, 1992]. The
reconstructions of Japan and Shikoku Basin geometry follow Jolivet et al. [1994] and Sdrolias et al. [2004], while the plate velocity is taken from Mahony et al. [2011].

unconformity in Costa Rica has never experienced a deep burial, as evidenced by their large porosity (~30%)
[Expedition 334 Scientists, 2012]. Therefore, even if the general kinematic framework is somehow similar, the
size of the collider in the initial uplift stage of the Shimanto belt must be much larger than in the Costa
Rica margin.

5.3. Miocene Evolution of Southwest Japan

5.3.1. Paleomagnetic Constraints

Following the suggestion by Seno and Maruyama [1984], two contrasted models of the evolution of
southwest Japan have been proposed, considering either that the Pacific-Eurasia-Philippines trench-
trench-trench (TTT) triple junction has migrated during Miocene from a position off Kyushu to its present
position [Hall, 2002; Hall et al., 1995a, 1995b] or that it had a fixed position with respect to Japan [Kimura
et al, 2014]. This positional uncertainty is the result of the scarcity of paleomagnetic data on the
Philippine Sea Plate (PSP). Data from Deep Sea Drilling Project cores show a change with time in inclina-
tion, reflecting the northward drift of the PSP [Kinoshita, 1980]. Changes in declination and the precise
position of the paleopole in Miocene are more debated. The plate reconstructions by Seno and
Maruyama [1984] rely on a magnetic survey above three seamounts located near the center of the
Shikoku Basin (SB), from which the paleomagnetic field was extracted. The method is not very precise
and does not preclude large errors in the declination [Hall et al, 1995b]. Alternatively, the plate recon-
struction models in southeastern Asia [Hall, 2002], based on a paleomagnetic data acquired on volcanic
and sedimentary rocks from eastern Indonesian islands, show a clockwise rotation of the PSP in the time
span 25-5 Ma [Hall et al., 1995a, 1995b]. The clockwise rotation of the PSP in the Miocene is further sup-
ported by paleomagnetic data in Palau and IBM islands [Haston and Fuller, 1991] and Ocean Dirilling
Program cores drilled in the IBM Arc [Koyama et al., 1992]. In spite of a limited paleomagnetic data set,
we consider the model of PSP rotation by Hall [2002] as the most reliable configuration, in agreement
with Kimura et al. [2014].

In this framework, the TTT triple junction, the Izu-Bonin-Mariana (IBM) arc and the SB ridge swept the south-
ern boundary of Japan in the Miocene [Ali and Moss, 1999]. The movement is quite oblique to the trench, so
that the rate of migration of the PSP parallel to the SW Japan trench is rapid, of the order of 70 km/Ma. The
reconstruction of the position of the PSP features through time is relatively uncertain. In a first model [Hall,
2002; Hall et al., 1995a, 1995b], at 15 Ma the IBM arc is located off Kyushu island ~400 km westward of its
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current position and has not completed its migration to the present position. In contrast, on the basis of a
refined analysis of magnetic anomalies in the PSP, Sdrolias et al. [2004] modified the model of [Hall, 2002]
and proposed that the IBM arc swept the SW Japan trench in the time range 20-15 Ma. In addition, they
describe a major change in PSP movement around ~20 Ma. Finally, Kimura et al. [2014] modified this model
of TTT junction migration to account for on-land geological events, including the Middle Miocene magma-
tism in SW Japan. They interpreted the felsic magmatism as the result of the collision of the IBM arc with
SW Japan and the mid-ocean ridge basalt (MORB)-type igneous rocks described at Cape Muroto in Shikoku
and Cape Shiono in Kii as the result of the subduction of the SB ridge. Therefore, in their model, the IBM
Arc and SB spreading center swept SW Japan around 15 Ma. In summary, within the migrating TTT junction
hypothesis, there is much uncertainty about the timing of the relative displacement of the PSP structures
with respect to Japan; hence, it is not clear when exactly the PSP magmatic arc and spreading ridge were
facing first Shikoku than Kii.

5.3.2. Events Recorded on Mainland Japan

The history of southwest Japan in the Miocene is possibly connected to some other events on mainland
Japan, including the opening of the Japan Sea. Based on several evidences such as magnetic anomalies, tec-
tonic and subsidence history, and oceanic drilling, Jolivet et al. [1994] proposed a progressive opening of the
Japan Sea as a tension gash between two lithospheric strike-slip zones, in a time span from 25 to 15-12 Ma,
with two periods of accelerated movement recorded by high subsidence rates in Early Miocene (24-19 Ma)
and Middle Miocene (16-15 Ma) Ingle, 1992]. The latter stage of extension was accompanied by rapid rotation
of southwest Japan around 16-14 Ma [Hayashida et al., 1991; Otofuji et al., 1991; Otofuji and Matsuda, 1984].

The period around 15 Ma is indeed a milestone in Miocene evolution of Japan (Figure 8), where large changes
occurred simultaneously [Hibbard and Karig, 1990], including uplift and deposition of shallow-facies forma-
tion, widespread magmatism [Kimura et al., 2005] and a change in the stress field [Tsunakawa, 1986]. The
opening of Shikoku Basin, started around 26 Ma, also ceased around 15 Ma [Chamot-Rooke et al., 1987;
Taylor, 1992].

5.3.3. Plate Reconstructions

The occurrence of major geological events throughout Japan at ~15 Ma suggests that major changes
occurred also in SW Japan at that time. In fact, models of evolution connecting on-land geology with plate
reconstructions consider also that the tectonic and thermal events affecting SW Japan date back to that per-
iod. In the Muroto Peninsula in eastern Shikoku, the occurrence of MORB-type intrusive rocks at ~14 Ma and
the concomitant flexuring of the sedimentary series in the Oligo-Miocene Nabae belt are considered as the
result of indentation of the SW Japan by the SB spreading ridge [Hibbard and Karig, 1990]. This hypothesis of
indentation is further developed in Kimura et al. [2014] to account for the deformation and magmatism in
Shikoku and Kii in the time span 15-12 Ma.

Our interpretation is to clearly disconnect the tectonic and thermal event affecting the belt in the Early
Miocene from the ~15 Ma widespread magmatic event. The indentation of SW Japan by topographic features
of the PSP, such as the IBM Arc, as proposed by Kimura et al. [2014], is a likely process to account for the short-
ening recorded in the Shimanto belt, but it occurred at ~20 Ma throughout the belt (Figure 11). Indentation
structures, depending on the volume of the indenters, may have resulted in contrasted shortening modes,
such as large displacement faults like the NTL in Kyushu or as distributed shortening in Shikoku. Finally, in
our model, the ~15 Ma magmatism is therefore a posterior event, superimposed on tectonic structures,
resulting from the subduction of the edge of the hot PSP.

6. Conclusion

Even if it is difficult to precisely quantify the respective contribution of discrete collisional events and “steady
state” subduction tectonics, our study highlights the major role played by the Early Miocene collision in the
current structure of the Shimanto belt. As a result of collision with an indenter in the Philippine Sea Plate, SW
Japanese margin experienced a large amount of shortening, either distributed on Shikoku or localized in
Kyushu. In the case of Shikoku, the shortening was accompanied by heating (recorded by Raman peak paleo-
temperatures) and the development of a steeply dipping foliation. The regional unconformity formed at the
end of the orogenic stage constitutes a major boundary in the seismic structure of the margin, underlying the
modern Nankai accretionary prism.
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