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Abstract The Taishu Group is a folded, Eocene—Lower Miocene, thick sedimentary
package exposed widely on Tsushima Island between the Japan Sea and East China Sea.
This location makes the strata important to understand tectonics and
paleo-environments in the Far East, but the timing of the folding is controversial. We
studied the styles of brittle deformations of the strata. It was found that flextural-slip
folds were dominant. Mesoscale faults were classified into two groups: NE-SW
trending reverse faults and NW—-SE trending strike-slip faults. Members of both the
groups showed movements largely perpendicular to the fold axes. The latter group
consisted of sinistral and dextral faults. Accordingly, we interpreted that they were
transfer faults activated during the folding. Consequently, mesoscale faults and
flexural-slip faults evidence the map-scale plane strain of the Taishu Group in the plane
perpendicular to the NE-trending fold axes. There were few transpressional
deformations in the group. This is inconsistent with the transpression hypothesis for
explaining the simultaneous folding and Japan Sea opening. Another hypothesis in
which the folds in Tsushima are regarded as an onshore part of the Taiwan-Shinji fold
belt is inconsistent with the timing of folding suggested by mining geologists to be
consistent with and contemporaneous with this deformation. On the other hand, we
found that dolerite dikes and sills were involved in the folding. Therefore, we conclude
that the folding began during the late Early Miocene time and climaxed during the ore
mineralization at around 15 Ma. We suggest that the folding in Tsushima was the
easternmost manifestation of the compressional regime around the Yellow Sea and East
China Sea in the Early to early Middle Miocene, and that the compression was brought
about by the arrival of the Philippine Sea plate to initiate buoyant subduction under

Kyushu.

Key words: flexural-slip fold, bedding-parallel fault, transfer fault, Taiwan-Shinji fold

belt, Japan Sea opening

1 INTRODUCTION

The geology of Tsushima Island is a key to understand tectonic and climatic evolution
of the Far East, because it is a large island rising in the straight between the Japan Sea
and East China Sea backarc basins behind the Japan and Ryukyu island arcs (Fig. 1a).
Folded Cenozoic strata, called the Taishu Group, are widely exposed in Tsushima (Fig.
1b). The folding may have led to the uplift of the straight that could affect the
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environments of the Far East (e.g., Chinzei, 1986; Kimura et al., 2004; Kitamura &
Kimoto, 2006; Millien-Parra & Jaeger, 1999). However, the timing of folding is
controversial.

Two hypotheses have been proposed for the timing. The first one attributes the
folding to the inferred transpression at the southwestern end of the rapidly opening
Japan Sea in the early Middle Miocene (Fabbri et al., 1996; Golozubov et al., 2017;
Ishikawa & Tagami, 1991; Kim et al., 2008, 2010; Sakai, 1993). This hypothesis is
consistent with the presence of the offshore Tsushima Fault System (Fig. 1a) along the
western coast of Tsushima (Tomita et al., 1975), which was possibly a major dextral
strike-slip fault during the Japan Sea opening (e.g., Jolivet et al., 1991). Folds in the
island make, indeed, an echelon pattern with respect to the fault (Fig. 2a). The second
hypothesis regards the folds as the onshore parts of the Taiwan-Shinji fold belt (Fig. 1a),
which was formed mainly in the Late Miocene (Cukur et al., 2011; Gungor et al., 2012;
Kong et al., 2000; Lee et al., 2006, 2011; Tai, 1973; Tanaka & Ogusa, 1981; Yoshioka et
al., 2002).

However, the geologists of Taishu Mine in southern Tsushima (Fig. 1b) expressed
another view based on their observations in the mine, where mesothermal veins were
worked (e.g., Kiyosu, 1977; Shimada, 1977). Ikemi et al. (2001) obtained a K-Ar age of
15.4 £ 0.8 Ma (Ikemi et al., 2001) from an ore vein. Older ore veins were deposited on
thrust faults with NW-vergence (Matsuhashi, 1967, 1968), and late Early to early
Middle Miocene felsic sills were involved in the thrusting (Uehara, 1959; Uehara &
Matsuhashi, 1961; Shimada, 1977). They considered that the Taishu Group was folded
shortly before or simultaneously with the formations of older veins (e.g., Shimada,
1977). This seems consistent with the first hypothesis, above, in the timing of folding,
but with the second one in the vergence. Unfortunately, the mine has been abandoned
since 1973, so the validity of their opinion is uncertain.

The purpose of this paper is to describe mesoscale deformation structures observed
at outcrops in the Taishu Group to verify the three hypotheses including the opinion of
the mining geologists. That is, transpression of the first hypothesis should involve either
(1) flextural-slip faulting oblique to the NE-trending fold axes (Tanner, 1998, Fig. 19) or
(2) the intermingled distribution of folds, thrusts and strike-slip faults with similar
trends (Figs. 2a, b) (e.g., Holdsworth et al., 2002; Jones et al., 2004; Tavarnelli et al.,
2004) or (3) both. On the other hand, the second hypothesis expects the shortening of
the crust that could be accommodated by flexural-slip faulting perpendicular to the fold
axes and by reverse faulting with NW or NE vergence. We also investigated the relative

timing of igneous intrusion and the deformations accompanied by the folding. However,
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it is beyond the scope of this paper to argue fully about the basin formation of the
Taishu Group and about the opening or closure of backarc basins. We describe

mesoscale tectonic deformations to test the three hypotheses.

2 GEOLOGICAL BACKGROUND

The Taishu Group is thought to be Eocene—Early Miocene in age. Deltaic to submarine
slope or to basin settings are inferred for the depositional environments of the strata
(Koga et al., 1988; Nakajo et al., 2006; Nakajo & Maejima, 1998; Ninomiya et al., 2009,
2010, 2020; Okada & Fujiyama, 1970). The folded Taishu Group is unconformably
covered by Upper Pliocene sediments (Isomi & Nagahama, 1965). The group is
composed of three informal units—the Lower, Middle and Upper Formations
(Matsumoto, 1969) (Fig. 1b). The Lower and Upper Formations are composed of
alternating sandstone and shale; the Middle Formation consists of massive mudstone
and shale. Mudstones have locally incipient slaty cleavage (Fig. 3) (Oho et al., 2007).
The total thickness of the group is thought to be greater than 4 km, but is uncertain
because of its controversial stratigraphy.

The stratigraphy of the group is a matter of debate (Miyata, 2010) owing to
monotonous lithology, complicated structures and sparse inland outcrops. The Taishu
Group has so complicated map- and mesoscale structures that bedding attitudes at
neighboring outcrops are often discordant with each other and with uncertain
stratigraphic relations. So, we did not draw geological maps, but dealt with mesoscale
structures.

Radiolarian fossils indicate that the Lower Formation is Early Eocene in age
(Nakajo & Funakawa, 1996). Pyroclastic rocks in the Middle Formation yielded the
fission track ages of the mid Eocene (Sakai & Yuasa, 1998). Lower part of the Upper
Formation yielded Early Miocene planktonic foraminifers (Ibaraki, 1994), but a middle
horizon of the formation yielded Oligocene ones (Sakai & Nishi, 1990). In addition,
Ninomiya et al. (2014) reported the U-Pb ages of ~18 and ~16 Ma from the tuffs that
defined the boundary between the Lower and Middle Formations.

The Taishu Group is intruded by plagiophyre, quartz porphyry and granite with a
minor amount of dolerite sheets and dikes. The granite was crystallized at a depth of
2—6 km (Shin et al., 2009). All those rocks yielded K-Ar and fission-track ages between
12 and 19 Ma (Ishikawa & Tagami, 1991; Karakida, 1987; Takahashi & Hayashi, 1985,
1987). Detailed geochemical study by lkemi et al. (2001) showed with K-Ar
thermochronology that the granite cooled down from 560 to 350°C in the period from
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17 to 14 Ma and formed Pb-Zn deposits of the Taishu mine at ~15 Ma. Though various
ages from 17 to 12 Ma were reported from the granite (Ikemi et al., 2001; Ishikawa &
Tagami, 1991; Karakida, 1987; Kono & Ueda, 1966), the granite was emplaced
probably at 17-18 Ma. Muscovite in an ore vein yielded a K-Ar age of 15.4 + 0.8 Ma
(Ikemi et al., 2001). The dolerite is thought to be as old as the felsic magmatism
(Matsumoto & Takahashi, 1987). Felsic and mafic magmatism in Miocene Tsushima
resulted probably from the same mantle upwelling event (Shin et al., 2009).

Offshore seismic survey near Tsushima showed that the Tsushima fault system was
activated as a thrust system sometime in the Late Miocene or Pliocene (Minami, 1979),
thereby the islands were uplifted. A seismic profile along a transect across the
Taiwan-Shinji fold belt some 20 km to the northeast of Tsushima (Itoh & Nagasaki,
1996) visualized an anticlinorium involving Miocene and older rocks on the
northeastern extension of the fold axes from Tsushima Islands, and showed the thinning
of Pliocene-Quaternary offshore sediments toward the anticlinorium. The profile
suggests an uplift of Tsushima by a few hundred meters after the Miocene. Marine
terraces on Tsushima Islands evidence a slow uplift in the mid Pleistocene at a rate of
10" m/m.y. (Watanabe & Ikeda 1989). Offshore seismic profiles suggest that the

Tsushima fault system is inactive (e.g., Tokuyama et al., 2001).
3 MESOSCALE DEFORMATION STRUCTURES

3.1 Fold geometry

There are map-scale and mesoscale folds in the Taishu Group, but thick vegetation
hinders most of the hinge zones. Accordingly, we investigated the shapes and
orientations of map-scale folds from bedding attitudes of neighboring fold limbs (Fig. 4).
Slump folds are not rare in the group (Golozubov et al., 2017; Nakajo et al., 2006), but
folds with tectonic origin were more abundant than slump folds. The tectonic origin was
evidenced by the involvement of brittle deformations (Fig. 5). In each area in Tsushima,
the orientations of fold axes were calculated from the orientation matrix of the poles to
bedding (e.g., Scheidegger, 1965). That is, given bedding attitudes in neighboring limbs,
the eigenvector corresponding to the minimum eigenvalue of the matrix was regarded as
the fold axis. The intersections of the great-circles that indicate bedding attitudes made a
small cluster around the eigenvector (Figs. 4a—k), meaning that the folds in the areas
were cylindrical. In addition, the bedding attitudes had more or less two clusters in the
stereograms, representing the planar limbs of chevron folds (Twiss & Moores, 2006).

They had interlimb angles ranging from 50 to 150°, but isoclinal folds were found to the
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west of the Taishu mine. The orientations of axial planes were estimated to be roughly
vertical from the bisector of the limb orientations.

The Osaki area (Fig. 1b) is one of the areas in Tsushima where short-wavelength
folds were found, allowing us to recognize fold styles easily. Therefore, we made field
survey mainly in the area. The Lower Formation in this area is composed of shale,
massive mudstone and mudstone-dominant alternation of sandstone and mudstone.
Complicated geologic structures impeded geological mapping. So, we present a
geological route map of this area (Fig. 6). We recognized tens of fold hinge lines in the
Osaki area with the wavelengths of 10'-10? meters. Fig. 6a shows the orientations of 31
hinge lines of folds, indicating their mean orientation around 050°/20°. Bedding
attitudes in neighboring limbs indicated that the folds were cylindrical in shape. This is
evidenced by the great circles representing the bedding that intersect each other around
a point in each of the stereograms in Fig. 4.

Folds had typical wavelengths of ~150 m along the northern coast of the Osaki area
(Fig. 6b), but those folds did not extend southwestward along their trend into the
western coast of the area around Cape Kottoi. There was no such short-wavelength fold
there. This discontinuity suggests the presence of one or more map-scale transfer faults,
low-angle faults or an angular unconformity between Kottoi and the northern coast, but
thick vegetation hindered the boundary(s) and made geological mapping unattainable.
3.2 Bedding parallel faults
All the folds that we observed in the Taishu Group involved bedding-parallel faults
(Figs. 7, 8). They were recognized by the offset or truncation of veins, faults, sole marks,
etc., along bedding (Cloos, 1948; Fitches et al., 1986). Bedding planes with slickenside
striations or slickenfibers were recognized as bedding-parallel faults as well. The sense
of faulting was determined by a few criteria, i.e., the offset of those features intersecting
the fault plane, the accretion steps of the fibers, the asymmetric striations made by
ploughing particles (Petit, 1987).

Folds in the Taishu Group were formed by flexural-slip mechanism (Kim et al.,
2008). There are two lines of evidence. First, the slip directions of bedding-parallel
faults were roughly perpendicular to the fold axis that was determined by the bedding
attitudes in neighboring fold limbs (Figs. 6, 8). Second, most of the faults upon which
the sense was determined were reverse in sense, though the sense of movement was
determined only on a small number of bedding-parallel faults. There were a few
exceptions, which were nearly upright normal faults at Shiine (Fig. 4j). Since those
faults were found in overturned strata, they may have been originally reverse faults

overturned by folding. Arrows and bars on the stereogram in Fig. 8 show the slip
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directions and orientations, respectively, of bedding-parallel faults. Most of the symbols
are drawn along the great- and small-circles with the pole that is parallel to the mean
orientation of the fold axes. Therefore, bedding-parallel faults indicate nearly plane
strain in the plane perpendicular to the mean orientation.

We found that ore veins near Taishu Mine were affected by the flexural-slip folding.
That is, bedding surfaces coated by the quartz veins that bore sphalerite, pyrrhotite and
magnetite (Fig. 9) had slickenside striations perpendicular to the general trend of the
fold axes (Fig. 4). The ore veins of the mine were characterized by those minerals
(Uehara, 1959).

3.3 Mesoscale faults cutting across bedding

We collected fault-slip data not only from bedding-parallel faults but also from
mesoscale faults across strata. They had thin shear zones less than 1 cm in thickness.
The sense of faulting was determined by the offsets of strata or by the asymmetrical
minor structures on the fault surfaces, which were mentioned in the last subsection. To
investigate syn-sedimentary tectonics Fabbri et al. (1996) and Kim et al. (2010)
described such faults that were accompanied by soft-sediment deformations. However,
we dealt only with brittle faults, because evidence for faulting involved in such
deformations were rare, and because this paper aims at describing post-depositional
deformations.

Figure 10 shows fault-slip data mainly from the Osaki area. The orientations of
fault planes had a large variation, but their poles made two clusters. The mean
orientation of fold axes is plotted in the figure as well. The most prominent cluster was
made from NW-SE trending, nearly upright, strike-slip faults: Sinistral and dextral
strike-slip faults were mixed in this group. Both the slip directions and fault planes were
approximately perpendicular to the mean of the fold axes. That is, their tectonic
transport directions were roughly the same with the trends of horizontal shortening by
the flexural-slip folding. We interpreted that the faults were the transfer faults (e.g.,
McClay, 1992, p. 430) accompanied by the folding. This is supported by simultaneous
activity of such strike-slip faults and bedding-parallel faults, evidenced by their
crosscutting relationships (Fig. 11). Florez-Nino et al., (2005) reported pervasive, minor
transfer faults in a fold and thrust belt in Bolivia.

The second prominent cluster appeared in the NW quadrant in the tangent-lineation
diagram in Fig. 10. Most of the faults corresponding to this cluster were SE-dipping
reverse faults. There were many faults with the symbols out of the two clusters. It
should be noted that most of the arrows and bars corresponding to those faults are

parallel to the great- and small-circles with the pole parallel to the mean fold axis.



236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271

In conclusion, most of the mesoscale faults plotted in Fig. 10 had tectonic
transports more or less perpendicular to the mean orientation of the fold axes.
3.4 Dolerite sheets and dikes

In this study, doleritic sills and dikes in the Taishu Group were found to be affected
by the folding. For example, the dolerite sheets shown in Fig. 12a were folded with the
host strata. The hinterland-dipping duplex shown in Fig. 12b involved a dolerite sheet,
the fault slices of which were bounded by thrust faults with tectonic transport directions
roughly perpendicular to the general trend of folds (Fig. 12a). Accordingly, the fault-slip
data from the duplex suggested the simultaneous formation of the duplex with the
folding.

Dolerite dikes were also affected by the folding as well. Figure 13a shows a dolerite
dike involved in a duplex with a NE-SW trending flexural-slip fault with NW-SE striae.
Figure 13b shows an NW-SE trending dolerite dike involved in a strike-slip duplex.
This deformation is consistent with the horizontal shortening in this trend by folding.
This interpretation is supported by the fault-slip analysis of the faults involved in this
duplex: We obtained NW-SE compressional stress from them (Fig. 14b) using the
method of Sato (2006).

4 DISCUSSION

4.1 Deformation of the Taishu Group

The flexural-slips perpendicular to the general trend of fold axes were pervasive in the
Taishu Group (Figs. 4, 8). The flexural slip folding resulted in the macroscale plane
strain of the strata in the vertical plane parallel to the NW-SE trending tectonic
transport by the flexural folding. The fold in the Unatsura area was an exception: The
fold had bedding-parallel faults with striae not perpendicular to the fold axis (Fig. 4f).
The striae leaning toward the southwestward plunging fold axis can be ascribed not to
transpressional tectonics but to a tilting of strata before folding (Ramsay, 1967) or to a
locally developed three-dimensional, flexural-slip folding (Tanner, 1989). Most of the
tectonic transports by brittle faulting in the strata had roughly the same trend (Fig. 10).
Both the reverse faults and NW-SE trending transfer faults among them are consistent
with the plane strain in a map-scale. This is consistent also with the fact that a NW—-SE
trending joint system is dominant in the Taishu Group (Kitamura, 1962).

The folds in Tsushima have often been regarded as the en echelon folds (e.g., Silver,
1988) formed by the left-lateral movement of the Tsushima fault system (Figs. 1, 2)
(Fabbri et al., 1996; Inoue, 1982; Ishikawa & Tagami, 1991; Kim et al., 2010). We are
opposed to this hypothesis. The strike-slip faulting that forms such drag folds has
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various subsidiary faults oblique to the master fault. The trends of such faults have
systematic relationship with the senses of faulting such as R and R’ shears (e.g., Silver,
1988). However, there was no such systematic relationship in the mesoscale faults that
we observed in Tsushima (Fig. 10). Wilcox et al. (1973) found in their clay models that
inter-layer sliding was needed to form en echelon folds in wrench tectonics. Slip vectors
on bedding-parallel faults in a transpressional deformation zone are systematically
rotated clockwise or counterclockwise (Holdsworth et al., 2002; Tanner, 1989), resulting
in a triclinic strain of the zone (Tavarnelli et al., 2004). However, the orthogonality
between fold axes and flexural-slip directions implies the absence or negligible amount
of strike-slip component in the bulk strain of the Taishu Group during folding.

To investigate regional tectonics, previous researchers inverted fault-slip data
obtained from mesoscale faults in the Taishu Group (Fabbri et al., 1996; Kim et al.,
2008, 2010), but we did not. The reason why we did not study paleostresses was the
difficulty to retrorotate fault-slip data to compensate tilting and paleomagnetic rotation.
That is, the strata of the group had usually the dip angles of 30° or more. (The data set
in Fig. 14b is an exception, because all the data were obtained around a dike where the
host strata were approximately horizontal.) In addition, the strata were subjected to
counterclockwise paleomagnetic rotations by 20-30° (Ishikawa et al., 1989). Kim and
others report extensional stress during the accumulation of the Taishu Group from such
mesoscale faults that were accompanied by soft-sediment deformations (Kim et al.,
2008, 2010). They applied horizontal- and vertical-axis rotations to their fault-slip data
for restoring fault attitudes. However, such finite rotations are affected by the order of
rotations. The relative timing of the rotations is not clear. Fabbri et al. (1996) did not
refer to the tilt correction of the fault-slip data. To investigate paleostress further from
faults in the strata, stress tensor inversion combined with tilt correction (e.g., Tonai et al.,
2011; Yamaji et al., 2005) must be applied to faults in the strata. Shimada (1977) and
Golozubov et al. (2017) showed the dominant NW-SE trend of minearal veins in areas
far from Taishu Mine. The veins indicate the oumax-axis perpendicular to the general
trend of folds: Folding could have hardly influenced the dominant trend if the veining
predated the folding. However, the formation age(s) of the veins are unknown.

4.2 Timing of folding

The timing of folding of the Taishu Group is controversial. Offshore seismic surveys
indicate the formation of the Taiwan-Shinji fold belt mainly in the Late Miocene, but it
is not obvious whether the folds in the group are the onshore parts of the fold belt or
older structures. Matsumoto and Takahashi (1987) investigated the modes of occurrence

of intrusive rocks in Tsushima, thereby argued the timing of folding. They found that
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constant thickness of plagiophyre sills in neighboring limbs of folds, and concluded that
the intrusion predated the folding. Plagiophyre in Tsushima gave a fission-track age of
18-19 Ma (Takahashi & Hayashi, 1985). In addition, we found in this study that
dolerites were involved in the folding. The mafic magmas under Tsushima were
generated simultaneously with felsic ones including granitic magma in southern
Tsushima by the same mantle upwelling event (Shin et al., 2009). Those observations
suggest that all or most of the magmatism in Tsushima predated the folding. Okada
(1969) reported a doleritic phacolith with a lateral dimension of ~1 km in northern
Tsushima, thereby he suggested the intrusion being simultaneous with folding. However,
thick vegetation makes it difficult to see whether the lateral variation in thickness of a
map-scale intrusive body was affected by folding. Thick vegetation may hider a thrust
duplex that apparently doubled a sill thickness.

Mining geologists considered that the veining in Taishu Mine was
contemporaneous with and shortly after the folding (Matsuhashi, 1967, 1968; Uehara,
1959; Uehara & Matsushashi, 1961). The ore veins were formed in the late cooling stage
of the granitic pluton emplaced in the southern part of Tsushima: Muscovite from an ore
vein gave the K-Ar age at 15.4 + 0.8 Ma (Ikemi et al., 2001). The geologists of the mine
classified ore veins into older ‘bedding’ and younger ‘N-S trending’ groups, which were
formed on southeastward dipping faults. Matsuhashi (1967, Fig. 9; 1968, Fig. 7)
described the precipitation of ore veins preferentially at dilational jogs in duplexes upon
bedding-parallel faults, though he used the term ‘drag folds’ upon bedding-parallel
faults instead of ‘duplexes.” The latter term has become popular after Elliott and
Johnson (1980) and Suppe (1983). Matsuhashi revealed the NW vergence of the
deformation as well. The ‘bedding’ group was also formed as saddle and trough reefs
(Fig. 15). Quartz porphyry sills were observed in the mine to be affected by the thrust
faults that hosted the ‘bedding’ veins. Quartz porphyry intruded the Taishu Group in late
Early to early Middle Miocene (Fig. 16). Those descriptions are consistent with the
deformations that we observed at outcrops (Section 3). The observations of the ‘bedding
group’ evidence the simultaneity of their deposition and folding, but do not disprove the
beginning of the folding prior to the veining.

Although earlier studies suggested that the “N-S trending group’ were formed along
easterly dipping normal faults, Imai (1973) observed slickenside striations to conclude
that sinistral strike-slip components were dominant rather than dip-slip components on
the faults. This is consistent with the fact that the N-S trending faults hosted ore veins
preferentially at their jogs (Uehara, 1959). Their faulting is not explained by the reverse

faulting stress regime consistent with the folding but by the strike-slip stress regime
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with an intermediate stress ratio and with the o3-axis subparllel to the general trend of
folds in Tsushima. Kim et al. (2010) suggested the sinistral movements of N-S trending
offshore faults by NNW-SSE compression, but such a stress should have resulted in not
strike-slip but oblique normal faulting along the easterly dipping N-S trending faults in
the mine. The strike-slip faults displaced the ‘bedding group’ (Imai, 1973), suggesting
that the NW-SE compression responsible for the folding was followed by a strike-slip
faulting stress regime which backgrounded the final phase of ore mineralization (Fig.
16). Fabbri et al. (1996) inferred the sinistral movements along the Tsushima Fault
System and along N-S trending faults in Goto Islands (Fig. 1a) from 13 to 10 Ma. This
movement may have begun at ~15 Ma.

The detailed geological mapping by mining geologists concluded that the folded
Taishu Group was pierced by the granitic pluton to the southeast of the mine, suggesting
that the folding did not postdate the granite emplacement (Matsuhashi et al., 1970). The
intrusion of quartz porphyry magmas into the group was no later than the granite
emplacement (Imai, 1973).

In conclusion, the Taishu Group was folded in the late Early to early Middle
Miocene before the granite emplacement to bring about NW-SE trending crustal
shortening (Fig. 2c). The folding involved the deformations of sills, dikes, and affected
ore veining.

4.3 Implications for regional tectonics

The weakness of the arguments about the folding in Tsushima based on onshore geology
comes from insufficient time control. Fortunately, since the turn of the century, some of
offshore geological data obtained by Chinese and Korean geologists became easily
accessible. They place constraints on the tectonic history of Japanese islands. Some
researchers thought that the folds in Tsushima are the onshore part of the Taiwan-Shinji
fold belt (e.g., Itoh & Nagasaki, 1996), which was formed mainly in the latest Miocene
(Cukur et al., 2011; Gungor et al., 2012; Kong et al., 2000; Lee et al., 2006, 2011;
Tanaka & Ogusa, 1981; Yoshioka et al., 2002). However, Korean geologists revealed
that the folding began at ~12 Ma (Fig. 16) (Kim et al., 2019; Lee et al., 2001, 2011;
Park et al., 2020; Yoon et al., 2002, 2003). It means that the folding in the belt was not
simultaneous with the main phase of the folding in Tsushima (Fig. 16). This conclusion
is based on the age of magmatism and ore veins in Tsushima, but a systematic work is
necessary for their precise dating. However, the uncertainty of the ages does not affect
this conclusion.

Japanese geologists suggested that the formation of the Taiwan-Shinji fold belt

began at ~15 Ma since Tai’s (1973) work, but their arguments were based on indirect
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evidence. That is, Middle Miocene isopach maps were used to argue the commencement
(Tai, 1973; Kano & Yoshida, 1985; Nomura, 1986), where a roughly horizontal
depositional surface was assumed to convert the lateral variation in stratal thickness to
the subsidence of a syncline more rapidly than that of a neighboring anticline. However,
this assumption is not always valid. On the other hand, the trends of parallel dike
swarms were thought to suggest the transition from extensional to compressional at ~15
Ma (Tsunakawa, 1986; Yamamomo, 1991), but it was recently shown (Haji and Yamaji,
submitted) that dikes in northern Hyogo prefecture where the tightest constraint for the
transition was presented by Kobayashi (1979a, b) did not evidence the transition.
Instead, Haji and Yamaji found extensional stress in the early Middle Miocene by means
of the stress inversion technique of Yamaji and Sato (2011). The thrusting of the Tobe
thrust—a part of the Median Tectonic Line in western Shikoku—at ~15 Ma was thought
to mark the beginning of the compression that formed the fold belt (e.g., Takeshita,
1993). However, the Tobe thrust is exceptional: There is no other map-scale,
contemporaneous thrust fault in SW Japan. Such an exceptional reverse fault can be
locally activated in extensional tectonics (Gabrielsen et al., 1997; Dooley et al., 2003).
A dike swam near the Tobe thrust indicates extensional stress at 14—15 Ma (Yamaji &
Sato, 2011). However, the accretionary wedge off Shikoku was subjected to horizontal
compression at that time (Haji & Sato, 2020). Thus, SW Japan was subjected largely to
weak extension in the early Middle Miocene.

Folding in Tsushima was also argued in relation with the Japan Sea opening, which
occurred in the Early to early Middle Miocene. They attributed the folding of the Taishu
Group to the transpression (Fig. 2a, b) to accommodate the difference between the
rapidly opening Tsushima Basin and the East China Sea which the researchers thought
to be relatively stable at that time (Ishikawa & Tagami, 1991). Several researchers
accepted this hypothesis (Golozubov et al., 2017; Kim et al., 2010). However, this
hypothesis is inconsistent with the deformation styles in the Taishu Group found in this
study.

The folding was regarded by Sakai (1993) and Kim et al. (2010) to be
contemporaneous with the Japan Sea opening. Sakai assumed that the SW Japan arc and
the entire Kyushu belonged to a coherent block that rotated clockwise, and he assumed
the Euler pole of the drifting block to the east of Tsushima to explain the folding (Sakai,
1993, Fig. 11). This hypothesis is consistent with the orogen-perpendicular shortening
found in this study. The Philippine Sea plate migrated northwestward along the Ryukyu
trench in the Early Miocene (e.g., Hibbard & Karig, 1990). Kim et al. (2010) attributed
the positioning of the Euler pole to the arrival of the plate off Kyushu to explain the
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folding in Tsushima.

The paleomagnetic rotation of SW Japan is expected to be simultaneous with the
folding if the folding is explained by the rotation. However, this explanation is unlikely
as follows. Paleomagnetic studies showed that the rotation occurred from ~18 to 16 Ma
(Hoshi, 2018; Hoshi et al., 2015; Tamaki et al., 2006). So, the rotation was possibly
accompanied by the early folding in Tsushima, but the folding simultaneous with the
formation of the ore veins cannot be explained by the rotation (Fig. 16). The Taishu
Group is thought to be a graben fill (Golozubov et al., 2017) or a result of extensional
tectonics (Kim et al., 2010), whereas the deposition of the group was terminated at ~16
Ma (Ninomiya et al., 2014). So, the youngest part of the group may have been
accumulated in the early folding stage. Changes in tectonic environment do not always
make unconformities as exemplified by the Neogene-Quaternary succession in the
Niigata basin, central Japan, where syn- and post-rift and inversion-stage stata are not
separated by unconformities (e.g., Takano, 2002).

Recent Chinese and Korean data indicate that the basins in the East China Sea and
Yellow Sea (Fig. la) were subjected to compression in the Early Miocene. It is
improbable that compression in those regions had direct causal relationship with the
Japan Sea opening (e.g., Cukur et al., 2011; Kong et al., 2000; Shin, 2015; Wang et al.,
2019; Yoon et al., 2010). Accordingly, we suggest that the folding in Tsushima was the
eastern most manifestation of the compressional tectonic regime around the Yellow Sea
and East China Sea. We suggest also that the triple trench junction of the Eurasia,
Pacific and Philippine Sea plate arrived off Kyushu at ~16 Ma. The plate model by Hall
et al. (1995, Fig. 10) seems consistent with this interpretation, though they do not show
the plate configuration at ~16 Ma. The buoyant subduction of the spreading Shikoku
basin in the Philippine Sea plate may have been responsible to the compressional stress
condition in and around Kyushu under which the Taishu Group was folded, while the

SW Japan arc was largely subjected to extensional stress.

5 SUMMARY

Most of mesoscale faults that we observed at outcrops had NW and SE vergence,
perpendicular to the axes of map-scale folds in in the Taishu Group. Bedding faults
involved by flexural-slip folding had the vergence as well. Those structures indicated
orogen-perpendicular shortening of the crust associated with the folding. Early to early
Middle Miocene dikes and sills were also involved in such deformations. Our

observations at the surface were consistent with the opinion given by the geologists of
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Taishu Mine half a century ago based on their observations of ore veins in the mine.
That is, the strata were folded shortly before and simultaneously with older ore veins
that deposited at ca. 14.5-16.5 Ma. The compression at this timing was probably
brought about by the arrival of the Philippine Sea plate to initiate buoyant subduction
under Kyushu.
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FIGURE 1 (a) Tectonic map around Tsushima. Dashed line indicates the Quaternary
volcanic front. The outline of the East China Sea Basin is after Lee et al. (2006), and
those of the Northern and Southern South Yellow Sea Basins (NSYSB and SSYSB) are
after Yoon et al. (2010). QVF, Quaternary volcanic front; TB, Tsushima Basin; TFS,
Tsushima Fault System. (b) Geologic map of Tsushima Islands simplified from the

compile map of Miyata (2010).
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799  FIGURE 2 Schematic plan views of folds in orogens with (a, b) and without (c)
800  significant orogen-parallel shear. Bold arrows represent the shortening of the orogenic
801  belts, and crosses indicate folds. (a) Echelon folds in a transpressional zone, one or both
802  sides of which are bounded by strike-slip fault(s). (b) Folds and strike-slip faults
803 accommodating the deformations perpendicular to and parallel to the orogen,
804  respectively. (c) Folds with similar trends accommodating the shortening perpendicular
805  to the orogen.

806

807

808 FIGURE 3 An outcrop at near the port of Nii (Fig. 1b) showing mudstone with bedding
809 and slaty cleavage.
810

25



811

812
813
814
815
816
817
818
819
820

(b} Ajiro

N=2
Ny =11

(k) Kunoe

Legend
~— "~ Bedding plane + Fold axis

®  Sliponentaton 0 .- Plane normal to fold axis
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FIGURE 4 Lower-hemisphere, equal-area projections showing the attitudes of
structural elements in neighboring fold limbs. Thin lines and arrows attached to the lines
in the diagrams indicate the attitudes of bedding-parallel faults and the slip directions of
hanging-wall blocks, respectively. Great circles without arrows represent the
bedding-parallel faults whose senses of faulting were not determined. Contours in each
diagram show the number density of bedding poles. Axial planes were determined by

eyes as the central plane of the two clusters made by the poles in neighboring limbs.
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FIGURE 5 The hinge zone of an open fold in the hinge zone of the map-scale anticline
at Cape Eboshizaki (Figs. 1b, 6b). Faulting along bedding planes (white lines) is
evidenced by quartz veins truncated at the planes. These brittle deformations evidence
the tectonic origin of the open fold. Variation of their apparent displacements along one
of the faults is due to the variation of vein orientations.
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FIGURE 6 Field map of the Osaki area. Location is shown in Fig. 1b. Stereograms
show the geometry of folds with bedding-parallel faults. The inset shows all fold axes

around Osaki area. The stereograms use lower-hemisphere and equal-area projection.
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836  FIGURE 7 (a) Overturned strata (shale and platy fine sandstone) to the south of Mt.
837  Tohminodan (Fig. 1b). (b) Bedding parallel faults (arrows) indicated by quartz veins
838  offset along bedding planes. The variation of their apparent displacements along a fault
839  is due to the variation of vein attitudes.
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843  FIGURE 8 Lower-hemisphere, equal-area projection of slip directions (arrows) and slip

844  orientations (bars) of bedding-parallel faults in Tsushima. A total of 153 bars and arrows
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are plotted. The positions of the symbols in the projection indicate the poles to the fault
plane. Arrows indicate the slip direction of footwall blocks. Poles to bedding planes are
denoted by dots, the density of which is shown by contours. Blue cross indicates the
representative orientation of fold axes that was obtained as the eigenvector
corresponding to the minimum eigenvalue of the orientation distribution tensor made
from the poles. Blue line indicates the great-circle perpendicular to the representative

orientation.

FIGURE 9 Slickenside striations on a bedding-parallel fault, the surface of which is
coated by the ore vein including Zn- and Fe-rich minerals. Bold arrow depicts the sense

of faulting. This sample was obtained near the Kunoe pit, Taishu Mine (Fig. 1b).
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A Full data ~ Line only data <) Sense only data

FIGURE 10 Fault-slip data obtained from mesoscale faults excluding bedding-parallel
faults in the Taishu Group. The data are denoted by the tangent-lineation diagram (Twiss
& Gefell, 1990) improved by Sato (2006) to plot data with deficiency.
Lower-hemisphere, equal-area projection. An arrow represents a datum without
deficiency: The position and direction of the arrow indicate the pole to a fault plane and
the slip direction of the footwall, respectively. Line only and sense only data are
incomplete fault-slip data. That is, the former type of data was obtained from such faults
that their senses were not determined but striations were observed, and the latter type of
data were obtained from such faults that striations were not observed by their senses
were determined using the offset of reference planes such as bedding. In this case, the
slip direction of a footwall block was constrained with the uncertainty of 180°.
Fan-shaped symbols are plotted for this reason. Yellowish areas indicate clusters. Bold
blue cross and thick blue line show the mean orientation of fold axes and the

great-circle perpendicular to the orientation.
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FIGURE 11 Cross-cutting relationship of bedding-parallel faults (dotted line) and
NW-trending, mesoscale, strike-slip faults (solid line) at Shimayama-jima (Fig. 1b).
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FIGURE 12 Duplexes involving dolerite sills. (a) A duplex made of originally a single
sill with changing thickness in northward dipping strata at the cape Eboshi. (b, ¢c) An
NW-vergent, hinterland-dipping duplex near Kozuna (Fig. 1b). The locations are shown
in Fig. 1b. Fault-slip data obtained from the points A, B, C and D are shown in Fig. 13a.
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FIGURE 13 (a) A dolerite dike at Kottoi cut by a bedding-parallel fault, the
hanging-wall of which moved northwestward. (b) Strike-slip duplex involving a
NW-SE trending dolerite dike at Chiromo. The movements of the horses were
subparallel to the trend of the dike (Fig. 14b). See Fig. 1b for the localities.

(a) N

FIGURE 14 (a) Lower-hemisphere, equal-angle projection showing the fault-slip data
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from the planes, A through D, between the horses of the duplex affecting the dolerite sill
in Fig. 12c. The sense of movement on the plane A was not determined. (b) The data
from the strike-slip duplex in Fig. 13b, and the o1- and g3-axes determined from them
(triangle and star). Dotted line denotes the attitude of the dolerite dike.

FIGURE 15 A sketch showing ore veins formed preferentially at the dilational jogs of
folds in the Taishu mine (The Society of Mining Geologists of Japan, 1968).
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FIGURE 16 Radiometric ages of intrusive rocks in Tsushima with their +1¢ error bars.
Deposition of the Taishu Group ceased at ~20 or possibly at ~16 Ma. References:
*Tamaki et al. (2006), Hoshi et al. (2015), Hoshi (2018); "Nakajo and Funakawa (1996),
Ninomiya et al. (2014, 2019), Sakai and Nishi (1990), Sakai and Yuasa (1998); 1,
Takahashi and Hayashi (1985); 2, Ishikawa and Tagami (1991); 3, Karakida (1987); 4,
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