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Timing of clockwise rotation of Southwest
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Miocene paleomagnetic results
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Abstract

Southwest Japan rotated clockwise during the late stage of the opening of the Japan Sea, although the exact
timing of the rotation is controversial. A recent biostratigraphic study has revealed that the Miocene Oidawara
Formation in eastern Southwest Japan was deposited just before 15 Ma; consequently, its paleomagnetic direction
may help constrain the timing of rotation. For this purpose, we collected fine felsic tuffs and siltstones at 71
stratigraphic sites (horizons) in the Oidawara Formation. An analysis of alternating field and thermal demagnetization
results yielded characteristic remanent magnetization (ChRM) directions for 177 samples. Approximately 80 % (142) of

15.8 Ma, yielding a rotation rate of ~23°/Myr.

magnetism; Southwest Japan; Tectonic rotation

the samples exhibit reverse polarity ChRM directions that are thought to be paleofield directions of reverse polarity
Chron C5Br. Normal polarity ChRM directions in 35 samples include primary paleofield records as well as records of
secondary magnetization. The data suggest that a short normal polarity interval (microchron or cryptochron) at ~15.8
Ma is present within the dominantly reverse polarity interval of Chron C5Br. Reliable site-mean directions for 19 sites
yield a tilt-corrected formation-mean direction of D = 10.5°, | = 41.1°, ags = 7.0°, and k = 23.9, indicating virtually
no rotation with respect to a reference paleomagnetic direction for the Asian continent. A rotation versus age
plot for Southwest Japan indicates that the clockwise rotation started after 17.5 Ma and ceased largely before
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Background

The eastern Asian and western Pacific margins, includ-
ing the Japanese islands, are the areas where relative
plate motions caused several remarkable tectonic events
during the Cenozoic, such as back-arc opening (e.g.,
Martin 2011; Sasaki et al. 2014), arc-arc collision (e.g.,
Arai and Iwasaki 2014), and severe intra-arc crustal de-
formation (e.g., Cho and Kuwahara 2013; Itoh et al. 2014).
The clockwise rotation of Southwest Japan (Otofuji and
Matsuda 1983; Torii 1983) is a conspicuous example of
such tectonic events. The general consensus among
researchers is that this rotation, along with the counter-
clockwise rotation of Northeast Japan (Otofuji et al.
1985¢, 1994; Hoshi and Takahashi 1999), was directly
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linked to the opening of the Japan Sea, which is a back-arc
basin located behind rotating slivers of both the Southwest
and Northeast Japan arcs (Fig. 1). The rifting of the two
arc slivers from the Asian continent began in the
Oligocene (or possibly late Eocene) and ended at ~15
Ma, as determined by on-land geological studies in
Japan and South Korea (Yoon 1997; Kano et al. 2007),
as well as Ocean Drilling Program (ODP) results from the
Japan Sea (Tamaki et al. 1992). Numerous paleomagnetic
studies have revealed that both arcs rotated in the early to
middle Miocene (Hoshi et al. 2013, and references
therein); that is, rotation occurred during the late stage of
the opening of the Japan Sea. However, for reasons noted
below, we consider that the exact timing of the rotation is
still uncertain.

The classic and well-known model for the clockwise
rotation of Southwest Japan, proposed by Otofuji et al.
(1985a, b), suggests that Southwest Japan rotated rapidly
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Fig. 1 Map of Japan and surrounding regions, showing the location of the study area (Mizunami). The location of the Izumo area (Sawada et al.
2013) is also shown. Southwest (SW) Japan and Northeast (NE) Japan rotated clockwise (CW) and counterclockwise (CCW), respectively, during the
late stage of opening of the Japan Sea (see text). Base map was generated using ‘Map-It’ (http://woodshole.er.usgs.gov/mapit/)

at ca. 15 Ma. This model, hereafter called the 15-Ma rapid
rotation model, is supported by several studies based on
data from volcanic rocks (Otofuji et al. 1991; Shimada
et al. 2001). However, this model has been questioned,
given the results of a number of paleomagnetic and geo-
chronological studies (e.g., Nakajima et al. 1990; Jolivet
et al. 1995) that cite an absence or lack of data for the ro-
tation of rocks dating from ca. 15 Ma in some areas of
Southwest Japan (Hoshi and Sano 2013; Sawada et al.
2013; and references therein), thus leading to an alterna-
tive view that clockwise rotation occurred before (not at)
15 Ma (e.g., Nakajima et al. 1990; Hoshi et al. 2000b).
However, the majority of such data are from volcanic
rocks which have been radiometrically dated by conven-
tional K—Ar or fission track methods, which are subject to
significant uncertainties. Therefore, determination of the
paleomagnetic direction of accurately dated rock units is
critical for testing the 15-Ma rapid rotation model.

Here, we present new paleomagnetic results for fine-
grained sedimentary rocks of the Oidawara Formation,
the uppermost lithological unit of the lower to middle
Miocene Mizunami Group in eastern Southwest Japan
(Fig. 1). The paleomagnetic direction of this formation is
expected to provide a reliable and robust test of the
15-Ma rapid rotation model, because its age, which is
biostratigraphically well constrained, indicates that it was
deposited immediately prior to 15 Ma (Kawamura et al.

2011). Interestingly, previous paleomagnetic data for this
formation reported by Hayashida (1986) appear to indicate
a paleomagnetic direction that is deflected only slightly
eastward relative to present-day north. Hayashida (1986)
suggested that the formation was deposited during the rota-
tion of Southwest Japan. However, the data consist of only
two site-mean directions, which are insufficient to de-
termine the amount or rate of rotation. The Oidawara
Formation attains a maximum thickness of over 80 m,
which should be sufficient to give a reliable time-
averaged paleofield direction in which the paleosecular
variation can be averaged reliably, based on paleomagnetic
sampling of numerous stratigraphic horizons.

Geological setting

The Mizunami Group consists of clastic sedimentary
rocks (conglomerate, sandstone, siltstone, and tuff) and
unconformably overlies Late Cretaceous igneous rocks
(Itoigawa 1974, 1980; Sasao 2013). The group has a max-
imum thickness of ~600 m and is divided into five for-
mations (in ascending order): the Toki Lignite-Bearing,
Hongo, Akeyo, Shukunohora, and Oidawara formations
(Fig. 2). The depositional setting of the lower two units
is non-marine and that of the upper three is largely shal-
low marine. The Oidawara Formation unconformably
overlies the Shukunohora Formation, which in turn un-
conformably overlies the Akeyo Formation. Strata of the
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Fig. 2 Chronostratigraphy of the Mizunami Group, modified from
Ujihara et al. (1999). The geomagnetic polarity time scale is after
Ogg (2012). The Neogene North Pacific diatom zones (NPD; after
Yanagisawa and Akiba 1998) were adjusted to the Ogg (2012) time scale
by the authors, following the magneto-biostratigraphic correlation
developed by Watanabe and Yanagisawa (2005). Two important
biohorizons within NPD4A are indicated: single asterisk first occurrence of
Actinocyclus ingens f. nodus (~15.7 Ma), double asterisks last occurrence of
Denticulopsis praelauta (~15.8 Ma). Toki LB Toki Lignite-Bearing Formation

Mizunami Group are essentially flat-lying, with max-
imum dips of only ~20°.

The Oidawara Formation consists almost entirely of
greenish gray siltstone, with a basal conglomerate bed
(1-2 m thick); the formation is 80—90 m thick at Shuku,
where we obtained samples for this study (Figs. 3 and 4).
A fine felsic tuff (~5 cm thick) is present in the middle
of the formation and is a key marker bed for the correl-
ation of lithologic sections. At the Shuku locality, strata
dip gently southward and form a homoclinal succession.
Detailed geological mapping of the tuff bed indicates
that bedding has a strike/dip of N72°E/3°S, which we used
in our tilt corrections of the paleomagnetic directions.

Radiometric, magnetostratigraphic, and micropaleon-
tological data constrain the depositional age of the
Mizunami Group. Zircon fission track results suggest
that the group was deposited in the early to middle Mio-
cene (Kobayashi 1989; Sasao et al. 2006, 2011), although
no data have been reported for the Oidawara Formation.
Paleomagnetic polarity and marine microfossil data, in-
cluding biostratigraphic data for planktonic foraminifera,
radiolaria, and diatoms, constrain the age of the shal-
low marine sediments within the Mizunami Group
(Kawamura et al. 2011, and references therein). Ujihara
et al. (1999) suggested that the Akeyo Formation lies
within Chron C5Dr (18.056-17.533 Ma; Ogg 2012),
based on the presence of reverse paleomagnetic direc-
tions (Hayashida 1986; Hiroki and Matsumoto 1999)
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and fossil diatoms indicative of diatom zone NPD 2B
(Gladenkov 1998); they also suggested that the age of the
Shukunohora Formation is ca. 16.5-16.0 Ma. Kawamura
et al. (2011) showed that the Oidawara Formation was de-
posited during a short period (~0.1 Myr or less) between
the last occurrence of Denticulopsis praelauta (~15.8 Ma)
and the first occurrence of Actinocyclus ingens f. nodus
(~15.7 Ma), both within NPD 4A (Fig. 2). An average sedi-
mentation rate of ~90 cm/kyr or higher is thus estimated
for the Oidawara Formation. Two reverse polarity direc-
tions reported by Hayashida (1986) are compatible with
the results of diatom biostratigraphy, which suggest that
deposition of the formation occurred during Chron
C5Br (15.974-15.160 Ma), based on the diatom bio-
chronology of Yanagisawa and Akiba (1998) and Watanabe
and Yanagisawa (2005).

Methods

To investigate stratigraphic/temporal variations in
paleomagnetic directions, we collected sedimentary rock
samples at 71 stratigraphic sites (horizons) in two strati-
graphic sections (eastern and western) in the Oidawara For-
mation, located near Shuku (Figs. 3 and 4). Samples were
collected from 28 sites in the eastern section (E1-E28) and
43 sites in the western section (W1-W43). The two sec-
tions can be confidently correlated using the key marker
(tuff) bed described above. The samples consist mostly of
siltstone, with two fine tuff sites representing the marker
tuff bed (E12 and W13). At each site, one to three magnet-
ically oriented cores (25 mm in diameter) were collected
using a battery-powered portable drill. Care was taken to
obtain long (=10 cm) cores to improve the precision of
orientation measurements. Each core was cut in the labora-
tory into one to four 22-mm-long cylindrical samples for
magnetic measurements.

Measurements and demagnetization of natural reman-
ent magnetization (NRM) were carried out in the
Paleomagnetic Laboratory at the Center for Advanced
Marine Core Research, Kochi University (referred to as
the Kochi Core Center), Japan. Remanent magnetization
was measured with a 2G-760R pass-through supercon-
ducting rock magnetometer (SRM) housed in a magnet-
ically shielded room. All samples were demagnetized
stepwise: alternating field demagnetization (AFD) was
performed to a maximum field of 80 mT using an in-
line AFD system of the pass-through SRM and thermal
demagnetization (ThD) was performed in air to a max-
imum temperature of 600 °C using a Natsuhara TDS-1
thermal demagnetizer. During stepwise ThD, thermal al-
teration of minerals was monitored by measuring the
low-field magnetic susceptibility of samples at each
demagnetization step (the measurements were performed
using a Bartington MS2 meter). Directions of linear compo-
nents were determined by a principal component analysis
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Fig. 3 Map of the Shuku locality, showing locations of paleomagnetic sampling sites in the eastern and western stratigraphic sections of the
Oidawara Formation. Arrows on both sections indicate the younging direction. The red line is the surface trace of the fine felsic tuff bed in the
middle of the Oidawara Formation; gray dashed lines are topographic contours
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(PCA; Kirschvink 1980) of stepwise demagnetization data
using the software PuffinPlot ver. 1.02 (Lurcock and Wilson
2012). For the PCA, we performed both free line fitting
(FLF) and anchor line fitting (ALF) on more than two vec-
tor end points showing a linear trajectory decaying to the
origin on an orthogonal projection. Further analyses were
undertaken on demagnetization data that yielded an ALF
direction with a maximum angular deviation (MAD) of less
than 15°% in these analyses, we computed the angular differ-
ence between the FLF and ALF directions, and if the angle
was <15°, we defined the ALF direction as the characteristic
remanent magnetization (ChRM) direction. If more than
two ChRM directions were obtained for a site and formed
a moderate to tight cluster, we calculated the site-mean dir-
ection and related statistical parameters.

Additional experiments were performed on selected sam-
ples to obtain various rock magnetic properties. Following
Lowrie (1990), stepwise ThD of three-axis isotheral reman-
ent magnetization (IRM) was carried out after imparting a
composite IRM (hard, medium, and soft coercivity

components) by sequentially applying steady fields of 3.0,
0.4, and 0.12 T along three orthogonal axes using a Mag-
netic Measurements MMPM-10 pulse magnetizer. The
ThD of the IRM was performed using a Schonstedt TSD-
1 thermal demagnetizer, and the IRM was measured with
a Natsuhara ASPIN spinner magnetometer; both instru-
ments were housed in the Paleomagnetic Laboratory at
Aichi University of Education, Japan. Hysteresis measure-
ments were conducted with a Princeton Measurements
MicroMag 3900 vibrating sample magnetometer (VSM) at
the Kochi Core Center. To investigate magnetic mineral-
ogy, we also obtained images and compositional analyses
of both bulk sedimentary samples and magnetic separates
using a JEOL JXA-8600 electron probe microanalyzer
(EPMA) at Yamagata University, Japan.

Results and discussion

Felsic tuff

The tuff samples consisted of a mixture of fine felsic vol-
canic ash and silt. All samples displayed a straightforward
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Fig. 4 Declinations and inclinations of sample ChRM directions for the eastern (£) and western (W) outcrop sections at the Shuku locality. Blue
circles and red diamonds represent data for the eastern and western sections, respectively. Arrows on the right side of each lithologic column

behavior during stepwise demagnetization (Fig. 5a—d),
yielding reverse ChRM directions that show a directional
similarity between samples treated by AFD and ThD. The
site-mean directions for the two tuff sites (E12 and W13)
were statistically indistinguishable (see Table 1), suggesting
that the paleomagnetic direction of the tuffs from the two
sites were acquired at the same time.

Stepwise ThD of three-axis IRM (Fig. 6a) indicates that
magnetite is the main carrier of remanent magnetization
in the tuff. The soft, medium, and hard coercivity com-
ponents were all completely demagnetized at 575 °C. A
change in slope in the soft component at ~300 °C indi-
cates the presence of Ti-rich titanomagnetite (x ~ 0.4,
where x is the amount of Ti substitution in titanomag-
netite) or ferromagnetic iron sulfide (e.g., greigite). Dur-
ing stepwise ThD, the low-field magnetic susceptibility
increased at temperatures higher than 350 °C, possibly
due to the transformation of ferromagnetic iron sulfide
to magnetite. Hysteresis measurements indicate a grain-
size distribution within a pseudo-single-domain (PSD)
range (red diamonds, Fig. 7). It should be noted that

during stepwise ThD of NRM, ChRM directions were
determined over a wide temperature range (100-500 °C)
and that no significant directional changes were ob-
served at around 300 °C. Therefore, the direction re-
corded by ferromagnetic iron sulfide, if present, is
essentially the same as that of magnetite, and thus, rem-
anent magnetization in ferromagnetic iron sulfide is
interpreted as the magnetization direction acquired at or
immediately after deposition. The EPMA analyses did
not detect any ferromagnetic minerals, probably due to
the very small (submicron?) grain size, but they did de-
tect paramagnetic iron-bearing minerals, such as detrital
ilmenite and authigenic pyrite.

Siltstone

Of the 280 siltstone samples analyzed, 169 yielded
ChRM directions (Tables 1 and 2). At sites where ChRM
components were isolated from NRMs by both
demagnetization techniques, the directions revealed by
the two techniques were generally in agreement, as
shown in Fig. 5e—j. In general, remanent magnetization
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Fig. 5 Representative orthogonal plots of stepwise demagnetization results showing ChRM components. a-d Fine felsic tuff. ej Siltstone. AF
alternating field demagnetization, Th thermal demagnetization. Solid and open circles indicate projections of vector end points onto the horizontal
and vertical planes, respectively. Names in square brackets are sample designations used in the laboratory

i. W29 [0-2b] j- W29 [O-2a]
Th AF
N,Up N,Up
—7 1 — E 70
375
400°C
350
200 5
150 30
27b
100 425
5
50
20 0

in siltstones was largely demagnetized by 80 mT during
stepwise AFD and virtually completely unblocked at
300-350 °C during stepwise ThD. As in the tuff samples
described above, nearly all siltstone samples experienced
thermal alteration at temperatures higher than 350 °C,
represented by a significant increase in low-field magnetic
susceptibility and/or in the intensity of remanent
magnetization. Stepwise ThD of three-axis IRM displayed
two major unblocking temperatures (Fig. 6b, c): ~575 °C,
undoubtedly indicating magnetite and 250-300 °C, prob-
ably indicative of Ti-rich titanomagnetite or ferromag-
netic iron sulfide, as in the tuff samples. Hysteresis data
plotted within the PSD range and were similar to those

from the tuff (Fig. 7). Collectively, these observations
suggest that the remanent magnetization is carried
mainly by magnetic minerals with an unblocking
temperature of ~350 °C, most likely ferromagnetic iron
sulfide. As in the case of the fine tuff, EPMA analyses
did not detect any ferromagnetic iron sulfide.

Paleomagnetic polarity

The stratigraphic plots of in situ (geographic) sample
ChRM directions for the eastern and western sections
are displayed in Fig. 4. Both sections show dominantly
southerly declinations (typically 170°-210°) and nega-
tive inclinations (typically -20° to -50°), which is



Hoshi et al. Earth, Planets and Space (2015) 67:92

Table 1 Directions of reverse polarity ChRM components

Site NadNep/N/N Dy I; D. le ags Kk

) ©) () ) )
W1 1/0/1/1 2270 =339 2289 -35.1
W2 2/2/4/1 1930 -383 1943 -409 205 210
W6 11721 2405 389 2429 -394
W8 3/1/41 2003 =257 2013 =280 107 743
W9 1/0/1/1 1092 =564 1054 -58.1
W10 3/0/3/1 2126 —621 2173 —639 279 205
W11 2/0/2/1 1655 334 1656 -364
W12 0/1/1/1 1738 =346 1743 =375
W13 3/1/4/3 1653 =361 1654 =391 95 950
W15 4/1/5/2 1931 =301 1941 =327 124 393
W16 0/1/1/1 2035 —440 2055 —462
W17 3/0/3/1 2031 =296 2043 318 252 250
W19 3/0/3/1 2084 —263 2095 -283 120 1065
W21 3/1/4/1 2025 -344 2039 -367 119 610
W22 3/1/4/1 1931 =361 1943 -387 104 789
W23 5/2/7/2 1993 -320 2005 -344 51 1433
W24 3/0/3/1 1949 —486 1969 511 341 141
W25 1/0/11 1909 -388 1921 —-414
W26 11721 2107 —439 2130 458
W31 0/1/1/1 1890 -316 1899 -343
W32 5/2/7/2 2088 —477 2113 —497 243 7.
W33 3/1/41 1904 -298 1913 =324 181 267
W34 2/0/2/1 2040 455 2062 477
W36 3/1/4/1 1725 =328 1729 =357 198 225
W37 3/1/41 1950 -30.1 1960 -326 123 564
W38 1/0/1/1 1847 436 1859 —464
W39 4/2/6/2 1852 524 1869 551 64 1114
W40 0/1/11 2099 =353 2116 =373
W41 2/1/3/1 1848 -353 1857 381 267 224
W42 3/1/4/1 1990 -378 2005 -402 162 330
W43 4/2/6/2 2041 —447 2062 —469 109 389
E3 0/1/1/1 1873 -183 1878 =210
E7 0/1/1/1 1912 =579 1938 -605
E8 2/1/3/1 1787 =373 1794 402 267 224
E9 0/3/3/1 1740 407 1746 -436 113 1210
E10 3/1/4/1 2014 =594 2049 -617 118 61.1
EN 3/0/3/1 1554 —434 1550 —464 7.1 298.7
E12 3/1/4/2 1709 =377 1713 -407 66 196.6
E13 0/3/3/1 1783 —418 1791 —447 215 340
E14 0/2/2/1 1750 =237 1753 =266
E15 2/0/2/1 1880 -293 1888 -320
E16 2/1/3/1 1879 -198 1884 -225 101 1513
E18 11721 1914 —467 1931 —493
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Table 1 Directions of reverse polarity ChRM components

(Continued)

E19 0/2/2/1 1990 -329 2002 -353

E20 0/3/3/1 2021 =303 2033 -326 59 431.0
E22 3/1/4/1 1997 =246 2006 -270 105 776
E23 1/2/3/1 2081 =212 2090 -233 313 165
E26 0/1/11 1878 =330 1887 =357

Mean 1 92/50/142/56 1927 —-383 1939 —-409 30 17.1
Mean 2 (17) 1910 =364 1922 -390 7.1 26.3

naf and nth number of samples subjected to alternating field demagnetization
and thermal demagnetization, respectively, n total number of samples, N
number of oriented cores, Di and /i in situ declination and inclination,
respectively, Dc and Ic tilt-corrected declination and inclination, respectively,
a95 radius of 95 % confidence cone, k precision parameter. Mean 1 overall
mean of all sample ChRM directions (n = 142). Mean 2 overall mean of site-mean
directions (17 sites) with n > 2 and ags < 16.0°

consistent with the depositional age of the Oidawara
Formation of 15.8-15.7 Ma, as based on diatom bio-
stratigraphy (as noted above). Thus, deposition of the
Oidawara Formation occurred during reverse polarity
Chron C5Br (Fig. 2). As noted above, the demagnetization
results for the fine tuff suggest that the reverse
ChRM directions provide a record of the paleofield at
or immediately after deposition, and the same is pre-
sumably true for the reverse ChRM directions of the
siltstone samples.

Approximately 20 % (n = 35) of the sample ChRM di-
rections for siltstone show normal polarity (red circles,
Fig. 8a), typically showing northerly declinations and
moderate (~55°) inclinations. The in situ mean direction
(declination, D, = 352.0% inclination, I, = 55.4° 95 %
confidence limit, ags, = 4.1°) is close to the geocentric
axial dipole field direction (D = 0°, [ = 54.9° blue cross,
Fig. 8a) and also the present-day geomagnetic field direc-
tion calculated from the 12th International Geomagnetic
Reference Field model (IGRF-12; D = 352.5°, I = 49.6%
Thébault et al. 2015; green cross, Fig. 8a) at the repre-
sentative latitude and longitude of the Shuku locality
(35.408° N, 137.258° E). Some of the normal ChRM di-
rections probably represent secondary magnetization; for
example, both normal and reverse ChRM directions
coexist at site W6 (Fig. 4), and in this case, the normal
directions are interpreted to represent secondary
magnetization. However, it should be noted that the strati-
graphically confined ~5-m-thick interval between 63 and
68 m above the base of the formation is clearly dominated
by normal directions (Fig. 4). The lithologies of this nor-
mal polarity interval and the reverse polarity beds immedi-
ately above and below it are not notably different.
Moreover, no notable differences in rock magnetic charac-
teristics were detected between the normal polarity sam-
ples of this interval and the reverse polarity samples, as
can be seen in both the ThD results of the three-axis IRM
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Fig. 6 Representative results of stepwise thermal demagnetization of three-axis IRM produced in steady fields at 3.0 T (hard component), 0.40 T

(medium component), and 0.12 T (soft component). Variations in the low-field magnetic susceptibility (MS) with temperature are also shown.

Names in square brackets are sample designations used in the laboratory. a E12 [12-1a] tuff. b W23 [J2-2¢] siltstone. ¢ W29 [O-2a] siltstone
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Fig. 7 Log-log plot of hysteresis data for fine felsic tuffs (red diamonds), E21 10171 3341 560 3334 590
siltstones having normal ChRM directions (green solid circles), and E25 2/0/2/1 3216 754 3166 781
siltstones having reverse ChRM directions (green open circles).
Single-domain (SD), pseudo-single-domain (PSD), and multidomain E28 101/ Pla 434 3519 464
(MD) boundaries follow Dunlop (2002). H, coercive force, H,, coercivity Mean 1 31/4/35/16 3520 554 3528 584 41 355
of remfanent magnleti;ation, M, saturation remanent magnetization, M Mean2 () 3503 549 3510 578
saturation magnetization

See Table 1 for explanation
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(reverse) polarity

Fig. 8 Equal-area projections of paleomagnetic results. a Sample ChRM directions in geographic (in situ) coordinates. Red (open) circles denote
directions in the lower (upper) hemisphere. The blue cross is the geocentric axial dipole field direction (D = 0°, | = 54.9°); the green cross is the
present-day geomagnetic field direction calculated from the 12th International Geomagnetic Reference Field model (IGRF-12; D = 352.5°, | = 49.6°).
nnor (nrev) number of samples showing normal (reverse) polarity. b Site-mean directions for sites with number of samples (n) > 2 and ags < 16°in
stratigraphic (tilt-corrected) coordinates. The ovals around directions show the 95 % confidence limits. Nnor (Nrev) number of sites showing normal

(Fig. 6b, ¢) and the hysteresis measurements (Fig. 7).
Therefore, like the reverse polarity directions, we interpret
the normal directions in this interval to represent a
paleofield record acquired at or immediately after de-
position. The duration of this interval must be very
short geologically, probably on the order of ~10 kyr or
shorter, based on very high sedimentation rates. We
suggest that this interval was deposited during an un-
known short normal polarity period (microchron or
cryptochron) within Chron C5Br.

Paleomagnetic directions and tectonic implications

We obtained a tilt-corrected formation-mean direction
for the Oidawara Formation of D = 10.5°, I = 41.1°, a5 =
7.0°, and k (precision parameter) = 23.9 by averaging 19
(2 normal and 17 reverse) site-mean directions satisfying
the condition # > 2 (where # is the number of samples)
and ags < 16° (Fig. 8b). The two normal site-mean direc-
tions are from the short normal polarity interval described
above. The formation-mean direction can be regarded as a
reliable average of the paleosecular variation, as the 19
site-mean directions are distributed over a long strati-
graphic interval (~60 m) of fine-grained sediments con-
taining three polarity intervals (reverse—normal-reverse).
The mean inclination is shallower than the geocentric
axial dipole field inclination, but this is clearly not due to
large-scale (>1000-km) northward translation, as such a
shallow inclination has not been found in the underlying
Akeyo Formation (see later) or in most other early to mid-
dle Miocene formations of Southwest Japan. The shallow
inclination is probably the result of inclination shallowing

(inclination error) caused by syn- and/or post-depositional
processes (e.g., Tauxe 2005).

The mean declination (D = 10.5°) is deflected slightly
eastward and the 95 % confidence limit on the declin-
ation (AD) is 9.3° (based on the derivation of Demarest
1983). The eastward deflection is less than that of the
mean declination of D = 25.8° (n = 2 sites) reported by
Hayashida (1986).

We compared the formation-mean directions of the
Oidawara and Akeyo formations. A total of 27 site-mean
directions have been reported for the Akeyo Formation:
4 by Hayashida (1986), 20 by Hiroki and Matsumoto
(1999), and 3 by Itoh et al. (2006). Of these, 19 show ags
values of less than 16°, yielding a more eastward-
deflected formation-mean direction of D = 49.9° (AD =
9.5°), I = 51.9° ao¢s; = 5.8°. The difference between the
declinations of the two formation-mean directions is
39.4° + 10.6°, indicating ~40° of clockwise rotation in the
Mizunami area between deposition of the Akeyo Formation
(18.1-17.5 Ma; Chron C5Dr) and deposition of the
Oidawara Formation (15.8—15.7 Ma).

Figure 9 shows a rotation versus age plot (data are
listed in Table 3). The amount of rotation for each geo-
logical formation or locality was calculated using the
direction-space approach (Butler 1992), in which ob-
served directions are compared with expected directions
derived from the position of the early to middle Miocene
paleomagnetic pole for Shandong Province (Fig. 1) in
the North China Block (NCB; Zhao et al. 1994). Figure 9
includes data not only for the Mizunami area (Akeyo
and Oidawara formations) but also for the Hachiya
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Fig. 9 Plot of rotation versus age data for lithological units of the Mizunami-Kani and Izumo areas (see Table 3 for data). Rotations are defined as
positive if the observed declination is clockwise with respect to the expected declination calculated from the reference North China Block data

Formation in the Kani area (Hayashida et al. 1991), lo-
cated adjacent to Mizunami. Note that the data for the
Hachiya Formation (two red circles with error bars,
Fig. 9) are site means of volcanic rocks and therefore
may be strongly influenced by the paleosecular variation.

The diagram also contains formation-mean and site-
mean data from the Izumo area in central Southwest
Japan, recently reported by Sawada et al. (2013). Otofuji
and colleagues obtained a wealth of paleomagnetic and
radiometric results from in and around the Izumo area

Table 3 Summary of the early to middle Miocene paleomagnetic directions of the Mizunami-Kani and Izumo areas

Age N D / Qos R AR Ref.
(Ma) ©) ©) ©) ©) ()
Mizunami-Kani
Oidawara F 15.8-15.7 19 10.5 411 7.0 48 9.8 1
Akeyo F 18.1-17.5 19 499 519 58 442 9.9 2,3,4
Hachiya F (site HCY5)* 222 (6) 28.7 576 75 230 130 5
Hachiya F (site HCY4)* 222 6) 538 60.5 125 481 218 5
lzumo
Omori F (site 08120205)* 146 £ 08 4) 3444 494 85 —22.1 12.2 6
Kawai F (site 08122002)* 154 £ 06 ©) 3555 434 116 -100 143 6
Hata F 18-15 6 35 429 9.9 -20 125 6
Daito F (site DT-1)* 163+ 12 (5) 196 326 7.5 14.1 9.5 6
Yoshida PC (site YS-1)* 164 £ 04 4 102 534 93 4.7 14.1 6
Sada F 22-18 6 525 432 131 47.0 158 6

Data with asterisks are site-mean directions of igneous rocks
N number of sites (number of samples in parentheses), D declination, / inclination, a95 radius of 95 % confidence cone, R angle of rotation with respect to the
North China Block (positive for an observed direction clockwise from the expected direction), AR 95 % confidence limit of R, calculated after Demarest (1983),
F formation, PC plutonic complex. References: 1 this study, 2 Hayashida (1986), 3 Hiroki and Matsumoto (1999), 4 Itoh et al. (2006), 5 Hayashida et al. (1991),

6 Sawada et al. (2013)
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(Otofuji and Matsuda 1983, 1984, 1987; Otofuji et al
1991), and these results played an important role in the
development of the 15-Ma rapid rotation model (these
studies are reviewed by Otofuji 1996). However, Jolivet
et al. (1995) and Sawada et al. (2013) have pointed out
that the lithostratigraphy and chronostratigraphy of the
volcanic succession investigated by Otofuji and col-
leagues remains unclear. Sawada et al. (2013) revisited
the succession and proposed a new stratigraphic archi-
tecture. They also obtained paleomagnetic results from
radiometrically dated volcanic and plutonic rocks.

The rotation versus age plot in Fig. 9 indicates similar
temporal changes for the rotations of the Mizunami-
Kani and Izumo areas, suggesting that similar amounts
of clockwise rotation occurred in both areas during the
same time interval. The amount of rotation of the Akeyo
Formation (44.2° + 9.9°) is identical to that of the Sada
Formation in Izumo (47.0° + 15.8°). These values are
compatible with an approximate estimate for the
amount of clockwise rotation of Southwest Japan (~45°;
Otofuji and Matsuda 1987). Determination of the
amount of rotation of an entire arc is not easy if, as
claimed by Jolivet et al. (1995), the arc has fragmented
into several pieces during the rotation, and if each piece
exhibits an indeterminate amount of intra-arc block ro-
tation. However, results from Late Cretaceous rocks of
eastern Southwest Japan suggest that intra-arc block ro-
tation, if any, has been negligible (Fukuma et al. 2003).
Therefore, it is likely that the temporal changes in the
rotations of Miocene rocks are the result of clockwise
rotation involving the entirety of Southwest Japan. We
suggest that the clockwise rotation occurred after the
deposition of the Akeyo Formation (i.e., after 17.5 Ma).
The near-identical rotation of the Mizunami-Kani and
Izumo areas also suggests that lateral bending of the crust
in central Honshu, caused by collision of the Izu-Bonin arc
with the eastern margin of Southwest Japan (e.g., Takahashi
and Saito 1997), does not extend to the Mizunami area.
This has also been ascertained by a comparison of
paleomagnetic directions for Mizunami with those for
other areas in eastern Southwest Japan (Itoh et al. 2006).

The amount of rotation of the Oidawara Formation
(4.8° £ 9.8°) indicates virtually no clockwise rotation with
respect to the NCB. This result is compatible with data
from ~16-Ma volcanic rocks from the Izumo area. Our
interpretation is that the clockwise rotation of Southwest
Japan had largely ceased before the onset of deposition
of the Oidawara Formation (15.8 Ma). The rotation rate
is thus estimated at ~23°/Myr, based on a change in dir-
ection from 44.2° at 17.5 Ma to 4.8° at 15.8 Ma. The data
from Izumo also suggest that clockwise rotation was
complete by 15 Ma. Furthermore, studies conducted in
other areas of Southwest Japan have provided time-
averaged mean directions suggesting little or no rotation
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since 15 Ma (Nakajima et al. 1990; Itoh et al. 2000;
Hoshi et al. 2000b; Hoshi and Yokoyama 2001; Tamaki
et al. 2006; Hoshi and Sano 2013).

One of the key observations that led to the develop-
ment of the 15-Ma rapid rotation model was the occur-
rence of eastward-deflected paleomagnetic directions of
Miocene rocks on the forearc side of Southwest Japan.
In the review by Otofuji et al. (1985a), some of the Miocene
sedimentary formations showing an eastward-deflected
direction were estimated to be of middle Miocene age
(16—15 Ma). However, recent radiometric, biostrati-
graphic, and magnetostratigraphic studies indicate that
the actual age is 18—-17 Ma (Ito et al. 1999; Watanabe
et al. 1999; Hoshi et al. 2000a, 2006; Hoshi and Saida
2009; Sako and Hoshi 2014). In addition, Hoshi (2002)
and Hoshi et al. (2013) raised the possibility that the
eastward-deflected direction of middle Miocene vol-
canic rocks dated at 15-14 Ma records an extraordin-
ary paleofield, such as may have occurred during a
geomagnetic excursion or polarity transition and does not
therefore represent a time-averaged direction. Shimada
et al. (2001) presented paleomagnetic and K—Ar data that
appear consistent with the 15-Ma rapid rotation model,
but the data are site-mean directions of volcanic rocks
and are therefore influenced to a large degree by the
paleosecular variation. In summary, most of the well-
dated, time-averaged paleomagnetic directions obtained
for Southwest Japan are inconsistent with the 15-Ma rapid
rotation model.

Conclusions

Magnetic measurements conducted on sedimentary
rocks from the Oidawara Formation, Mizunami Group,
yielded paleomagnetic data that constrain the timing of
the clockwise rotation of Southwest Japan. Reverse polar-
ity directions are recorded by ~80 % of the ChRM direc-
tions obtained in this study and are thought to represent
primary magnetization. Normal polarity ChRM directions
represent primary paleofield records and secondary
magnetization and suggest the presence of a short-
duration normal polarity interval (microchron or cryp-
tochron) within Chron C5Br. The Oidawara Formation
records a paleomagnetic direction that indicates virtu-
ally no rotation with respect to the NCB. Clockwise ro-
tation of Southwest Japan occurred mainly between
17.5 and 15.8 Ma, at a rotation rate of ~23°/Myr.
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