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Paleomagnetic evidence for Miocene transtensional deformations
at the eastern margin of the Japan Sea
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The opening of the Japan Sea backarc basin accompanied dextral, transtensional deformations in the NE Japan
arc. To understand the intra-arc deformation we have studied paleomagnetism in the Uetsu area, NE Japan. Among
the samples collected at 70 sites for paleomagnetic measurement reliable directions were obtained at 38 ones. About
half of the sites yielded clockwise and the others show opposite declinations. Our data indicate that the northern
Uetsu area rotated counterclockwise as a single block, whereas the southern Uetsu area was broken into a number
of blocks that was rotated clockwise by the dextral transtension along the Nihonkoku-Miomote Line. Not only the
Uetsu area but the entire eastern margin of the Japan Sea experienced such transtensional deformations in the Early
to early Middle Miocene. The crust under NE Japan was broken into blocks but they rotated coherently with dextral

transtension.

1. Introduction

Japanese islands have yielded a wealth of geological and
geophysical data to understand the tectonics of subduction
zones. The opening of the Japan Sea was merely a short
and ancient episode, however, it has given strong control to
tectonics of the Japan arc. Deformations that were associ-
ated by the event created or enhanced pre-existing weakness
of the lithosphere. For example, the faults of which activi-
ties created intra-arc rift system are reactivated in the recent
compressive stresses and generate big earthquakes at the east-
ern Japan Sea margin. However, weak and chaotic marine
magnetic anomaly hindered a straightforward interpretation
of the spreading history of the Japan Sea (Isezaki, 1986;
Kono, 1986, 1987; Tamaki and Kobayashi, 1988; Seama and
Isezaki, 1990). Ocean Drilling Program, Leg 127 reached
igneous basement at three points in the basin (Tamaki et al.,
1990). “°Ar/*° Ar dating unlabeled the age of the basement:
well examined plateau ages range from 19 to 23 Ma (Kaneoka
et al., 1992). In contrast, the paleomagnetic deflection of
onshore rocks suggests younger formation of the basin. Ac-
cordingly, onshore geology is still important to study how
the Japan Sea opened and where destructive earthquakes can
occur.

Paleomagnetists have elucidated Early to Middle Miocene
tectonic events of the Japan arc—clockwise rotation of SW
Japan (Kawai et al., 1961; Otofuji and Matsuda, 1983, 1984,
1987; Otofuji et al., 1985b, 1991; Hayashida and Ito, 1984;
Hayashida, 1986), and counterclockwise rotation of NE
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Japan (Otofuji et al., 1985a, c; Tosha and Hamano, 1988).
These contrasting rotations reflect the inflection of the arc,
implying backarc spreading of the Japan Sea. They interpret
that the backarc spreading was coeval with the rotation of the
arc (Kawai et al., 1961; Otofuji et al., 1985c, 1991, 1994),
significantly younger than the radiometric ages of the ig-
neous basement. These lines of evidence led Hayashida et al.
(1991) to suggest that the Japan Sea was not formed through
a single episode but at least two stages; one was simultane-
ous with the magmatic activity of the basement around 20
Ma, and the other was related to the paleomagnetic rotation
at about 15 Ma.

Since the report by Kawai et al. (1961), northern half of the
Japan arc has been considered to be rotated counterclockwise
as a single, coherent block. Otofuji et al. (1985c, 1994) pro-
vide paleomagnetic data and support the model. However,
they found clockwise paleomagnetic deflection in southern
NE Japan, perpendicular to the general paleomagnetic di-
rection of NE Japan. Otofuji and his coworkers attribute
the discordant directions to minor disturbances due to the
strike-slip motion of the Tanakura Shear Zone, a major tec-
tonic line that separates pre-Tertiary basements between SW
and NE Japan. Yamazaki (1989) reported clockwise pale-
omagnetic deflection from the Matsushima area, the Pacific
side of NE Japan far off the shear zone. These facts suggest
complicated tectonic process in NE Japan, in contrast to the
coherent paleomagnetic directions of coeval rock units from
SW Japan (Otofuji et al., 1985b). To understand the Japan
Sea formation, it is crucial to reveal how the both senses of
rotations were accommodated and how they were related to
the backarc spreading.

Geological studies, on the other hand, have shown that
the crust under NE Japan was strongly extended when the
Japan Sea opened and thinning of the crust caused subsi-
dence of NE Japan in the Middle Miocene (Yamaji, 1990;
Sato, 1994). Not only extensional but simultaneous strike-
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Sample sites plotted on simplified geologic map. Open circles indicate sites of the present study and closed circles are those of Otofuji et al.

(1985c). The Uetsu and Tsugawa areas are divided by the Oguni structural depression. The Nihonkoku-Miomote tectonic zone is defined by mylonitic

zone (Shimazu, 1964).

slip movements are suggested (Otsuki, 1975; Yamaji, 1989;
Hoshi and Takahashi, 1996), however, the sense and amount
of displacements are still controversial because the defor-
mation structures are obliterated by post-extensional sedi-
mentary covers. Such estimations are difficult from geologic
structures alone. The southern part of NE Japan arc is suitable
for such studies where a number of Early Miocene grabens
are exposed and the non-marine graben-fillings intercalate
welded tuffs that provide good materials for paleomagnetic
studies.

The Uetsu area provides significant constraints because
there is a mylonite zone called the Nihonkoku-Miomote Line
that is the northern extension of the Tanakura Shear Zone
(Shimazu, 1964), one of the largest faults in NE Japan.
Some researchers assume a displacement as large as hun-
dreds of kilometers at the Tanakura Shear Zone when the
Japan Sea opened (Jolivet and Tamaki, 1992). Paleomag-
netic studies suggested block rotations in the Uetsu district
and Otofuji er al. (1985¢c) assume dextral motion along the
Nihonkoku-Miomote-Tanakura Shear Zone. In order to un-
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Fig. 2. Neogene stratigraphy of the study area and sample horizons. P: planktonic foraminifer zones, N: calcareous nannofossil zones, D: diatom zones.

derstand intra-arc deformations, we collected paleomagnetic
samples at 70 sites in the Uetsu and Tsugawa districts. We
will argue the amount of displacement at the tectonic line
and how the clockwise and counterclockwise rotations are
reconciled.

2. Geologic Setting

We collected both volcanic and clastic rocks from the
Uetsu area. They are of Early to early Middle Miocene in
age. We extended supplementary sampling in the Tsugawa
to the south of Uetsu (Fig. 1). Several grabens form the
Oguni structural depression (Inaba, 1989) that separates the
areas. Reliable remanent magnetism was obtained from 56
sites among a total of 70 localities. The Early to early Mid-
dle Miocene sediments fill grabens in the areas of which
basement consist of Mesozoic accretion complexes and plu-
tons. The Middle Miocene to Quaternary sediments blanket
both holsts and grabens. The Uetsu district is subdivided
by the Nihonkoku-Miomote tectonic zone that is defined
by the array of left-step, en echelon grabens (Hataya and
Otsuki, 1991) and mylonites in the basement. The my-
lonite zone is often correlated to the northern extension of the
Tanakura Shear Zone that separates the pre-Tertiary accre-
tion complexes of NE and SW Japan. The mylonites in the
Uetsu and Tanakura areas indicate sinistral shear (Koshiya,
1986; Takahashi, 1998). The offset of basement rocks by
the Nihonkoku-Miomote-Tanakura line indicates post mid-
Cretaceous displacement at ca. 240 km (Otsuki, 1992). Yet,
its Miocene movement is still controversial.

The stratigraphy of the study area is illustrated with col-
lective names for geologic units in Fig. 2, which basically
follows Yamaji (1989, 1990). The rhyolitic pyroclastics,
lavas, and volcanic breccias called the Kitaoguni Formation

occupy the basal part of the Miocene sequence. The pyro-
clastics have white or purple matrix, and are divided into a
number of depositional units (Takahama, 1976; Hataya and
Otsuki, 1991). At 27 sites, welded tuffs were sampled from
the formation. The Kitaoguni ignimbrite covered most of
the Uetsu districts at 21-25 Ma (Yamaji, 1990). Hataya and
Otsuki (1991) show that the pyroclastics deposited before the
onset of extensional tectonics. Synrift sedimentation began
at 18-20 Ma and volcanic and volcaniclastic rocks of the
Atsumi and Mikawa Formations filled grabens. The Uetsu
and Tsugawa area were inundated by sea water at about 16—
17 Ma. The Kamagui, Kanose and Tsugawa Formations
that consist mainly of lacustrine or shallow marine pyroclas-
tic rocks at that time. The inner NE Japan arc submerged
eventually to a few kilometers below sea level. The Aosawa
Basalt extruded in the depression. The Miocene formations
younger than 15 Ma represent deep sea sediments—they are
the Nanatani, Teradomari and Kusanagi Formations, which
consist mainly of mudstone with tuffaceous intercalations.

3. Paleomagnetic Analysis
3.1 Sampling method

Weused a gasoline-powered corer for sedimentary and fine
pyroclastic rocks to collect paleomagnetic samples. Hard
rocks such as welded tuffs were generally sampled as a hand
size block that was prepared into a standard size cylindri-
cal specimens in the laboratory. A magnetic compass was
used for the orientation of the samples in the field. A local
declination was corrected for each site. A bedding attitude
of the strata was measured for sedimentary rocks and fine
part of pyroclastic rocks. An eutaxitic texture was mea-
sured to determine tilting of welded tuffs. Post emplacement
tilting of lava flows was estimated by the attitude of the in-
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Fig. 3. Vector demagnetization diagrams of typical behaviors. Stable remanent direction for each specimen was determined by the aide of regression of a
linear segment on the diagram (Kirschvink, 1980). Open circle denotes a projection on the N-S vertical plane and closed circle on the horizontal plane.

terbedded sediments. Trace of the land-slide was carefully
examined for each site by detailed geographic maps. We col-
lected 8 to 10 oriented samples at each site, although some
of them were broken during the laboratory sample prepara-
tion or heating experiments. Localities of sample sites, local
formation names, rock types, and geologic ages are listed on
Table 1.
3.2 Laboratory method

Natural remanent magnetization (NRM) was measured by
using a two-axes cryogenic magnetometer (ScT C-112) and
a spinner magnetometer (Schonstedt SSM-1A). Stability
and multiplicity of remanence components of each speci-
men were investigated through the alternating field demag-
netization (AFD) and the thermal demagnetization (ThD).
The maximum demagnetizing field is 100 mT (peak) and

the specimen was rotated by a three-axes tumbler during the
demagnetization. Residual field during the cooling cycle of
ThD is controlled less than 5 nT by using four-nested mu-
metal tubes and a shield-demagnetizing coil attached inside
of the mu-metal tubes.

The progressive demagnetization behavior of each spec-
imen was resolved with the principal component analysis
method (Kirschvink, 1980), and the combined analysis of
great circles and direct observations (McFadden and
McElhinny, 1988). An optimum method of the demagne-
tization was decided for each site judging from the demag-
netization behavior of a couple of pilot specimens. When
the vector endpoints of the pilot sample make a straight seg-
ment towards the origin of a vector demagnetization dia-
gram (Zijderveld, 1967), the high coercivity or high unblock-
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ing temperature directions was obtained with Kirschvink’s
method. Either progressive AFD or ThD was applied to the
rest of the specimens and the stable direction for each spec-
imen was obtained by the linear fitting. Some of the pilot
specimens display a curvilinear array of the vector endpoints
on the demagnetization diagram, which imply the presence
of multiple components of the remanence over particular co-
ercivity/unblocking temperature range. Such sort of spec-
imens were analyzed by combining linear-fitted directions
(direct observation) and paths of unterminated great circles,
proposed by McFadden and McElhinny (1988). Demagne-
tization and fitting methods employed for each site are listed
on Table 1. Site mean direction was calculated using Fisher
statistics (Fisher, 1953).

3.3 Demagnetization and stable directions

We obtained stable remanent directions from 56 sites. Un-
successful sites are mudstone, siltstone and weakly welded
tuffs, having very weak NRM intensity and/or unstable be-
havior of the demagnetization. Most of specimens showed
linear array of vector endpoints to the origin of a vector de-
magnetization diagram except 8 sites where vector endpoints
display a curvilinear trend. Typical examples are shown in
Fig. 3. After removal of low coercivity/unblocking tempera-
ture component, stable component makes linear segment to-
wards the origin of the demagnetization diagram (Fig. 3(a),
(b)). It was difficult to know prior to the application whether
AFD or ThD was more effective in resolving stable com-
ponent for each site. Some of the site could only display a
linear segment by ThD as shown in Fig. 3(c). The tuffaceous
siltstones from the site 32 comprise three remanence com-
ponents that are only resolved by ThD (Fig. 3(d)). However
some of the volcanic rocks were exploded by heating above
300°C (Fig. 3(e)). Heating above 300°C also raised signif-
icant change in magnetic characteristics of some samples,
which is attributed to the production of magnetic minerals
by the laboratory heating (e.g., Torii et al., 1996). Although
the thermal treatment has some difficulties, application of
AFD often failed to show linear array of the vector endpoints
by acquiring a spurious anhysteretic remanent magnetization
(Fig. 3(d)).

The overlapping of coercivity or unblocking temperature
of multiple remanence components in one specimen is un-
avoidable for natural rocks. Such a phenomenon is mani-
fested by a curvilinear array of vector endpoints in the de-
magnetization diagram as shown in Fig. 4(a). Some of the
specimens yield a linear segment, which may depend on
sample-size variation, alteration, weathering, etc. The de-
magnetization behavior of most specimens is expressed by
a great circle path on an equal area plot (Fig. 4(c)). If the
direction and unblocking temperature of less stable com-
ponent differ from specimen to specimen, each great circle
corresponding individual specimen can not be parallel with
each other. And those great circles intersect each other at
a particular point on the equal are a projection as shown by
Fig. 4(c). Combining direct observation derived from lin-
ear behavior of demagnetization (Fig. 4(b)), more credible
site mean direction is estimated (McFadden and McElhinny,
1988). Site mean direction were obtained from 3 sites, al-
though samples from 8 sites showed curvilinear array of the
vector endpoints. For the rest of the sites, great circles were

Site 61 [densely welded tuff] W Up

400

\450/500
s

EDn

(c)

Fig. 4. Site-mean direction estimated with a combined analysis of great cir-
cle and direct observation proposed by McFadden and McElhinny (1988).

intersect each other but only showing considerable scatter
with 95% confidence limit greater than 30 degrees.

Through the demagnetization experiments, we could de-
termine characteristic directions from 50 and 6 sites in the
Uetsu and Tsugawa districts, respectively. However some of
them were discarded from a further examination because of
the following reasons: (1) a large scatter of site mean direc-
tion (ags > 30°), (2) asmall number of samples (N < 4), and
(3) coincidence with the direction of geocentric axial dipole
field before a tilt correction. Thus remanence directions from
43 sites were subjected to tilt correction as described below.
3.4 Tilt correction

The site mean directions of 43 sites were tilt-corrected to
an assumed original horizontal, by the conventional simple
correction. Two sites were not processed because of poorly
defined structural attitude at the sample sites. The other two
sites were discarded because they showed very shallow in-
clination (/ < 10°) by untilting, possible recording a transi-
tional geomagnetic field. Tilt corrected directions of 38 sites
are listed in Table 1 and Fig. 5.

We applied the tilt correction by subdividing the Uetsu dis-
trict into two sub-districts. The northern sub-district to the
north of the Nihonkoku-Miomote mylonites (Fig. 1), where
the site mean directions from 12 sites show a coherence of
declinations after the tilt correction (Fig. 5(a)). The concen-
tration parameter (k) before tilt correction is 7.0 and increases
to 25.4 by untilting. The result is significant at 99% confi-



A. YAMAII et al.: PALEOMAGNETISM AND DEFORMATIONS AT THE EASTERN JAPAN SEA MARGIN 87

TN

(a) northern Uetsu

TN

/ <0
/ @ 1o \
A= Rl )
X\
[ L5 <’_Ir’

TN

TN

(c) Tsugawa

Fig. 5.

Tilt correction of characteristic site-mean directions. Equal area plots in left column are of geographic coordinate and plots on right column

are of stratigraphic coordinate. (a) Northern Uetsu pass the statistical criterion at 99% confidence level of McElhinny (1964). (b) Clockwise and
counterclockwise declinations from the southern Uetsu area before and after tilt correction. (c¢) Result from the Tsugawa district do not pass the statistical
criteria of tilt correction, although does not coincide with the dipole field direction. All directions are converted either upper hemisphere (a and b) or

lower hemisphere (c) according to a dominant polarity.

dence limit according to the fold test criteria proposed by
McElhinny (1964).

While the fold test was successfully applied to the north-
ern Uetsu sub-district to the north of the Nihonkoku-Miomote
mylonites, the southern sub-district yields scattered declina-
tions after the tilt correction (Fig. 5(b)). We interpret that the
unsuccessful fold test is reflecting various modes of rotation
around a vertical axis. This is suggested by the increase in
convergence of inclinations after the tilt correction while de-
clinations still be scattered. In order to evaluate convergence
of inclination values, we applied an inclination statistics af-
ter the method of Kono (1980). Before the tilt correction,
the mean inclination is 47.8° and & is 8.6 for 22 sites. After

the tilt correction, the mean inclination increased to 52.8°
which is almost compatible with the dipole field inclination
(I = 57°) and k also increased to 13.3. If we simply ap-
plied the conventional McElhinny’s criteria, k ratio does not
pass at 95% confidence limit, however. McElhinny’s method
was criticized as under estimation of the confidence limit and
much improved method was proposed by McFadden (1990).
However it is not possible to apply McFadden’s method to the
inclination data set. We therefore thought that the increase
in k for inclinations safely implies the primary acquisition
of each site-mean directions before tilting of the strata. And
the primary directions were scattered by various modes of
rotation around the vertical axis to bring highly scattered
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Fig. 6. Paleomagnetic directions plotted on geologic map of the Uetsu and Tsugawa areas. Symbol: bar = paleomagnetic direction, circle = 20-35 Ma
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declinations. The convergence in inclination also excludes
possibility of the net tectonic rotation that is suggested by
MacDonald (1980).

Only 6 sites yielded characteristic directions from the
Tsugawa district. These site mean directions show clock-
wise and counterclockwise deflections same as the southern
part of Uetsu district (Fig. 5(c)). By applying a tilt correc-
tion, k decreases from 9.8 to 7.8 indicating insignificance of
the fold test. We also tested inclination statistics and could
not find any significant result: k decreased from 52 to 17
by untilting. Although it is difficult to regard those direc-

tions to be a primary one on the basis of statistics, they do
not coincide with the dipole field direction before untilting.
(The site 36 has zero declination after plotted onto to a lower
hemisphere as shown in Fig. 5(c), the original inclination is
negative.) The scatter in declination is possibly reflecting a
local tectonics.

Finally paleomagnetic directions from 38 sites including
that of the Tsugawa area are listed in Table 1. Their declina-
tions are plotted on the geological map on Fig. 6 by converting
negative inclination to positive one. In the following discus-
sion, we simply regard the untilted declination to indicate
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amount of tectonic rotation about a vertical axis. Although
we have to correct declination to the expected declination of
the particular age for a strict application (Beck, 1980), we do
not fixed original declinations at all, because (1) our primary
purpose is to elucidate differential movements in NE Japan,
and (2) the suggested pole position for Northern Eurasia does
not differ very much from the geographic pole for 20 to 10
Ma (Irving and Irving, 1982).

4. Discussion

Paleomagnetism shows complicated deformation in the
Uetsu and Tsugawa districts. The results allow us to subdi-
vide the Uetsu district into two areas by the dashed line AA’
in Fig. 6. The northeastern area was undergone a coherent,
counterclockwise rotation. Their average deflection is simi-
lar to that from most of NE Japan (Otofuji ef al., 1985c¢). In
contrast, the paleomagnetic data indicate complicated defor-
mations in the southwestern Uetsu and Tsugawa areas where
clockwise and counterclockwise deflections are found. It
should be noted that most of the samples with clockwise pale-
omagnetic deflection were taken from the Kitaoguni Forma-
tion, suggesting that the direction indicates a short-term geo-
magnetic fluctuation rather than tectonic movements. How-
ever, pyroclastic rocks as young as 16 Ma yields such pale-
omagnetic directions also (Fig. 7). In addition, a number of
clockwise paleomagnetic directions were found recently in
the southern Uetsu area from the Atsumi Formation (Mino,
personal communication). Therefore, the paleo geomagnetic
fluctuation is unlikely.

Assuming the Nihonkoku-Miomote tectonic zone as a
northwestern extension of the Tanakura Shear Zone, Otofuji
et al. (1985c¢) attributed clockwise paleomagnetic deflection
to the dextral motion of the zone. However, the zone in
which block rotation occurred is wider than Otofuji and his
colleagues thought (Fig. 6). Block rotation occurred in a wide

zone. The line AA’ in Fig. 6 shows the northeastern border
of the zone. Our data is not enough to delineate the other
boundary, however, the samples to the west of the line BB’
show counterclockwise deflections. The zone with clock-
wise deflections seems to include eastern Tsugawa district
as well as southern Uetsu area.

The area to the southeast of the zone seems to have ro-
tated counterclockwise like the northern Uetsu area: Hirooka
et al. (1986) obtained paleomagnetic directions from Early
Miocene rocks with the mean declinations at 333° and 346°
in the Sado and Fukushima areas, respectively. Therefore,
the zone of clockwise deflections is sandwiched by the areas
with opposite paleomagnetic deflections.

Dextral shear was suggested in the zone by Hataya and
Otsuki (1991) as Early Miocene grabens are arranged in a
left-step en echelon manner. The paleomagnetic rotations
in the same zone is consistent with the dextral shear. Our
data has a poor temporal resolution, but we interpret the
timing of the block rotation at 15-20 Ma, simultaneous with
the large-scale extensional deformation of the arc (Yamaji,
1990; Sato, 1994). Otsuki (1975) and Koshiya (1986) show
a simultaneous dextral shear in the Tanakura area.

The zone is bounded at the northeastern side by the line
AA’ in Fig. 6. The Nihonkoku-Miomote mylonitic zone
seems to have affected the Miocene rotation. The zone of
block rotations is parallel to the line that is characterized by
granitic mylonites. Their foliations dip southwest at around
50 degrees with sinistral and normal senses of movements
(Takahashi, 1998). Takahashi interprets the timing of my-
lonitization before 92 Ma. Accordingly, inthe Early Miocene
time, the hanging wall of the ancient ductile shear zone was
broken into blocks by transtensional tectonics when the Japan
Sea opened. The granitic mylonites intercalate the slabs of
biotite-muscovite schists that are fissile and much weaker
than the granitic mylonites and may have worked as zones
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of pre-existing weakness under the rotating blocks in the
Miocene. The hanging wall may have broken into blocks
that rotated clockwise by the dextral shear along the zone.

Although our data have not enough resolution to constrain
the timing of the rotation, the primary site-mean directions
suggest that rotation was occurring until ~15 Ma in the Uetsu
and Tsugawa areas. The temporal variations in the direction
are estimated to range from 23 Ma to 15 Ma on the basis of
radiometric and fossil ages. Our data show a wide range of
rotation, though, the angular variation decreased toward ~15
Ma (Fig. 7). The youngest paleomagnetic data was brought
from the Kamagui Formation that is correlated with Blow’s
(1969) foraminifer zone N. 8 (15.1-16.4 Ma). The Kitaoguni
Formation yields the oldest paleomagnetic data in this study,
which was radiometrically dated at about 21 to 23 Ma (Ueda
etal., 1973; Ganzawa, 1987). The tectonostratigraphy of the
Uetsu area indicates that transtensional deformation began
after the deposition of the Kitaoguni Formation and ceased
at about 15 Ma (Yamaji, 1990), concordant with our paleo-
magnetic data.

Northern Uetsu area rotated counterclockwise as a single
block more or less. In contrast, the crust under the south-
ern Uetsu area was broken into a number of spinning blocks.
The paleomagnetic declination of the northern Uetsu block is
similar to that of most NE Japan (Otofuji ef al., 1985c). Ac-
cordingly, Otofuji and his coworkers interpret the NE Japan
arc was rotated as a coherent block that was bounded on
its southwestern side by the Tanakura Shear Zone, simul-
taneously with the coherent rotation of SW Japan at ca. 15
Ma. However, this interpretation is unsatisfactory, because
tectonostratigraphy indicate that the crust under NE Japan
was broken into a number of blocks in Early to early Middle
Miocene (Yamaji, 1990), and because inconsistent clockwise
paleomagnetic direction were also found in the Pacific side
of Northeast Japan. Recently, Hoshi and Takahashi (1997)
indicate that the southern part of NE Japan frontal arc has
not rotated since 18 Ma. In addition, the preliminary study
by Oda et al. (1989) shows that the Yanagawa area was ro-
tated clockwise (Fig. 8). Consequently, paleomagnetic data
so far reported indicate that most of NE Japan rotated coun-
terclockwise but some areas yield little or opposite sense of
rotations.

In relation with tectonostratigraphy, we interpret that dex-
tral transtension accompanied these rotations. Kobayashi
(1941) summarized tectonostratigraphy of Japan and as-
sumed the Kwanto Tectonic Line of which dextral movement
transferred the NE Japan frontal arc southeastward. Recent
paleomagnetic work by Otofuji et al. (1997) supports this
hypothesis. Kitamura (1963) realized that Neogene strata
in NE Japan suggest the differential movements of blocks
which were bounded by NW-SE trending faults, they are the
Hachirogata—Ichinoseki (HI), Honjo—Matsushima (HM),
Nishikawa—-Takarazawa (NT), Tanakura Shear Zone (Fig. 8).
Ehiro (1982) suggests that en echelon folds near the Futaba
Fault were formed by the dextral motion of the fault in the
Miocene. Perhaps the clockwise paleomagnetic rotations
were accompanied by the dextral motion of these faults. The
dextral shear between the HM and NT lines may have created
a number of grabens there (Nakamura, 1996) and clockwise
paleomagnetic rotations in the Matsushima and Yanagawa

j JAPAN SEA

\?‘:? Dextral Shear Zoneg

l:::;;: Aosawa Rift

 —=— Major Normal Fault

£ ARNE

Fig. 8. Schematic of the Miocene dextral transtensional deforma-
tions in NE Japan inferred from paleomagnetism and tectonostratig-
raphy. Thick gray lines AA’ and BB’ show the eastern and west-
ern boundary of the Abukuma Belt (Kubo and Takahashi, 1992).
Dashed line show the Fukushima area where Hirooka er al. (1986)
obtained counterclockwise paleomagnetic declinations. FF: Futaba
Fault, HI: Hachirogata—Ichinoseki, HM: Honjo—Matsushima, NT:
Nishikawa—Takarazawa, NM: Nihonkoku—-Miomote Lines (Kitamura,
1963). OF: Oisawa Fault, TSZ: Tanakura Shear Zone, KTL: Kwanto
Tectonic Line.

areas, which Oda et al. (1989) found. In the Matsushima
district, such a movement may have terminated at about 16
Ma when the angular unconformity was formed between the
sequences correlated to diatom biozones Denticulopsis in-
gens and D. praelauta (Ishii et al., 1983; Yamazaki, 1989).
The zonal structures of the pre-Tertiary basement are also
offset in the dextral sense at those zones. Both the eastern
and western borders of the Abukuma Belt seem to kink at the
intersections with the HI, HM, NT and Nihonkoku-Miomote
lines (Kubo and Takahashi, 1992). The dextral shear may
have been linked with the NS trending normal fault zone at
the western end—the depression of the Aosawa intra-arc rift
(Tsuchiya, 1989; Yamaji, 1990; Sato, 1994) was an example.
The dextral shear between the HM and NT lines might have
made the depression (Fig. 8). The intra-arc rift worked as a
deep sedimentary basin for Neogene sediments. The zone
has been reactivated as a thrust zone by east-west compres-
sion since the latest Miocene and is used as loci of crustal
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earthquakes (Ozawa et al., 1989; Okamura et al., 1995). Ac-
cordingly, Early to early Middle Miocene dextral transten-
sion at the eastern Japan Sea margin has given strong control
not only to paleomagnetic rotations but also Neogene sedi-
ment accumulations and recent compressional deformations
in NE Japan.

We interpret the both senses of paleomagnetic rotations
in NE Japan by the counterclockwise overall rotation of the
arc and by dextral transtension therein (Fig. 8). Jolivet ef al.
(1995) present a similar interpretation. Their model differs
from ours in that they attribute most of the counterclockwise
paleomagnetic deflection in NE Japan to intra-arc block ro-
tation as much as 60 degrees. They assume that the frontal
arc rotated counterclockwise by 20-30 degrees. Blocks in
the inner arc rotated more. They interpret the difference
by a few tens of degrees by counterclockwise rotation of
the blocks. Accordingly, the model equals Lallemand and
Jolivet’s (1986) ‘pull-apart opening’ plus intra-arc block ro-
tations. We agree that the crust under NE Japan was broken
into blocks, and we accept that there were block rotations be-
cause the frontal arc seems to have ceased rotation before the
inner arc by a few million years (Hoshi and Takahashi, 1997).
However, we interpret that most of the counterclockwise pa-
leomagnetic rotation represents the general rotation of the
NE Japan arc. Namely, the principal behavior of the blocks
was coherent, counterclockwise rotation, but they were ro-
tated more with respect to the frontal arc that ceased rotation
earlier. The sharp difference between Jolivet et al.’s (1995)
and our models is how much the blocks rotated with respect
to the frontal arc. We prefer smaller amount of block rota-
tion. There are two lines of evidence. First, the frontal arc,
such as the Kadonosawa district (Hayashida, 1994; Hoshi
and Matsubara, 1998), rotated as much as the inner arc. Sec-
ond, the counterclockwise block rotations in the backarc re-
gion should have resulted in the left-lateral displacement of
the blocks with respect to the less rotational frontal arc. As
Lallemand and Jolivet (1986) emphasized, the right-lateral
motion of the NE Japan arc with respect to Eurasia accom-
panied the Japan Sea opening no matter how the drifting arc
was deformed. Therefore, the large block rotations such as
Jolivet et al. (1995) assumed appear difficult to reconcile
with the overall, right-lateral shear at the eastern Japan Sea
margin.
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