Bulletin of the Geological Survey of Japan, vol. 50 (1), p. 3-16, 1999

Miocene counterclockwise rotation of Northeast Japan :
a review and new model

Hiroyuki HosHI* and Masaki TAKAHASHI**

Hiroyuki HosHI and Masaki TAKAHASHI(1999) Miocene counterclockwise rotation of Northeast
Japan: a review and new model. Bull. Geol. Surv. Japan, vol. 50 (1), p. 3-16, 10 figs., 1 table.

Abstract : The paleomagnetic studies which have been performed in the forearc side of NE Japan
during the last decade are reviewed in detail to elucidate the Miocene rotational process of NE
Japan. The areas which are dealt with in this review are as follows ; from north to south, Ninohe,
Miyako and Kamaishi Mine in Iwate Prefecture, Shiogama-Matsushima in Miyagi Prefecture,
Ryozen in Fukushima Prefecture, and Motegi over a Tochigi-Ibaraki prefectural boundary. We
have compiled reliable paleomagnetic directional data from the areas and established variations in
declination and inclination with age. In an age-declination diagram, a pronounced change can be
seen at about 20 Ma ; declination seems to have varied from ca. 295° at 21 Ma to 0° at 18 Ma. All
the data showing large counterclockwise deflection in declination, 60° or more, were taken from the
lower Miocene and older formations in the Kitakami Mountains. Two models can account for the
observed paleomagnetic rotation. One is a large counterclockwise crustal rotation of NE Japan.
This model requires more than 60° of counterclockwise rotation of entire NE Japan. The amount
of rotation, however, is much larger than the angle of rotation expected from the reconstruction
based on geology and physiography. Another model, which we consider more plausible, explains
that differential rotation occurred in NE Japan. This model interprets that the angle of rotation of
the Kitakami Mountains was larger than that of the Abukuma Mountains. Dextral displacement on
a fault between the Kitakami and Abukuma Mountains, which has been presumed and termed the
Chokai-Ishinomaki Tectonic Line, may have accommodated the larger rotation of the Kitakami

Mountains.

1. Introduction

During the Cenozoic, an extension has occurred in a
belt 6000 km long adjacent to the eastern margin of
Eurasia (Taylor and Karner, 1983). As a consequence,
some island arc-backarc basin systems have arose;
the Japanese islands-Japan Sea pair is typical of those
being in the extensional belt. Migrating from the
eastern edge of the mother Asian continent, the proto-
Japanese islands were bent at the central part (Kawai
et al., 1961). This lateral bending resulted in the
present arched shape of the islands. Otofuji ef al.
(1985a) suggested that the southwestern and northeast-
ern parts of the islands (hereafter referred to as SW
and NE Japan) rotated clockwise and counterclock-
wise, respectively, during the Miocene opening period
of the Japan Sea.

In this paper, we first critically review recent
paleomagnetic studies in NE Japan, in order to clarify
the rotational process of NE Japan. Stress is devoted
to the contribution of paleomagnetic research per-
formed in the forearc side during the last decade.
Thus, our review does not deal with -earlier

‘paleomagnetic works. Next, we propose two possible
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models to account for the paleomagnetic rotation
observed in the NE Japan forearc.

2. Recent paleomagnetic research in
the forearc side of NE Japan

NE Japan is the geotectonic domain bounded on the
south and north by the Itoigawa-Shizuoka Tectonic
Line and central Hokkaido, respectively (Kimura et
al., 1991). Paleozoic and Mesozoic rocks, mainly
composed of accretionary complexes and plutonic
intrusives, crop out extensively in the forearc side of
NE Japan (east of the Quaternary volcanic front:
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QVF). They are covered in part by sedimentary and
volcanic rocks deposited in late Cenozoic time. In the
backarc side (west of the QVF), thick piles of upper
Cenozoic strata fill deep sedimentary basins incised
into pre-Cenozoic basement. In general, rocks of the
forearc region have been less altered than those of the
backarc region.

Figure 1 shows locations of the study areas which
are reviewed in this section. All areas are in the
forearc side, because recent paleomagnetic studies
were mostly carried out in this region. We omitted a
few studies for Miocene rocks of the backarc region,
because (1) rocks of the backarc region have generally
affected alteration and intensive diagenesis, (2) it has
been intensively faulted and folded under a late Cen-
ozoic contractile stress field (Sato, 1989), and (3) local
crustal rotations about vertical axes probably occur-
red here during and/or after the Japan Sea opening
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Fig.1 Index map of the areas reviewed in this paper.
All the areas are on the forearc side, the region
to the east of the Quaternary volcanic front.

(Momose et al., 1991 ; Jolivet et al., 1995).

2.1 Ninohe
Hayashida (1994) and Hoshi and Matsubara (1998)
carried out paleomagnetic research in the Ninohe
area of Iwate Prefecture. Otofuji ef al. (1985b, 1994)
also reported a few site-mean paleomagnetic direc-
tions.
Hayashida (1994) reported two time-averaged for-

mation-mean directions. Sedimentary rocks of the

lower Miocene Yotsuyaku Formation showed D =4.1°

and I =37.0° with ae;=19.0° (6 sites). Nine site-mean
directions from sedimentary rocks of the lower mid-
dle Miocene Kadonosawa Formation gave a mean
direction of D=2352.9° and I=55.7 with ay;=12.5
(Fig. 2). These data suggest that the Ninohe area has
not undergone vertical-axis crustal rotation since the
deposition of the Yotsuyaku Formation. However, it
is very difficult to assign numerical age to the Yotsu-
yaku mean direction, because (1) Hayashida (1994) did
not describe the sampling sites (localities and strati-
graphic positions), and (2) the depositional age of the
formation has not been determined well (Matsubara,
1995). On the other hand, the depositional age of the
Kadonosawa Formation has been constrained through
biostratigraphy ; it was deposited at about 16 Ma
(Irizuki and Matsubara, 1994). Consequently, we can
safely say that the area has not experienced vertical-
axis rotation since 16 Ma.

Recently, Hoshi and Matsubara (1998) reported
paleomagnetic results from well-dated lower Miocene
volcanic rocks (Fig. 2). Felsic-composition welded
tuffs of the Nisatai Dacite (21.0£0.3 Ma: Tagami et
al., 1995) yielded a unit-mean paleomagnetic direction
of D=2945" and I =44.2° with ays=28.3". This mean
direction was calculated from eight tilt-corrected site-
mean directions ; in the study eutaxitic texture was
regarded as an indicator of tilting. A positive result of
the conglomerate test (Graham, 1949) demonstrates
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Fig.2 Unit-mean paleomagnetic directions with 95%
confidence limits from the Ninohe area, Iwate
Prefecture. Data from Hayashida (1994) and
Hoshi and Matsubara (1998).
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primary origin of high-temperature magnetic compo-
nents of the Nisatai Dacite. Thus, the westerly direc-
tion indicates large-scale counterclockwise rotation
after 21 Ma. In contrast, a few andesite flows of the
Keiseitoge Andesite (16.9+0.3 Ma : Ishizuka and Uto,
1995) showed no significant deflection from the north-
south (unit-mean: D=186.6° and [=-61.9°). An
intraformational volcaniclastic conglomerate pro-
vides a positive result of the conglomerate test,
demonstrating the primary nature of the remanent
magnetization. Thus, the south-seeking unit-mean
direction proves no detectable vertical-axis rotation
of the study area. Finally, Hoshi and Matsubara
(1998) concluded that the area was subjected to coun-
terclockwise rotation between 21 and 17 Ma, and that
the amount of rotation reached 72+10°.

2.2 Miyako

Cretaceous volcano-plutonic complexes crop out
sporadically in the forearc side of NE Japan, and the
typical exposure occurs around Miyako of Iwate
Prefecture. There, Cretaceous igneous activity ini-
tially produced intermediate- to felsic-composition
volcanic products, named as the Harachiyama Forma-
tion (Fig. 3A). No sooner had the Harachiyama
volcanic activity ceased than the formation was
intruded by a granitic body, named as the Miyako-
Oura Granite. As a result, rocks of the Harachiyama
Formation have suffered contact metamorphism. On
the basis of regional stratigraphic correlation, Shibata
(1985) suggested that the intrusion occurred during the
Barremian-Aptian ages (127.0-112.2 Ma: Gradstein
et al., 1994). Rb-Sr and K-Ar geochronology provides
dates of 125-116 Ma for the granite (Shibata et al.,
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1978), being concordant with the stratigraphic age
inference. In late Cretaceous time, intense igneous
activity occurred again in this area, supplying felsic
volcanic rocks (the Heizaki Volcanics). As Fig. 3A
shows, they unconformably cover the older Hara-
chivama Formation, as well as the Miyako-Oura
Granite. Takigami (1991) reported an “°Ar/*°Ar total
fusion date of 71.3+2.4 Ma for the Heizaki Volcanics.

Otofuji et al. (1997) conducted a paleomagnetic
study of Cretaceous rocks in the Omoe Peninsula,
located in the southeast of Miyako. Paleomagnetic
samples were collected mainly from welded tuffs of
the metamorphosed Harachiyama Formation and
unmetamorphosed Heizaki Volcanics. They mea-
sured attitudes of eutaxitic texture in welded tuff at
outcrops, for structural tilt correction of
paleomagnetic vectors.

Two sites of welded tuffs of the Harachiyama
Formation yielded medium- and high-temperature
remanent magnetization components (Fig. 3B).
Medium-temperature components (MTC’s) character-
ized large-scale counterclockwise deflection in decli-
nation and shallow inclination ; two site-mean direc-
tions gave an #n-sify mean direction of D=281.0° and
I=17.3°. High-temperature components (HTC’s)
yielded an in-situ mean of D=90.4" and I=-4.7",
which became a direction with large-scale clockwise
deflection and shallow inclination (D =94.2° and I =
20.4°) after tilt correction. HTC magnetization in the
Heizaki Volcanics also showed large-scale counter-
clockwise deflection with shallow inclination ; seven
site-mean directions provided a unit-mean of D =283.
5 and 1 =9.4" with as;=8.0° after tilt correction.

Figure 3B summarizes paleomagnetic directions

Heizaki Volcanics (~70 Ma)

Plutonic rocks
(early Cretaceous)

Harachiyama Fm.,
(early Cret.: MTC)

++++++F b+ VV\

Harachiyama Fm.
(early Cret.; HTC)

HTC: High-temperature component
MTC: Medium-temperature component

Fig.3 (A) Simplified stratigraphic framework of Cretaceous strata at the Omoe Peninsula, southeast of Miyako, Iwate
Prefecture. (B) Unit-mean paleomagnetic directions with their 959 confidence limits from the Omoe Peninsula.
Data from Moreau et al. (1987) and Otofuji et al. (1997).
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obtained from the Harachiyama Formation and Hei-
zaki Volcanics, as well as those from early Cretaceous
plutonic rocks in the Kitakami Mountains (Ito and
Tokieda, 1986 ; Moreau ef al., 1987). The clockwise-
deflecting HTC magnetization in the Harachiyama
Formation has been inverted the antipodal direction.
Cretaceous igneous rocks in this area are character-
ized by significant clockwise deflection in declination
with very shallow inclination, except for the HTC
direction of the Harachiyama Formation. The in-situ
MTC direction of the Harachiyvama Formation is
parallel to the im-situ mean direction of early
Cretaceous Kitakami plutonic rocks. Along with the
fact that the Miyako-Oura Granite has intruded into
the Harachiyama Formation and affected contact
metamorphism, the good accordance of magnetization
directions implies that the MTC magnetization is the
remagnetization acquired at the time of granite intru-
sion. The HTC magnetization, on the other hand,
could be a primary thermoremanent magnetization
(TRM). If the HTC direction (D =90.4" and [ =-4.7°
in~situ) was the remagnetization acquired at the intru-
sion of the Miyako-Oura Granite, it should have been
almost parallel to the magnetization direction of the
granite. However, Otofuji et al. (1997) revealed that
the magnetization in the granite is almost antiparallel
to the Harachivama HTC magnetization. Thus, the
remanent magnetization of the Harachiyama Forma-
tion may not have been “metamorphosed” completely.
The tilt-corrected HTC direction shows a large coun-
terclockwise deflection with shallow negative inclina-
tion.  Shallow inclination with counterclockwise
deflection also characterizes the unmetamorphosed
late Cretaceous Heizaki Volcanics. As stated by
Otofuji et al. (1997), the counterclockwise deflection is
most likely due to the younger tectonic rotation of NE
Japan. They attributed the observed very shallow
inclination to the possible Cenozoic northward migra-
tion of the Kitakami massif.

2.3 Kamaishi Mine

Itoh et al. (1998) determined paleomagnetic direc-
tions of the Kurihashi Granodiorite at the Kamaishi
Mine of Iwate Prefecture. It is one of the early
Cretaceous granite intrusive bodies penetrating the
older Kitakami accretionary complex. Samples were
collected along a horizontal drift in the mine. Of all 45
sites, 19 provided stable remanent magnetization of a
single component. The 19 site-mean directions tightly
clustered about the in-situ mean direction (D =281.0°
and 1 =41.5° with ays=3.1°), which is characterized by
large counterclockwise deflection in declination and
slightly shallow inclination (Fig. 4).

2.4 Shiogama-Matsushima
In the early Miocene, a moderately deep and wide
sedimentary basin occurred in the Shiogama-Matsu-
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Fig.4 Site-mean paleomagnetic directions from the
Kurihashi Granodiorite at the Kamaishi Mine,
Twate Prefecture. Data from Itoh et al. (1998).

shima area of Miyagi Prefecture (Ishii ef al., 1982b,
1983a). Figure 5A illustrates the stratigraphic archi-
tecture and depositional age of the lower to middle
Miocene series. The basin was initially filled with
volcanic products (the Shiogama and Sauramachi
Formations), then invaded by a marine transgression
which caused deposition of a thick sedimentary
sequence (the Ajiri, Matsushima and Otsuka Forma-
tions).

Yamazaki (1989) carried out a paleomagnetic study
of the lower to middle Miocene sequence of this area.
Samples were collected from sedimentary rocks of the
Ajiri, Matsushima and Otsuka Formations. These
sedimentary units have been dated by means of both
diatom biostratigraphy and radiometric dating (Akiba
et al., 1982 ; Ishii et al., 1982a, 1983b). Yamazaki
(1989) first established a magnetic polarity stratigra-
phy for this sequence. Along with existing biostrati-
graphic information, magnetostratigraphy has pre-
cisely determined the depositional ages of the Matsu-
shima and Otsuka Formations ; these two formations
were formed between ca. 16.5 and 15 Ma (Fig. 5A).
The Ajiri Formation was deposited in late early
Miocene time. Figure 5B shows site-mean
paleomagnetic directions from the three formations
(data from the Matsushima and Otsuka Formations
are collectively projected onto a stereonet). Six site-
mean directions from the Matsushima and Otsuka
Formations yielded a time-averaged formation-mean
paleomagnetic direction of D =5.0° and [ =45.9° with
s =12.2° after tilt correction. There are both normal
and reversed polarity sites, and the normal-polarity
sites are almost antiparallel to the reversed-polarity
sites, indicating a positive reversals test (McElhinny,
1973). The time-averaged mean direction suggests no
detectable vertical-axis rotation after 16 Ma. Yama-
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biostratigraphy and magnetostratigraphy strictly constrain the depositional age of the Matsushima and Otsuka
Formations. (B) Site-mean paleomagnetic directions from the Matsushima and Otsuka Formations (left) and
from the Ajiri Formation (right). Data from Yamazaki (1989).

zaki (1989) stated that the possible counterclockwise
rotation of NE Japan had completed before 16 Ma.
The Ajiri Formation, on the other hand, was char-
acterized by slight clockwise deflection in declination.
Four site-mean paleomagnetic directions, all of which
had normal polarity, made a formation-mean direc-
tion of D=25.2° and 7 =50.2° with ays=16.9" after tilt
correction. Before tilt correction, the formation-
mean fell near the axial dipole field direction. Two
possibilities were put forward to the origin of magne-
tization in the Ajiri Formation (Yamazaki, 1989) ; one
interpretation for the single normal polarity is that

the formation was deposited during a normal polarity
period, and another possibility interprets that the
formation has been completely remagnetized. Yama-
zaki (1989) did not consider the results from the Ajiri
Formation in tectonic discussion, as well as in the
establishment of magnetostratigraphy.

2.5 Ryozen

Takahashi et al. (1997) made a paleomagnetic study
of Miocene volcanic rocks from the Ryozen area,
Fukushima Prefecture. They collected samples from
two different units; the Tenmyosan Volcanics and
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Ryozen Formation (Yamamoto, 1996). The former
interdigitates with fluvial and shallow marine sedi-
mentary rocks, named as the Shiote Formation, and
interbeds a tuff layer dated as 20.04-1.2 Ma with the
fission-track method (Yanagisawa ef al., 1996). The
date indirectly represents an approximate age of the
Tenmyosan Volcanics. For the latter, Ohki ef al.
(1993) documented a variety of K-Ar dates ranging
from 16.0 to 12.4 Ma from lava flows. However,
Yamamoto (1996) has recently reported that a basalt
dike which has intruded into volcaniclastic deposits of
the Ryozen Formation showed a K-Ar date of 16.3+
0.8 Ma. From cross—cutting relationships, the depo-
sitional age of the Ryozen Formation is most likely
older than or almost identical with the date. As Fig.
6 shows, five site-mean directions from the lower
Miocene Tenmyosan Volcanics yielded a formation-
mean direction characterized by a counterclockwise
deflection in declination and slightly shallow inclina-
tion (D=320.4" and I=41.3" with as;=16.5°). The
lower middle Miocene Ryozen Formation, on the
other hand, had north-seeking site-mean remanent
magnetization directions (formation-mean: D =356.
4 and I=53.6° with ass=8.7°, 10 sites). A positive
conglomerate test for an intraformational volcanic
conglomerate in the Ryozen Formation ascertained
the primary origin of the northerly site-mean direc-
tions with normal polarity. The directions were
calculated without bedding-tilt correction, because of
no evidence for significant stratal tilting. Finally,
these results suggest that the area was experienced
counterclockwise rotation of about 40° between 20 and
16 Ma (Takahashi et al., 1997).

2.6 Motegi

The Motegi area extends over Tochigi and Ibaraki
Prefectures, where lower Miocene rocks, mostly ter-
rigenous and volcanic origin, crop out extensively and
unconformably overlie Paleozoic to Mesozoic base-
ment. The lower Miocene series has been lithological-

Ryozen

PN

Ryozen Formation
(~16 Ma)

Tenmyozan Volcanics
(~20 Ma)

"l

Fig. 6 Time-averaged unit-mean paleomagnetic
directions from the Ryozen area, Fukushima
Prefecture. Data from Takahashi et al. (1997).

ly divided into four formations; the Ichiba, Motoko-
zawa, Yamanouchi and Motegi Formations, from base
to top (Fig. 7), and these collectively make up the
Nakagawa Group (Kawada, 1953; see Hoshi and
Takahashi, 1996a, for historical review of the strati-
graphy). As Fig. 7 shows, radiometric dating and
magnetostratigraphy have determined the depo-
sitional ages of the individual formations (Takahashi
and Hoshi, 1995, 1996 ; Hoshi and Takahashi, 1996b ;
Ishizuka and Hoshi, 1997).

Hoshi and Takahashi (1997) measured the remanent
magnetization of volcanic rocks of the Nakagawa
Group. Samples were collected from lava flows in the
Motegi and Yamanouchi Formations and basalt sills
(the Motokozawa Basalt) which have intruded into
sedimentary rocks of the Motokozawa Formation.
After appropriate demagnetization and bedding-tilt
correction, northerly paleomagnetic directions char-
acterized all the three units (Fig. 7B). A positive
conglomerate test confirmed the reliability of the site-
mean paleomagnetic directions obtained from the lava
flows (Hoshi and Takahashi, 1995). The reliability
was ascertained also from a positive reversals test (b
in Fig. 7B).

It should be stressed that the sills of the Motoko-
zawa Basalt possess undeflected remanent magnetiza-
tion directions. Twenty-five site-mean directions
vielded a unit-mean of D =180.3" and [ =-48.3" with
ays=3.4" after tilt correction, indicating little
rotational motion about a vertical axis after intrusion.
No radiometric dates have been reported from the
sills, but geologic observation suggests that the sills
intruded into the sediments just after the deposition of
the Motokozawa Formation (Hoshi and Takahashi,
1996b). As displayed in Fig. 7A, the age of the top of
the Motokozawa Formation is between the C5Dn/
C5Dr geomagnetic polarity chron boundary (17.615
Ma: Cande and Kent, 1995) and the fission-track date
for a tuff at a lower horizon of the formation (18.6+
1.3 Ma: Takahashi and Hoshi, 1996). Thus, it is
considered that the intrusion occurred at about 18 Ma.
Hoshi and Takahashi (1997) hence concluded that the
area has not undergone vertical-axis rotation since
then.

2.7 Other areas

Oda et al. (1989) studied the paleomagnetism of
Miocene rocks from the Takadate and Yanagawa
areas of Miyagi and Fukushima Prefectures, respec-
tively. The results suggest the possibility of localized
vertical-axis crustal rotations in these areas at early
middle Miocene time. However, we do not include
their data in the compilation and discussion of this
paper, because (1) they did not perform tilt correction
for data from volcanic rocks in spite of tectonic
tilting, and (2) the paper does not contain any quantita-
tive and numerical data, other than stereographic
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projections of site-mean directions.

3. Compilation of paleomagnetic data from
the forearc side of NE Japan

Table 1 lists paleomagnetic data from the areas
which have been reviewed in the preceding section.
All data are tilt-corrected unit-mean directions.
Confidence limits on declination and inclination (dD
and dI : Kellogg and Reynolds, 1978) are also shown.
The table does not include the data from the Kuri-
hashi Granodiorite in the Kamaishi Mine (Itoh et al.,
1998), because of no appropriate tilt correction. Also
disregarded in the compilation is the formation-mean
direction of the Ajiri Formation in the Shiogama-
Matsushima area (Yamazaki, 1989), owing to the
possibility of remagnetization. The paleomagnetic
data in the table range in age from 125 to 15.9 Ma.

Figure 8 shows temporal changes in declination
observed in the forearc side of NE Japan. We can
clearly recognize that a pronounced change in declina-
tion, from ca. 300° to 0°, occurred at about 20 Ma
within a short duration of 3 m.y. Declination seems to
have varied gradually also from 120 to 21 Ma, but this
may be insignificant when the confidence limits for
declination are considered.

The late Mesozoic to Cenozoic change in inclination
observed in the forearc side is shown in Fig. 9. Inclina-
tion seems to have increased with time, from -20° at
120 Ma to 40-60° in early Miocene time. Otofuji ef al.
(1997) attributed the apparent increase in inclination
to a large-scale northward migration of the Kitakami
massif. Any significant increase or decrease cannot
be observed between 22 and 15 Ma, suggesting little
latitudinal movement since the early Miocene.

4. Discussion

Our compilation indicates that counterclockwise
paleomagnetic rotation of more than 60° took place in
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Fig.8 (A) Temporal declination changes observed in

the forearc side of NE Japan after 140 Ma. A
noticeable change can be seen at about 20 Ma,
and the close-up is presented in (B). Declina-
tion seems to vary gradually from 300° at 21
Ma to 0° at 18 Ma.

Table1 List of selected paleomagnetic data from the forearc side of NE Japan.

Area Unit Age (Ma) N D (®) dD (®) I(®) dI(®) ayu(®) Ref.

Ninohe Kadonosawa Fm. 16 352.9 22.6 55.7 12.5 12.5 Hayashida (1994)
Keiseitoge Andesite 16.9+0.3 2 6.6 - 61.9 - - Hoshi and Matsubara (1998)
Nisatai Dacite 21.0+0.3 8 294.5 11.6 442 83 8.3 ditto

Miyako Heizaki Volcanics 713+£24 2 283.5 8.1 9.4 8.0 8.0 Otofuji et al . (1997)
Harachiyama Fm. 125-116 2 274.2 - 204 - - ditto

Matsushima Otsuka/Matsushima Fms. 16.5-15 6 5.0 17.7 459 12.2 122 Yamazaki (1989)

Ryozen Ryozen Fm. 16.3+0.8 10 356.4 14.8 53.6 8.7 8.7 Takahashi et al . (1997)
Tenmyosan Volcanics 20.0+1.2 5 3204 222 41.3 16.5 16.5 ditto

Motegi Motegi Fm. 159+0.2 11 8.4 16.0 55.0 9.1 9.1 Hoshi and Takahashi (1997)
Yamanouchi Fm. 176-16.8 36 9.9 8.5 56.5 4.7 4.7 ditto
Motokozawa Basalt 18 25 0.3 5.1 483 34 3.4 ditto

N : number of sites. D and 4D : declination and its confidence limit (dD =sin~'[sin aes/cos I]). I and dI : inclination
and its confidence limit (dl = aes). aos : radius of the 959 confidence limit.
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Fig.9 (A) Temporal inclination changes observed in
the forearc side of NE Japan after 140 Ma, and
(B) that between 24 and 12 Ma.

the forearc side of NE Japan at about 20 Ma (Fig. 8).
Cretaceous formations in the Kitakami Mountains
gave paleomagnetic declinations deflecting markedly
counterclockwise (ca. 280°). A large-scale counter-
clockwise deflection in declination (295°) was observed
also in the 21-Ma Nisatai Dacite. The Tenmyosan
Volcanics, which have been dated as 20 Ma, possess a
lesser amount of counterclockwise deflection (320°).
Little deflection was detected from the 18-Ma Motoko-
zawa Basalt. Any detectable deflection cannot be
observed in the formations which are younger than 18
Ma. Declination seems to vary progressively from ca.
295° at 21 Ma to 0° at 18 Ma via 320° at 20 Ma,
suggesting uniform paleomagnetic rotation between
21 and 18 Ma.

Counterclockwise tectonic rotation of entire NE
Japan could explain the observed counterclockwise
paleomagnetic rotation. It has been widely believed
that when the Japan Sea opened in an extensional
regime, NE and SW Japan rotated counterclockwise
and clockwise, respectively (Otofuji et al., 1985a). If
the forearc side of NE Japan behaved as a single rigid

sliver during rotation, the paleomagnetic rotation
observed in the forearc side represent the tectonic
rotation of entire NE Japan. In this context, NE
Japan rotated counterclockwise through more than
60° between 21 and 18 Ma. Unfortunately, however,
we have no clue to verify whether or not the forearc
side was a single, coherent rigid block during the
opening period of the Japan Sea, because in NE Japan
there are no useful strain markers, such as a zonal
geologic structure as seen in the outer part of SW
Japan.

From geologic and physiographic points of view,
more than 60° of counterclockwise rotation is unac-
ceptable. Several researchers have tried to restore
the paleoposition of the Japanese islands. Otsuki
(1990) achieved the most elegant reconstruction, based
largely on present geographic and bathymetric fea-
tures. According to his paper, the amount of counter-
clockwise rotation of NE Japan is about 30°, which is
half the paleomagnetically-suggested angle of rota-
tion. However, it should be noted that his reconstruc-
tion disregards effects of crustal extension. Recent
geologic studies have revealed that large-scale crustal
extension occurred throughout NE Japan during early
to middle Miocene time (Sato, 1994). For example,
1159 of crustal extension occurred in the Motegi area
at about 16 Ma (Takahashi and Hoshi, 1996). Early to
middle Miocene extensional tectonics is suggested to
have occurred also in the Ninohe and Shiogama-
Matsushima areas (Nakamura, 1992 ; Tsujino ef al.,
1996). In the backarc side, Yamaji (1990) revealed
many extensional basins (mostly half grabens) bound-
ed by normal faults. Hence, taking effects of intra-
arc crustal extension into account, the amount of
counterclockwise rotation would be 40-30°.

Another more plausible interpretation is that the
forearc side was not a single rigid sliver but composed
of two or more blocks. In Fig. 8, we should note that
all the paleomagnetic data showing large-scale coun-
terclockwise deflection in declination (>60°) were
obtained only from the Kitakami Mountains. Thus, it
is possible to interpret that only the Kitakami Moun-
tains were experienced large counterclockwise rota-
tion of more than 60°, and that other parts (Abukuma
and Yamizo Mountains) were undergone lesser rota-
tion (Fig. 10). This kind of interpretation was first
proposed by Kawai et «l. (1971). Takeuchi (1986) also
illustrated a discontinuous boundary between the
Abukuma and Kitakami Mountains. Possible differ-
ential rotation in the forearc side ceased before 16 Ma,
because northerly or southerly declinations have been
observed in the 16-Ma formations on the Kitakami,
Abukuma and Yamizo Mountains. ‘

Geologic and geophysical evidences support the
discontinuity between the Abukuma and Kitakami
Mountains. As illustrated in Fig. 10, a prominent
fault, the Hatakawa Tectonic Line, runs approximate-
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CITL : Chokai-Ishinomaki Tectonic Line
HTL : Hatakawa Tectonic Line
OYMZ : Onikobe-Yuzawa Mylonite Zone

BEFORE
ROTATION

CCW ROTATION W
21-18 Ma

__I_

Magnetic anomaly belt

AFTER
ROTATION

+ 36N

Fig. 10 Model for the counterclockwise rotation of NE Japan associated with the opening of the Japan Sea. For

explanation, see text.

ly N8"W across the Abukuma Mountains (Kubo et al.,
1990, 1994 ; Yanagisawa ef al., 1996). It was active
mainly during the Cretaceous as a sinistral strike-slip
fault (Otsuki and Ehiro, 1992). To the north, it is
hidden by upper Cenozoic formations near Takadate
of Miyagi Prefecture. Further to the north, its equiva-
lent (Onikobe-Yuzawa Mylonite Zone : OYMZ) again
appears to the surface, but its strike changes to N25°
W (Sasada, 1984, 1985). In addition, the Hatakawa
Tectonic Line and OYMZ do not align with each
other ; they seem to have been shifted dextrally by a
hidden transverse fault. This hypothetical transverse
fault has been called the Chokai-Ishinomaki Tectonic
Line (CITL). Otsuki and Ehiro (1978) estimated the
dextral displacement along the CITL to be 20 km.
Furthermore, at the eastern extension of the CITL off
Matsushima, a north-south-trending magnetic anom-
aly belt (Finn, 1994) seems to be shifted dextrally by a
possible counterpart of the CITL. Thus, most likely
the CITL was the kinematic boundary with dextral
slip between the Kitakami and Abukuma Mountains
at about 20 Ma. Further paleomagnetic studies, espe-

cially for the pre-20-Ma rocks in the areas south of
the CITL, are needed to verify the differential rota-
tion in the forearc side of NE Japan.

5. Conclusions

(1) We compiled late Mesozoic to Cenozoic
paleomagnetic data from the forearc side of NE Japan
and established declination and inclination changes as
a function of age. As a result, pronounced counter-
clockwise paleomagnetic rotation of more than 60°
was observed between 21 and 18 Ma.

(2) Two possibilities were discussed to account for
the observed paleomagnetic rotation. One is that the
large counterclockwise rotation in paleomagnetic
declination results from large tectonic rotation of
entire NE Japan. In this model, however, the amount
of counterclockwise rotation (>60°) is much larger
than the rotation angle expected from the reconstruc-
tion based on geologic and physiographic features (40-
30°). Another more plausible interpretation is that
differential rotation took place in NE Japan; the
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angle of rotation of the Kitakami Mountains was
larger than that of the Abukuma Mountains. Dextral
movement on the Chokai-Ishinomaki Tectonic Line
may have accommodated the larger rotation of the

Kitakami Mountains.
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