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Counter-clockwise rotation of the eastern part of the Mongolia
block: Early Cretaceous palacomagnetic results from Bikin,
Far Eastern Russia
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1 INTRODUCTION

SUMMARY

We present palacomagnetic results from Lower Cretaceous rocks in Bikin area of the Alchan
basin (46.5°N, 134.7°E), Sikhote Alin orogenic belt, Far Eastern Russia. A high-temperature
magnetization component with maximum unblocking temperatures at about 590°C was iso-
lated from six sites of dacite welded tuffs in the Albian Alchanskaya Formation. The fold tests
for these six sites are positive, suggesting that primary magnetization is preserved in the studied
rocks. The tilt-corrected mean direction of D = 309.3°, [ = 68.7° (a95s = 10.1°), with a corre-
sponding palaeopole position at 57.0°N, 76.8°E (495 = 15.1°), indicates a counter-clockwise
(CCW) rotation for the studied area. CCW rotation is also indicated from west-directed de-
clinations (D = 249.1°, I = 64.1°, ags = 11.2°) obtained from secondary magnetization of
the Berriasian Kultukha Formation. Combining with the previously reported studies, the west-
directed Cretaceous palaeomagnetic directions cover widely the eastern part of the Mongolia
block. Comparison with 100 Ma palaeomagnetic pole for Eurasia shows that the eastern part
of the Mongolia block experienced a CCW rotation of over 36° with respect to the Eurasian
continent later than Late Cretaceous. This rotation is ascribed to post-Late Cretaceous exten-
sion that affected the continental basins (the Middle Amur, Sanjiang, Razdolnian, Amur-Zeya
and Songliao basins) of the northeast Chinese Plain along the eastern margin of the Mongo-
lia block. Contemporaneous with this CCW rotation, similar extension resulted in clockwise
rotation of the eastern part of the North China block.

Key words: continent, Cretaceous, deformation, Mongolia block, palaeomagnetism,
tectonics.

sure of the Mesozoic Mongol-Okhotsk Ocean (Kravchinsky et al.
2002).

The eastern part of the Asian continent was formed by sequential
welding of four microcontinents during Palacozoic and Mesozoic
eras [Siberian craton, Mongolia block, North China block (NCB)
and South China block (SCB); Fig. 1]. Collision between the Mon-
golia block and the NCB was completed by Permian time (e.g. Li
1998; Kravchinsky et al. 2002). Following this, an initial contact
between the NCB and the SCB started by the Late Permian and
subsequent suturing was completed by the end of Jurassic (Zhao
& Coe 1987; Li 1998; Yokoyama et al. 2001). In the beginning
of Early Cretaceous, the composite Mongolia block-NCB-SCB
continent welded to the Siberian craton, which resulted in the clo-
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After amalgamation of East Asia during the Late Jurassic, Eastern
Asia experienced widespread extension. This Late Mesozoic exten-
sion is characterized by the development of a Basin and Range type
fault-basin system that extends northward to the Mongol-Okhotsk
fold belt and southward to the NCB (Ren et al. 2002; Meng 2003).
Early Tertiary extension is represented by a backarc opening of Japan
Sea and South China Sea (Fournier et al. 2004). Several models have
been proposed to explain the Late Mesozoic to Cenozoic extension.
Extension has been ascribed to different tectonic events by different
authors; that is, to subduction process in the Pacific (Northrup et al.
1995), lateral extrusion of East Asian terranes due to India—Asia
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collision (Fournier e al. 2004), mass upwelling of asthenosphere
(Tatsumi et al. 1989; Ren et al. 2002; Meng 2003) and eastward
flow in the asthenosphere (Uyeda & Kanamori 1979; Flower et al.
2001). Origin of the extension in Eastern Asia is still in controversy.

Cretaceous-rifted Songliao and Sanjiang-middle Amur basins,
and Miocene opened Japan Sea, are arranged from interior to the
continental margin in the eastern part of the Mongolia block. These
basins and their surrounding areas offer a unique chance to study this
extensional and rifting mechanism of the continental basins that has
been operative in the East Asia during Late Mesozoic to Cenozoic.
Previously, post-Cretaceous counter-clockwise (CCW) rotation has
been observed in the Sikhote Alin mountain area located on east
side of the central Sikhote Alin fault (Otofuji et al. 2002, 2003).
Here, we present new Cretaceous palacomagnetic results from the
Bikin area, located on west side of the central Sikhote Alin fault. The
purpose is to investigate the Late Mesozoic extensional activities in
East Asia.

2 GEOLOGIC SETTING
AND SAMPLING

The Mongolia block is bounded to the north by the Mongol-Okhotsk
Suture and to the south by the Xing-Meng Suture. The Precambrian
Khingan-Bureya and Khankai massifs occupy the easternmost part
of the Mongolia block, which in turn is flanked by the Sikhote Alin
orogenic belt (Zonenshain et al. 1990; Natal’in 1993; Khanchuk
2001) (Fig. 2a).

This belt incorporates Jurassic to Late Cretaceous ter-
ranes with the East-Sikhote Alin volcanic belt, including
Jurassic Samareka-Nadanhada-Bikin-Badzal-Taukh terranes, Early
Cretaceous Zhuravlevka-Amur terrane, Early-Late Cretaceous
Kizelevka-Monoma-Kema terranes and the East-Sikhote Alin vol-
canic belt. Several Mesozoic to Cenozoic basins are superimposed
in the eastern part of the Mongolia block, namely, from west to east,
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Figure 1. Simplified tectono-geographic map for the eastern margin of
the Eurasian continent. Black arrows represent palacomagnetic declinations
from the Cretaceous rocks. The numbers adjacent to arrows represent the
corresponding localities in Table 2. Black arrows with closed square are
Cretaceous palacomagnetic directions for Siberia (105°E, 52°N), Mongolia
(112°E, 46°N) and the NCB (North China block) (112°E, 40°N), which has
been calculated from the 100 Ma pole of Eurasia (Besse & Courtillot 1991).
Palaecogene palacomagnetic directions from Japanese arc rocks are shown
by white arrows (Otofuji ef al. 1985). SCB, South China block.

Songliao, Amur-Zeya, Bureya, Sanjiang-Middle Amur, Alchan,
Razdolny and Partizansk basins.

The Bikin area, which forms part of the Albian-Aptian Alchan
volcanic belt, is located in the Alchan basin (Fig. 2b). A neritic
depositional environment was predominant during the latest Juras-
sic to earliest Cretaceous and the basin were buried by the Upper
Jurassic—Lower Cretaceous mudstone, siltstone and conglomerate
beds (Kirillova & Kiriyanova 2003). As Aptian time is character-
ized by volcanic activity in Southeast Russia, the sediments con-
tained a substantial amount of volcanoclastic admixture. Abundant
ammonite fauna and the Mesozoic fossil plant groups are used as
markers for correlation of stage ages of the general stratigraphic
scale. The Lower Cretaceous stratigraphy of the Alchan basin has
been well established around the Bikin; including the Berriasian
Kultukha Formation, Aptian Uktur Formation and Albian Alchan-
skaya Formation in ascending order.

As shown in Fig. 2(b), palacomagnetic samples were collected at
11 sites. Although the Albian Alchanskaya Formation of the pyro-
clastic rocks is mapped along the Bikin river, sections suitable for
palaeomagnetic investigation, that is, exposures showing consistent
palaeohorizontal indicators, are few in number. A thick vegetation
cover, inaccessible bank sections and avoidance from fault zones
are major contributing factors. Despite these difficulties, we col-
lected dacite welded tuffs (BK01, BK02, BK04, BK07, BK08 and
BKO09) and dacite tuffs (BK03) at two localities. At lower stream
locality (Fig. 2b), dacite tuftf (BK03) overlies (BK04, BK07, BK0S
and BK09). Sandstones of the Berriaisan Kultukha Formation were
collected at four sites (BK10, BK11, BK12 and BK13).

Seven to ten hand samples, oriented with magnetic compass, were
collected over a distances of 20 m at each site. Accurate positioning
of sites was determined by a portable navigational instrument. At
all sampling sites of welded tuffs, bedding planes were observed
on the basis of eutaxitic structure (lineation of stretched pumice
and aligned phenocrysts). The present geomagnetic field declination
value at each sampling site was evaluated from the International
Geomagnetic Reference Field (Mandea & Macmillan 2000).

3 LABORATORY PROCEDURES

One to six specimens, 25 mm in diameter and about 23 mm in height,
were prepared from each hand sample in the laboratory. Remanent
magnetization of each specimen was measured using a 2G Enter-
prises cryogenic magnetometer. Stepwise thermal demagnetization
was carried out up to 600° with a Natsuhara TDS-1 thermal de-
magnetizer; the residual field in these furnaces during the cooling
cycle was less than 5 nT. A pilot specimen was selected from each
site and subjected to stepwise thermal demagnetization as follows:
From 100°C to 500°C at 50°C intervals, and from 530°C to 590°C
at 30°C or 20°C intervals. The pyroclastic rocks of the Alchan-
skaya Formation show an unblocking temperature range between
560°C and 580°C. Sedimentary rocks of the Kultukha Formation
are generally characterized by low unblocking temperatures below
350°C. Thus, the same demagnetization approach was adopted for
the remaining specimens of the Alchanskaya Formation. For the
remaining specimens of the Kultukha Formation, demagnetization
step was, however, reduced to 10°C between 300°C and 350°C, and
to 30°C between 350°C and 530°C.

Demagnetization response was plotted on Zijderveld diagrams (Zi-
jderveld 1967) and equal-area projections to assess component
structure and to evaluate directional stability, respectively. Princi-
pal component analysis (Kirschvink 1980) was used to determine
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directional behaviour of different magnetization components. Mean
directions were calculated using Fisherian statistics (Fisher 1953).

4 PALAEOMAGNETIC RESULTS

4.1 Pyroclastic rocks of the Albian
Alchanskaya Formation

Dacite welded tuffs from six sites (BK01, BK02, BK04, BK07,
BKO08, BK09) have initial NRM intensities from 0.32 x 1072
Am™" t0 95 x 1072 A m~'. Thermal demagnetization procedure
generally revealed two components of magnetization (Fig. 3). A low-
temperature component was unblocked between 300°C and 450°C.
A high-temperature component, which shows a straightforward de-
magnetization behaviour, was removed between 560°C and 590°C.

Six site-mean directions with the high-temperature component
reveal good clustering with precision parameter between 13.8 and
422.4 (Table 1), corresponding to small 95 per cent confidence circle
(g5 =2.7° ~ 15.5°). These site-mean directions show two groups of
declinations in geographic coordinates. Two sites from east-dipping
strata (BKO1, BK02) gave west-directed declinations whereas the
remaining four sites from west-dipping strata revealed east-directed
declinations (Fig. 4). After tilt correction, all the site-mean di-
rections cluster in the northwest quadrant with steep inclination.
The ratio of the precision parameter increases after tilt correction
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(k2/k1 = 45.2/9.3). The optimal concentration of direction-
correction (DC) tilt test (Enkin 2003) is achieved at 96 4 39 per
cent, which indicates a positive tilt test. According to the McFadden
(1990) method, the fold test is also positive at 99 per cent confidence
level. The calculated value (§1) is 5.3901 in geographic coordinates
and 0.4376 after tilt correction, while the critical value (§) is 3.9190
at 99 per cent confidence level. The mean direction after 100 per
cent unfolding (D = 309.3°, [ = 68.7°, a9s = 10.1°, N = 6) is
the ChRM direction of welded tuffs, which is clearly far from the
present geomagnetic field direction (D = 348.9°, [ = 62.2°).

Dacite tuffs from one site (BK03) have initial NRM intensities
between 1.1 x 1072 Am~"and 2.4 x 1072 Am~". After the unblock-
ing of low-temperature component by 300°C, the high-temperature
component with unblocking level of 590°C appeared (Fig. 3c). The
site-mean direction of the high-temperature component after tilt cor-
rection (D = 309.2°, [ = 68.5°) is parallel to the ChRM direction
of the welded tuffs. However, this data is not used to calculate the
mean direction of the Albian Alchanskaya Formation because of
large 95 per cent confidence circle (ags = 36.6°).

4.2 Sedimentary rocks of the Berriasian
Kultukha Formation

Sandstones from four sites (BK10, BK11, BK12 and BK13) have
initial NRM intensities between 0.14 x 107> A m~' to 5.3 x
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Figure 2. (a) Simplified geologic map of the study area. The shaded areas represent Cretaceous to Cenozoic basins and grabens. AB, Alchan basin; RB,
Razdolny basin; PB, Partizansk basin. (b) A simplified geologic map showing the sampling localities of the Alchanskaya and Kultukha Formations in the Bikin

area. Strike/dip orientations of strata are shown in insets.
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Table 1. Early Cretaceous palacomagnetic results from Bikin area of the Mongolia block.

Y. Otofuji et al.

Locality . . In situ Tilt corrected
Strike Dip N/n

Site No. Lat. Long. ©) ©) Dec.(°) Inc.(°) Dec.(°) Inc.(°) K @95(°) Rock type
Alchanskaya Formation (Albian)
High-temperature component
BKO03 46°33.7 134°41.7 181 37 8/8 43.0 62.5 309.2 68.5 32 36.6 Dacite tuff
BKO1 46°31.8 134°52.6 343 12 8/8 292.7 58.9 3125 64.9 4224 2.7 Dacite welded tuff
BKO02 46°31.8' 134°52.6 315 17 717 82.2 53.7 311.2 55.2 124.4 5.4 Dacite welded tuff
BK04 46°33.7 134°41.8 154 32 8/8 29.0 63.6 295.2 74.6 13.8 15.5 Dacite welded tuff
BKO07 46°33.8' 134°41.9 181 37 8/8 61.8 66.2 287.2 74.1 453 8.3 Dacite welded tuff
BKO8 46°33.7 134°41.9 212 37 8/8 46.5 72.6 320.6 57.1 242 11.5 Dacite welded tuff
BK09 46°33.8' 134°42.0 182 31 8/8 70.1 61.9 319.5 84.1 17.2 13.7 Dacite welded tuff
Mean 4625 13427 6 8.0 76.4 9.3 23.1 Dacite welded tuff

6 309.3 68.7 452 10.1

Pole position
Lat. Long. k Aogs
57.0°N 76.8°E 24.8 12.4°

Kultukha Formation (Berriasian)
Pyrrohotite component (100-350°C)
BK10 47°01.4 134°32.5 217 28.5 10/10 248.0 60.5 267.9 37.6 99.1 49 Sandstone
BKI11 47°01.4' 134°32.5 171 19 10/10 242.9 58.8 245.1 39.9 49.5 6.9 Sandstone
BK12 47°01.5 134°32.4 160 22 10/10 243.6 59.2 241.8 372 126.3 43 Sandstone
BK13 46°56.9' 134°39.8 64 35 9/10 272.8 76.4 165.4 62.0 164.1 4.0 Sandstone
Mean 4 249.1 64.1 68.4 11.2

4 240.8 49.1 8.1 343
Magnetite component (350°C-580°C)
BK13 46°56.9' 134°39.8 64 35 8/10 292.6 70.8 171.0 68.5 132.8 4.8 Sandstone

n and N are number of specimen measured and used for calculation, respectively. A mean direction is calculated at the reference point of Bikin (46.5°N,
134.7°E). Dec. and Inc. are declination and inclination respectively; k& and « 95 are the estimate of the Fisherian precision parameter and the radii of cone of
95 per cent confidence (Fisher 1953). Strikes of bedding are values before the subtraction of local geomagnetic declination (Mandea & Macmillan 2000).

1072 Am™". Thermal treatment clearly revealed a single component
of magnetization (Fig. 5). All the sites yielded very consistent un-
blocking temperatures pattern, where more than 95 per cent of the
NRM intensity is removed between 300°C and 350°C (Figs Sa—c).
Insitu site-mean direction for magnetic component with maximum
unblocking temperatures of 350°C of four sites (BK10, BK11, BK12
and BK13) is D = 249.1°, I = 64.1° (a9s = 11.2°) (Fig. 5). Af-
ter tilt correction, the dispersion of directions increases. The ratio
of the precision parameter decreases after tilt correction (k2/k1 =
8.1/68.4). The optimal concentration of DC tilt test (Enkin 2003) is
achieved at —18 £ 39 per cent. The McFadden’s fold test (McFadden
1990) also shows negative results at 99 per cent confidence level,
where the calculated value (£) is 2.319 in geographic coordinates
and 3.829 after tilt correction, while the critical value (¢) is 3.180 at
99 per cent confidence level. These behaviours very clearly indicate
that this component magnetization in the sandstone of the Kultukha
Formation was acquired after tilting as a secondary magnetization.

The secondary magnetization is observed in remanent magneti-
zation remained up to the heating level of 500°C in BK13 (Fig. 5d
and Table 1).

5 ROCK MAGNETISM

Thermal demagnetization of three-component IRMs (Lowrie 1990)
was conducted on samples from all sites to elucidate the carrier of
remanent magnetization (Fig. 6). The carrier of magnetization in the
Albian welded tuffs and tuffs is magnetite, because the maximum

unblocking temperatures of 560-590°C is obtained from thermal
treatment of the NRM and three-component IRMs (Figs 3 and 6).

Based on the maximum unblocking temperature of about 330°C
shown in thermal demagnetization of the NRM (Fig. 5), pyrrhotite
is considered as main magnetic carrier in the Berriaisan sandstones.
The presence of pyrrhotite is well defined by thermal treatment of
the three-component IRMs, where the medium coercivity fraction
sharply drops at 330°C (Fig. 6). Optical microscopic observation
under transmitted and reflected light shows that the Berriaisan sand-
stones are low-grade metasedimentary rocks in which formation of
metamorphic biotite takes plate. Fine-grained iron sulphides are
abundant in three thin sections (BK10-1, BK11-3, BK12-8) from
the sandstones of sites BK10, BK11 and BK 12, but grain size is too
small (less than a few pm) to identify pyrrhotite.

6 DISCUSSION

The ChRM isolated from the Albian welded tuffs of the Bikin
area passes both the fold tests (McFadden 1990; Enkin 2003). The
ChRM is not pyrrhotite but magnetite, and the upper Jurassic—
Lower Cretaceous sedimentary layers in the Sikhote Alin orogenic
belt were deformed prior to the Senonian (Zonenshain et al. 1990;
Kirillova & Kiriyanova 2003). These facts favour the interpreta-
tion that the ChRM is a primary remanence. A tilt-corrected mean
direction of this ChRM gives the ChRM direction of the Albian
Alchanskaya Formation (D = 309.3°, = 68.7°, ags = 10.1°, N =
6) with a corresponding pole position of 57.0°N, 76.8°E, 495 = 12.4°
(Table 1).
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Figure 3. Zijderveld diagrams of the magnetization vector response to thermal demagnetization procedure for the Alchanskaya Formation. Numbers adjacent
to demagnetization path are temperature in degree Celsius. (a, b, ¢, d, f, g) Samples from welded tuffs. (¢) Samples from dacite tuffs. Open (solid) symbols
show projection onto the vertical (horizontal) plane. All directions are plotted in geographic coordinates.

Although the ChRM of'the Albian Alchanskaya Formation record
just a spot reading of the ambient geomagnetic field, the west-
directed direction most probably represents a record of the geo-
magnetic field for a fairly long period of time during Early Creta-
ceous. This statement is strongly supported by the following argu-
ments. Firstly, the west-directed direction is recorded in the tuffs
(site BK3) as well as in the welded tuffs, although longer geomag-
netic field record is preserved in tuffs with DRM or PDRM, rather
than in welded tuffs with TRM. Secondly, secondary magnetizations
carried by pyrrhotite in the Berriasian Kultukha Formation are of

© 2005 The Authors, GJI, 164, 15-24
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west-directed declination. Because the Hauterivian to Cenomanian
tectonic activity initiated formation of a metamorphic layer in the
Sikhote Alin orogenic belt (Khanchuk 2001), this activity is presum-
ably responsible for the secondary magnetizations associated with
weak metamorphism. Combining the timing of folding, the west-
directed direction of the Kultukha Formation is a record between
Hauterivian and Early Late Cretaceous.

The west-directed declination (D = 309.3°) obtained from the
Bikin area is ascribable to tectonic rotation. The similar west-
directed directions are observed at Qitaihe (Uchimura et al. 1996)
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Figure 4. Equal-area projections of the site-mean directions with 95 per
cent confidence circles for Alchanskaya and Kultukha Formation rocks.
Alchanskaya Formation: Solid circles with 95 per cent confidence circles
and a diamond with dotted 95 per cent confidence circle are data of dacite
welded tuffs and dacite tuffs, respectively. Square with shaded circle of con-
fidence indicates the mean direction based on the data of six sites of dacite
welded tuffs. Kultukha Formation: solid circles with 95 per cent confidence
circles are data for magnetization component with maximum unblocking
temperature of 350°C. Square with shaded circle of confidence indicates the
overall mean direction. All the symbols are for the lower hemisphere.

and Sikhote Alin (Uno et al. 1999; Otofuji et al. 2003) in the east-
ern part of Mongolia block (Figs 1 and 7). Palacomagnetic study
of the Late Jurassic to Early Cretaceous sedimentary rocks covers
30 x 70 km at the Qitaihe area in Heilongjiang province of China
and palaeomagnetic sampling sites of the Late Cretaceous welded
tuffs in Sikhote Alin study area are geographically distributed in
300 km range along the coast of Sikhote Alin volcanic belt of east-
ern Russia. Fig 7 shows pole positions for Bikin (57.0°N, 76.8°E,
Ags =15.1°), Qitaihe (61.9°N, 74.7°E, 495 =9.0°) and Sikhote Alin
(71.5°N, 38.9°E, A¢s = 9.9°). They are plotted on the west side of
the 100 Ma pole of Eurasia (Besse & Courtillot 1991) with respect
to the eastern part of Mongolia block (Fig. 7). The west-directed
directions in rocks with different ages from fairly large areas are not
explained by any geomagnetic field behaviour (secular variation or
excursion). We claim that the eastern part of the Mongolia block
underwent CCW tectonic rotation with respect to Eurasia. Our new
data showing the west-directed declinations from Bikin (46.5°N,
134.7°E) widely broadens the extent of region which experienced
the large CCW rotation.

The CCW rotation of three areas (Bikin, Qitaihe and Sikhote
Alin) in the eastern part of the Mongolia block is characterized by
the large magnitude more than 36° with respect to the ambient re-

gions. Comparison with the 100 Ma Eurasian pole indicates that
the Bikin area was subjected to CCW rotation of 69.7° £ 29.9°
without south-north translation (—0.9° £+ 17.0°) with respect to
Eurasia. Magnitudes of CCW rotation calculated for Qitaihe and
Sikhote Alin volcanic belt are 39.2° £ 17.1° and 43.4° £+ 16.6°
with respect to Eurasia, respectively (Uchimura ef al. 1996; Otofuji
et al. 2003). Based on the combined Cretaceous reference pole for
Mongolia and NCB by Lin ef al. (2003), a CCW rotation of more
than 35.7° + 16.7° is expected for these areas with respect to
Mongolia and NCB (Table 2).

The large CCW motion of the broad region requires a large-scale
rotation model instead of the local rotation models in which the
CCW motion of the Qitaihe and the southern part of Sikhote Alin
was explained by either a ball bearing or bookshelf-type models
due to the sinistral displacement along faults (Uchimura et al. 1996;
Uno et al. 1999). The Qitaihe area is close to the northeastern ex-
tension of the Tan-Lu fault (Fushun Mishan Fault) and a sinistral
displacement probably occurred during Jurassic—Cretaceous times
(Xu & Zhu 1994; Zhang et al. 2003). The Sikhote Alin is assumed to
be transformed into a rectangular block by the Central Sihote Alin
fault and its branches (Uno ef al. 1999). However, because Bikin
area is far away from either northeastern extension of the Tan-Lu
fault or the Central Sikhote Alin fault, the CCW rotation is hardly
explained by the localized movement due to strike-slip faults.

Timing of this CCW rotation is an important clue to make a
large-scale tectonic model for this region. Previous palacomagnetic
data from the Sikhote Alin area show that the Upper Campanian
Kisin Group (Monastriskaya Suite) records a CCW rotation whereas
no significant rotation (8.5° & 17.0°) is detected from the Early
Tertiary Bogopol Group (Otofuji et al. 1995, 2003). These data,
thus, suggest that the most probable cause for rotational motion
in this region (including Bikin, Sikhote Alin and Qitaihe areas) is
ascribed to deformation during the Late Cretaceous to Palacocene.
The CCW rotational motion is contemporaneous with the post-Late
Mesozoic tectonic phenomena of development of the Basin and
Range type fault-basin systems in the eastern margin of the Aisan
continent (Ren ez al. 2002; Tian et al. 1992). The Middle Amur,
Sanjian, Razdolnian, Amur-Zeya and Songliao basins distributed in
the eastern part of the Mongolia block formed later than Santonian to
Campanian (Kirillova 1995; Lin ef al. 2003). Shape of the Middle
Amur-Sanjian and Amur-Zeya basins is characterized by the A.
Formation of these basins with isosceles triangle shape resulted in
rotation of the Bikin, Sikhote Alin and Qitaihe areas in the eastern
part of the Mongolia block.

The Mesozoic—Cenozoic rifting in the northeastern Chinese
Plain, on the other hand, activated clockwise (CW) rotation in the
northern part of the NCB (Fig. 1). Cretaceous palacomagnetic di-
rection reported from East Liaoning—Korean block shows an east-
directed declination. Declination values from Kyongsang basin of
the South Korea range between 28° and 37° (Otofuji et al. 1986; Lee
etal 1987; Zhao et al. 1999). Late Cretaceous declination values of
40.7° and 40.1° were reported from Upper Cretaceous rocks in the
Benxi area of the Liaonign province (China) (Uchimura et al. 1996;
Lin et al. 2003). Lin et al. (2003) estimated that the East Liaoning—
Korean block experienced a CW rotation of 22.5° £ 10.2° with
respect to the Chinese block (NCB + SCB). This CW rotation is as-
cribed to Late Cretaceous extension of the Xialiaohe and Songliao
(Lin et al. 2003). Although formation of the Songliao basin con-
tinued from the Late Jurassic to the Neogene, a broad depression
associated with second rifting phase developed during the Late Cre-
taceous (Ren et al. 2002). The Late Cretaceous rifting in the plains
of northeast China played an important role in tectonic rotation of
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Figure 5. Zijderveld diagrams of the magnetization vector response to thermal demagnetization procedure for the Kultukha Formation, together with magnetic
intensity decay curves. Numbers adjacent to demagnetization path in Zijderveld diagrams are temperature in degree Celsius. Abrupt decreases of remanent
intensity is very clearly indicated between 300°C and 350°C in all specimens, suggesting the presence of pyrrhotite. All directions are plotted in geographic

coordinates.

the East Liaoning—Korean block as well as the eastern margin of the
Mongolia block.

The available palacomagnetic data show sequential opposite tec-
tonic rotations of blocks along the eastern margin of the Asian con-
tinent later than Cretaceous. The Late Cretaceous to Palacocene
phenomena is that the CCW rotation for eastern margin of the Mon-
golia block and the CW rotation for eastern margin of the NCB.
Early Miocene opposite tectonic rotations is the double door open-
ing mode of the Japan Sea associated with differential motion of the
Japanese islands (Otofuji ef al. 1985). These tectonic features imply
that the eastern margin of the Asian continent encountered same
type of tectonic phenomenon during both the Late Cretaceous and
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the Miocene. However, such phenomena are hardly ascribed to lat-
eral extrusion of the East Asia due to India—Asia collision (Fournier
et al. 2004), because India collided to Asia once around 55 Ma
(Rowley 1996) after the opposite rotations in the eastern margin of
the Mongolia block.

Sequentially occurred opposite tectonic rotations of blocks are
associated with opening of basins along the eastern margin of the
Asian continent, suggesting that extensional regime repeatedly op-
erated after the Late Cretaceous (Fig. 8). Geophysical observa-
tions from the Songliao basin suggest that the Late Cretaceous rift-
ing phase was accompanied by lithosphere stretching, crustal thin-
ning and mantle upwelling (Ma 1987; Hsu 1989). For the Miocene
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Figure 6. Thermal demagnetization of three-component IRMs for (a, b) welded tuffs of the Alchanskaya Formation and (c, d) sandstones of the Kultukha
Formation. IRMs of different DC fields (2.7 T, 0.3 T, 0.12 T) were imparted to three perpendicular axes of the specimen and then thermally demagnetized.
The unblocking temperature for pyroclastic specimens (BK01-3 and BK08-7) is between 500°C and 580°C, whereas for sandstone specimens (BK12-5 and
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Figure 7. Palacomagnetic poles with associated circles of 95 per cent con-
fidence level for eastern Mongolia are shown by circles (Bikin, Sikhote Ain
and Qitaihe). Poles for the NCB are shown by squares (two poles from Benxi
and three from Kyongsang basin). The 100 Ma reference pole for Eurasia
(Besse & Courtillot 1991) is marked by triangle. The numbers adjacent to
poles represent the corresponding localities in Table 2.

opening of the Japan Sea, mass upwelling of asthenosphere and/or
eastward flow of asthenosphere has been suggested (Tatsumi et al.
1989; Nohda et al. 1988; Okamura et al. 2005). Periodic extension
can be explained by 2-D mantle convection, which has intermit-
tently occurred along a continental margin. Numerical models in
which a supercontinent covers a top surface of a convection layer
induce lateral and sequential mantle flows toward the ocean asso-
ciated with periodic plume generation (Gurnis 1988; Lowman &
Jarvis 1996; Honda et al. 2000). Episodic backarc extension took
place in the western—central Mediterranean basins (Carminati et al.
1998), which is ascribed to slab detachment process (Carminati et al.
1998; Faccenna et al. 2001). It is possible that repeated occurred lat-
eral mantle flow, toward the ocean, in combination with the dynamic
evolution of the subducting oceanic lithosphere is one of the most
important factors for the periodic extension of East Asian basins.

7 CONCLUSION

Previous and the newly presented palacomagnetic data show that a
fairly broad area along the eastern margin of the Mongolia block ex-
perienced CCW rotation. CCW rotation was most likely responsible
for Late Cretaceous extension along the northeast Chinese basins
(e.g. Middle Amur, Sanjian, Razdolnian, Amur-Zeya and Songliao
basins). Comparing with CW rotation of the eastern margin of the
East Liaoning—Korean block, opposite tectonic rotations took place
along the eastern margin of the Asian continent. This opposite tec-
tonic rotations for fairly wide-ranging areas is associated with fan
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Table 2. Cretaceous palacomagnetic results from eastern margin of the Mongolia block and the NCB.

Observed direction Pole Position

Locality Age Rotation
name Lat.(°N) Long.(°E) N Dec.(°) Inc.(°) aos5(°) Lat.(°N) Long.(°E) A9s5(°) R(°) Reference
Eastern margin of the Mongolia block
(1) Bikin 46.5 134.7 Kl 6 3093 687 10.1 57.0 76.8 124 —69.7+£29.9 this study
(2) Sikhote Alin 44.0 135.0 K2 35 3356 544 85 71.5 389 99 —434+16.6 Uno ez al. (1999),
Otofuji et al. (2003)
(3) Qitaihe 45.8 131.0  J3-KI 20 3388 656 6.2 74.7 61.9 9.0 —392+17.1 Uchimura et al. (1996)
Eastern margin of the NCB
(4) Benxi 413 123.8 K2 5 407 590 4.7 59.3 202.6 6.0 229+11.5 Uchimura et al. (1996)
(5) Bemxi 41.3 123.8 K2 7 401 579 1713 59.4 205.5 73 223+ 154 Lin et al. (2003)
(7) Kyongsang basin 36.0 128.5 K 60 330 609 55 64.0 1950 6.4/84 16.8+13.1 Otofuji ef al. (1986)
(8) Kyongsang basin 36.0 129.0 Kl 19 281 575 50 67.6 205.1 58 119+114 Lee et al. (1987)
(9) Kyongsang basin 36.0 129.0 K1 9 374 579 6.6 61.2 199.5 6.6 2124141 Zhao et al. (1999)
Creatceous Reference Poles
(9) Eurasia 100 Ma 76.7 197.1 5.0 Besse & Courtillot (1991)
(10) Mongolia and NCB K 8 79.8 200.6 45 Lin et al. (2003)

J3: Late Jurassic, K: Cretaceous; K1: Early Cretaceous, K2: Late Cretaceous. N: number of localities used for the calculation of palacomagnetic direction or
pole, Dec. and Inc.: declination and inclination, respectively; ags. and 49s: the radius of the cone of 95 per cent confidence. Lat. and Long.: latitude and
longitude, respectively. R: magnitude of rotation with respect to Eurasia and its uncertainty of 95 per cent confidence after Butler (1992).
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Figure 8. A periodic extension model. Periodic extension (black arrow)
on a continental margin can be explained by 2-D mantle convection, which
has intermittently occurred along the continental margin. These extensions
result in opening of basins (grey areas) in the outer margin of the conti-
nent and sometimes lead to continental fragment breaking away from the
mother continent. The northeast Chinese basins (e.g. Middle Amur, San-
jian, Razdolnian, Amur-Zeya and Songliao basins) and Japan Sea opened
at Cretaceou—Palacogene and Early Miocene times in the eastern margin of
the Asian continent, respectively. Continental margin outside of the basins
experienced opposite rotation associated with basin formation. Induction of
small-scale convection associated with periodic plume generation is after a
model by Lowman & Jarvis (1996) in which the supercontinent covers a top
surface of a convection layer.

shaped opening of basins in the northeast Chinese Plain later than
the Late Cretaceous. Late Cretaceous opening of the continental
basins was followed by the double door opening of the Japan Sea
along the East Asian margin in Miocene (Otofuji et al. 1985).
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