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1 INTRODUCTION

SUMMARY

Wepresent palacomagnetic results from Late Cretaceous welded tuffs in the Kisin Group
(Monastirskaya Suite, Primorskaya Series) collected at 27 sites from the Sikhote Alin moun-
tain range. A high unblocking temperature magnetization component (>590°C) was iso-
lated after stepwise thermal demagnetization from 25 sites. Combined with previously re-
ported data, reliable characteristic remanence directions from 39 sites are distributed at
eight areas ranging from 46.7°N, 138.1°E to 43.4 °N, 134.8°E in the Sikhote Alin Block.
The bedding-tilt test is positive for two area mean directions and inconclusive for the
remaining six areas. The data set for all 39 sites reveals a positive bedding-tilt test at
the 99 per cent confidence level, and their tilt-corrected mean direction is D = 335.6°,
I =54.4° (ng5 = 8.5°), corresponding to a palacopole at 71.5°N, 38.9°E with Ags = 9.9°. This
westerly direction is ascertained through the tilt-corrected mean direction (D = 331.1°, [ =
53.5°, ags = 8.5°) based on the 25 data selected from four areas (Kema river, Terney, Plastun
and Moryak-Rybolov) where each data set passes the positive bedding-tilt test or reveals an
increase in the precision parameter after tilt correction. Palacomagnetic declination indicates
that the Sikhote Alin Block has rotated counterclockwise by 41° 4+ 16° with respect to the
Eurasian continent between Late Cretaceous times and 53—50 Ma. Compared with palacomag-
netic data from the surrounding regions, we find that the rotation recorded in Sikhote Alin
extends westward into the interior of the Mongolia Block. The eastern margin of the Asian
continent experienced both counterclockwise rotation of the eastern part of the Mongolia Block
and clockwise rotation of the eastern part of the North China Block over the Cretaceous. We
interpret these data in terms of a strong net horizontal force towards the ocean side, acting on
the lithosphere at the eastern margin of the Asian continent between the Late Cretaceous and
53-50 Ma. Intermittently occurring upwellings of mantle and associated horizontal flows may
have played an important role in producing the net horizontal force acting on the continental
block during Late Cretaceous times.

Key words: continent, deformation, Mongolia Block, Palacomagnetism, Sikhote Alin,
tectonics.

deformation of entire continents can be detected from a compari-
son of palacomagnetic directions from either margin and regional

Palacomagnetic studies of continental margins offer important clues deformation is inferred from the difference in contemporary palaeo-
to the deformation of the continental lithosphere. The large-scale magnetic directions by comparison of the continental margin and
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the interior of the continent.
Deformation along the eastern margin of the Asian continent
has been discovered and described by palacomagnetists over the
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previous two decades. The Japanese and Ryukyu island arcs ap-
pear to have rifted from the Asian continent in association with the
opening of the Japan Sea and Okinawa Trough (Otofuji ef al. 1985;
Miki 1995). The many blocks comprising Sakhalin experienced a
domino style deformation during the subduction of the Pacific Plate
(Takeuchi et al. 1999). The Korean peninsula and environs have
been subjected to clockwise rotational motion with respect to the
interior of the Asian continent since the Cretaceous (Ma et al. 1993;
Zhao et al. 1999; Uno 2000). A large northward movement of the
eastern part of Asia is implied by palaecomagnetic data from Korea
and Japan (Lee ef al. 1987; Otofuji 1996). In addition to these re-
gional deformational phenomena, deformation of the whole Asian
continent during Cenozoic times is inferred from a comparison of
palaeomagnetic directions from eastern and western parts of the
Eurasian continent and from its central part (Cogné et al. 1999).
The Sikhote Alin mountain area is located at the easternmost part
of'the Mongolia Block in the Eurasian continental margin bordering
the northern Japan Sea (Fig. 1). Before the Japanese islands rifted
from the Asian continent in the Early Miocene, the Sikhote Alin was
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an extreme margin of the Asian continent bounded by oceanic plates.
The Sikhote Alin area is therefore suitable for studying deformation
ofthe Mongolia Block prior to opening of the Japan Sea. In this study
we present palacomagnetic results from Late Cretaceous welded
tuffs from the Sikhote Alin area. We have extended our study from
areas previously covered by Uno et al. (1999) up to 46.38°N latitude
in order to understand the tectonics of the main part of the Sikhote
Alin after Late Cretaceous times and provide more reliable data than
those published in previous work on lavas from this region (Bretstein
1988).

2 GEOLOGICAL SETTING
AND SAMPLING

The Mongolia Block constitutes the eastern part of the Asian con-
tinent, together with the Siberia Block, North China Block (NCB)
and South China Block (SCB). It is bounded to the north by the
Mongol-Okhotsk Suture and to the south by the Suolun—Xilamulun
suture. A distribution of mountain ranges and basins characterizes
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Figure 1. (a) Sketch map of the study area and (b) a map showing the sampling localities of the Kisin Group in Sikhote Alin. (a) Shaded areas show the
Cretaceous to Cenozoic basins and grabens. (b) Arrows indicate the mean palacomagnetic declination at sampling sites. Solid arrows mark directions with
normal polarity and open arrows mark directions with reversed polarity. Shaded area indicates the distribution of Late Cretaceous to Palacocene welded tuffs.
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topography of the eastern part of the Mongolia Block: from west to
east, we can distinguish the Great Khingan range, the Amur-Zeya
and the Songliao basins, the Lesser Khingan range, the Amur basin—
Sanjiang basin—the Razdolnian rifts and the Sikhote Alin mountain
range (Fig. 1).

The Sikhote Alin volcanic belt covers an area 100 km in width
and 1000 km length near the Sikhote Alin mountain range along the
Japan Sea coast. It was formed by extensive volcanic activity ac-
companied by emplacement of plutons from 80 to 50 Ma at the east-
ern flank of the Precambrian Khingan-Bureya and Khankai massifs
(Zonenshain et al. 1990; Natal’in 1993; Faure et al. 1995; Golozubov
& Khanchuk 1996). Middle—Late Jurassic accretionary prisms and
diverse Early Cretaceous terranes, form the basement of the Sikhote
Alin belt, and are cut by a left-lateral strike-slip fault system. Move-
ments on these faults were either coeval with, or slightly earlier than,
the Late Cretaceous volcanic activity (Zonenshain ez al. 1990).

Volcanic rocks of the Sikhote Alin belt are mostly acid to interme-
diate welded pyroclastics with interleaved lavas and clastic rocks.
Rhyolitic welded tuffs of the Kisin Group (Monastirskaya Suite,
Primorskaya Series) are the earliest ignimbrites in the volcanic se-
quence and form voluminous and extensive shields in Sikhote Alin
(Matyunin 1988; Sakhno et al. 1991). This group is assigned a
Late Campanian age from subtropical Monastyrsky horizon flora
(Krassilov 1990). Subsequent volcanism was associated with large
caldera formation, and produced andesitic to rhyolitic welded tuffs
of the Sijanov Group (66-52 Ma) and rhyolitic welded tuffs of the
Bogopol Group (53-50 Ma) studied by Otofuji et al. (1995) and
Matsuda et al. (1998).

Palacomagnetic samples were collected at 27 sites in six areas
(Kuznetsovo, Amugu, Cape Alexander, Utyos Stow, Kema river
and Terney) from welded tuffs of the Kisin Group between 1994
and 1997 (Fig. 1). Ten or 11 hand samples, oriented by a magnetic
compass, were distributed over distances ranging up to 20 m at each
site. Accurate positioning of sites was determined by a portable nav-
igational instrument (Sony PYXIS). Bedding planes were observed
in all the sampling sites on the basis of eutaxitic structure (lineation
of stretched pumice and aligned phenocrysts). The present geomag-
netic field declination value at each sampling site was evaluated from
the International Geomagnetic Reference Field (IAGA Division V,
1995).

3 PALAEOMAGNETISM

Individual specimens 25 mm in diameter and 22 mm long were
prepared from samples in the laboratory. Natural remanent mag-
netizations (NRMs) were measured with either a spinner magne-
tometer (Natsuhara SMM-85) or a cryogenic magnetometer (ScT
and 2G) depending on the intensity of magnetization. Specimens
were thermally demagnetized using a laboratory-built furnace with
a residual magnetic field lower than 10 nT during the cooling cy-
cle. Results for each specimen were plotted on orthogonal vector
diagrams (Zijderveld 1967) to assess component structures, and on
equal-area projections to evaluate directional stability. Principal-
component analysis (Kirschvink 1980) was used to estimate the
component directions. Palacomagnetic results are listed in Table 1.

3.1 Demagnetization

The NRM intensity of the 27 sites ranges between 3.0 x 1073 A
m~! (SA121)and 5.5 A m~! (SA137). Similar demagnetization be-
haviour is observed in specimens from each site except two (SA137
and SA139). Single-component magnetization is observed at one

site (Fig. 2e), two-component magnetization at 21 sites (Figs 2a—
d) and three-component magnetization at three sites (Fig. 2f). The
single-component and the highest-temperature component in the
multicomponent magnetizations reveal straightforward decay with
unblocking temperatures between of 560 and 650 °C, indicating
that the component resides in both magnetite and haematite. The
lowest-temperature component in the multicomponent magnetiza-
tion is erased at temperatures of between 250 and 560 °C. Since the
in situ direction is subparallel to the geocentric axial dipole field, the
low-temperature component is probably a viscous or viscous partial
thermoremanent magnetization, acquired in the recent geomagnetic
field (Pullaiah et al. 1975).

Specimens of SA137 (4.7 x 1073-5.5 x 10 Am~!) from Amugu
and SA139 (3.8 x 1072-8.1 x 107! A m~!) from Kema river have
variable remanent magnetization intensities, and variable demagne-
tization behaviours within each site display up to three-component
magnetizations. Remanent directions of the highest-temperature
component illustrate clockwise curl in each site. Because these two
sites are located on the top of a mountain, their remanent magneti-
zations are probably IRMs caused by lightning strikes and they are
omitted from further discussion.

We re-examined demagnetization behaviour of specimens from
six sites (SA07, SA08, SA48, SAS57, SA63 and SAS85) from the
Terney, Kavalerova and Scherbakovka areas in the southern part
of Sikhote Alin (Fig. 3), because Uno et al. (1999) suggest that
these sites acquired secondary remanent magnetization during sub-
sequent igneous activity. Four-component magnetization is ob-
served in specimens at SA57 and SA63. An abrupt decrease of
remanent intensity between 300 and 350 °C in specimens of SA85
is indicative of the presence of pyrrhotite or maghemite, which
are probably connected with ore deposition processes in Sikhote
Alin regions. Because welded tuffs in these rocks seem to have
been subjected to a secondary magnetization process, we reject
data from the above six sites for the same reasons as Uno et al.
(1999).

3.2 Palaeomagnetic directions

Combining with palacomagnetic directions reported previously
(Uno et al. 1999), the total number of sampling sites in the Kisin
group is increased to 43. The 43 sites are from nine areas extend-
ing from 43.36°N (SA50) to 46.38°N (SA105) (Fig. 1). The high-
temperature component directions are clustered tightly in each site
and precision parameters (k) of site mean directions range from 21.0
t0 902.7. The 95 per cent confidence circles do not exceed 13°. Site
mean directions are listed before and after tilt correction in Table 1.

The Utyos Stow area records geomagnetic field reversal in se-
quentially stratified layers at four sites (Table 1). An easterly direc-
tion with shallow positive inclination (SA129) follows the northeast-
erly direction with positive inclination of the lowest layers (SA127,
SA128). A westerly direction with negative inclination appears in
the uppermost layer (SA131).

Site mean palacomagnetic directions of 39 sites (before and after
tilt correction) from the remaining eight areas are shown in Fig. 4.
24 sites have normal polarity and 15 have reversed polarity. An
exclusively normal (Kuznetsovo, Plastun and Moryak-Rybolov ar-
eas) or reversed (Kavalerovo) polarity is observed in four areas,
whereas the remaining four areas (Amugu, Cape Alexander, Kema
river and Terney areas) revealed mixed polarities. The counterclock-
wise deflected directions from the north or south are predominant
throughout the studied area.
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Table 1. Summary of paleomagnetic results of the Late Cretaceous Kisin Group (Rhyolite welded tuffs)

Lacality Site Name  Latitude Longitude N In-situ Tilt-corrected k a%s5 strike Dip
D(.) 1(.) D(.) 1(.) () () ()
Kuznetsovo SA105 46.38 138.14 10 33.1 54.7 21.6 75.1 222.7 3.2 132 21
SA104 46.37 138.13 10 31.1 10.8 27.8 4.4 152.8 3.9 224 25
SA103 46.37 138.13 10 7.0 324 8.3 25.8 213.8 33 297 7
mean 44.00 135.00 3 213 28.6 9.5 42.4
17.0 30.4 4.4 68.1
Amugu SA137 297 28
SA136 46.02 137.30 10 151.5 -51.8 151.0 -56.8 43.4 7.4 65 5
SA138 46.01 137.29 10 325.4 27.3 322.4 1.6 187.3 3.5 210 28
SA114 45.83 137.69 11 294.5 53.9 274.7 777 329.0 25 35 25
SA116 45.82 137.69 10 357.7 67.0 354.8 80.0 210.0 3.3 90 13
SA117 45.82 137.69 10 276.5 73.4 177.9 66.8 191.6 35 55 31
mean 44.00 135.00 5 320.4 56.8 12.1 229
316.3 67.6 4.1 43.0
Cape Alexandr  SA135 45.70 137.52 10 309.0 56.0 3325 60.3 11714 4.5 337 15
SA132 45.67 137.49 10 148.9 -54.5 166.0 -37.8 56.1 6.5 292 23
SA133 45.67 137.49 10 152.4 -52.0 173.2 -33.9 150.9 3.9 304 28
SA134 45.67 137.49 10 157.5 -562.6 165.5 -35.4 348.6 26 277 19
mean 44.00 135.00 4 327.3 53.8 115.5 8.6
344.8 40.4 329 16.3
Utyos Stow SA131 45.60 137.35 10 262.3 -66.2 259.5 -31.3 23.6 10.2 347 35
SA129 45.59 137.34 9 95.1 19.5 93.0 11.6 124.1 4.6 320 1
SA128 45.58 137.33 8 39.8 61.5 47.6 37.3 21.0 12.4 329 25
SA127 45.58 137.33 10 41.4 60.8 27.4 47.0 116.6 4.5 268 17
Kema river SA121 45.63 136.85 10 123.4 -53.3 142.4 7.9 177.3 3.6 257 53
SA124 45.63 136.84 10 1211 -47.4 125.5 -44.8 312.7 2.7 272 5
SA72* 45.63 136.81 10 118.6 -49.1 127.4 -39.7 902.7 1.6 257 13
SA73* 45.63 136.81 10 126.9 -36.7 136.3 -26.6 55.0 6.6 278 18
SA122 45.62 136.86 10 105.6 -53.9 143.5 -41.2 221.5 3.3 285 35
SA123 45.62 136.86 10 118.5 -54.9 124.3 -60.9 452.7 23 [} 7
SA70* 45.62 136.82 10 1175 -40.8 121.5 -34.7 677.0 1.9 250 8
SA71* 45.62 136.84 10 127.0 -42.7 123.0 -40.6 487.3 2.2 150 5
SA118 45.49 136.98 9 19.4 63.9 339.3 67.0 115.7 4.8 170 18
SA139 78 20
mean 44.00 135.00 9 304.8 51.3 247 10.6
3125 40.8 17.6 12.6
Terney SA81* 45.31 136.57 10 52.0 56.9 44.0 63.5 122.1 4.4 173 8
SA82* 45.11 136.53 8 26.4 42.6 21.0 64.3 450.6 2.6 124 22
SA83* 45.10 136.53 7 31.1 50.5 311 50.5 63.5 7.6 0 [}
SA141 45.10 136.52 11 1341 50.4 332.7 64.6 162.0 3.6 145 28
SA143 45.08 136.47 10 308.8 16.5 328.0 43.7 23.0 10.3 358 41
SA144 45.08 136.47 7 315.8 9.0 329.4 33.0 25.7 1241 357 41
SA145 45.08 136.47 10 319.7 25.1 0.5 65.4 40.5 7.7 25 52
SA84* 45.03 136.64 9 119.0 -39.2 130.6 -72.6 378.6 2.6 22 34
SA85* 45.03 136.64 8 170.6 -58.1 224.3 -60.7 190.1 4.0 22 30
mean 44.00 135.00 8 342.1 42.9 5.0 27.7
353.3 60.3 13.8 15.5
Plastun SA29* 44.63 136.20 10 328.2 61.3 329.4 49.4 382.4 25 243 12
SA87* 44.61 136.22 10 319.0 62.1 343.0 48.5 550.1 19 292 21
SA88* 44.60 136.22 9 300.1 35.1 308.7 63.3 56.5 6.9 20 29
SA89* 44.60 136.22 9 309.5 34.7 330.0 45.2 385.6 2.6 343 26
mean 44.00 135.00 4 3115 49.1 22,6 19.8
329.4 52.0 50.5 13.1
Kavalerova AQ7* 44.47 135.70 9 185.4 -65.1 238.5 -84.5 101.5 5.1 83 22
A08* 44.47 135.70 6 183.3 -59.4 169.7 -61.5 127.9 5.9 80 15
A22* 44.16 135.65 10 26.5 -84.9 104.1 -61.4 124.0 4.4 205 28
SA21* 44.15 135.63 10 322.6 -79.1 235.7 -88.2 120.0 4.4 242 11
mean 44.00 135.00 2 159.4 83.0 bl ok
287.2 76.6 bl ek
Scherbakovka | SA48* 43.81 134.83 9 194.0 -67.8 149.0 -57.8 27.7 10.0 194 24
AB3* 43.79 134.78 10 202.1 -52.1 197.0 -53.0 516.0 21 187 4
AS7* 43.57 134.66 7 185.8 -64.3 199.8 -37.3 215.2 41 305 29
44.00  135.00 3 15.1 61.8 78.7 14.0
5.5 51.9 16.3 31.6
Moryak-Rybolor  SA51* 43.47 134.97 8 58.6 66.4 5.0 69.3 45.9 8.3 205 21
SA55* 43.46 134.96 10 46.8 731 352.1 62.7 88.1 5.2 223 23
SA53* 43.45 134.94 10 16.6 85.2 358.2 715 116.7 4.5 262 14
SA50* 43.36 134.78 10 336.9 54.6 348.5 36.7 362.1 25 285 21
mean 44.00 135.00 4 19.3 74.0 19.0 21.7
354.0 60.8 25.5 18.6
Mean (whole sites)
before 44.00 135.00 39 330.1 56.2 7.6 8.9 VGP
Lat. Long. A95
aLer 44.00 135.00 39 335.6 54.4 8.3 8.5 71.5.N 389.E 9.9,

Mean (selected sites; Kema river, Terney, Plastun, Moryak-Rybolov)

before 44.00 135.00 25 324.2 54.4 7.9 11.0
after 44.00 135.00 25 331.1 53.5 12.7 8.5
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Figure 2. Orthogonal projections of magnetization vector end points during thermal demagnetization experiments for five areas of the Kisin Group. (a—d)
Examples with two-component magnetization, (¢) an example with single component magnetization and (f) an example of three-component magnetization.
Open symbols show the magnetization vector projection on to the vertical plane, solid symbols on to the horizontal plane. Directions are in situ.

In contrast to normal polarity sites, the southeasterly reversed po-
larity directions from 15 sites show an increase in scattering after
bedding-tilt correction. This type of behaviour may be caused by a
difference in distribution of the normal and reversed polarity sam-
pling areas. Sampling sites with normal polarities are distributed
throughout the area studied, whereas the reversed polarity sites are
restricted to some localized zones. 11 out of 15 sites are collected
from two localized areas, i.e. the Cape Alexander and the Kema
river areas. Since sampling sites at Cape Alexander (SA132, SA133
and SA134) covered a very small area with almost the same bedding
attitude, an identical palacomagnetic direction is in agreement with
expectations. Although a small dispersion is evident after tilt correc-
tion, the in situ directions for these sites are clustered around D/1 =
150°/—52°. Eight sampling sites collected along the Kema river are
distributed within the 5.5 km area in order from up- to downstream
as SA72, SA73, SA70, SA71, SA124, SA121, SA123 and SA122.
These eight palacomagnetic directions form a cluster around D// =
120°/—50° in geographic coordinates, but show a remarkable dis-
persion with split groupings after tilt correction. Although, the dis-
persion of tilt-corrected directions from Cape Alexander and Kema
river areas may create an idea of remagnetization; however, accord-
ing to our opinion the behaviour can probably be caused by some
uncertainties in reading the correct bedding attitude of the welded

tuffs. The dispersions of untilted reversed polarity directions can also
be attributed to a small sampled area where no significant change
in bedding attitude is observed. In order to obtain an idealized tilt
correction of the target area more widely distributed sampling sites
with clear and variable bedding attitude should be the focus of any
future field trip.

3.3 Analysis of results

At first, we calculated the area palacomagnetic mean directions
for the eight areas. The clustering of directions on structural
correction improves in the Terney, Plastun and Moryak-Rybolov
areas, whereas other areas reveal scattering. The bedding-tilt test
of McFadden (1990) was applied to the area mean directions.
The Kema river and Terney areas pass the bedding-tilt test at the
99 per cent confidence level, and the tests for the remaining six ar-
eas are not negative but are inconclusive. Because the bedding-tilt
test is not negative for each area mean, no data sets for any areas are
discarded because of post-tilting magnetizations. A two-component
magnetization characterizes demagnetization behaviour for speci-
mens with reversed directions and counterclockwise deflection in
declination is observed in specimens with normal directions. Recent
study indicates that the reversed direction of the Bogopol Group

© 2003 RAS, GJI, 152, 202-214

Zz0z Aenige zo uo 1senb Aq 06£20./202/1/2G | /e1o1e/B/woo dno-ojwapeoe//:sdiy woli papeojumod



W, Up
T SA57-4
ssoec 1.1x102 Am"
1.0 +
S : 620°C
300°C
450°C .
0 } + + t t .
600 °C
E,_D—own
300°C w,u
T SA85-6
7.6 x10-3 Am"
350°C
1.0 1
S 590°C
0o —+—+—+—+—+—\
600 °C

E, Down

Figure 3. Orthogonal projections and thermal demagnetization curves of
anomalous thermal demagnetization behaviour for specimens in the sites of
SA57 and SA85. Four-component magnetization is observed in specimens
of SA57. An abrupt decrease of remanent intensity appears between 300 and
350 °C in specimens of SA85. This is indicative of the presence of pyrrhotite
or maghemite.

in the Kema area instead shows clockwise deflection in declination
(D=192.2°,1 = —56.9°) (Otofuji et al. 2002). These facts and non-
negative results of the bedding-tilt test suggest that no sites showing
a southeasterly direction with reversed polarity are excluded on the
basis of overprinted magnetization.

A mean direction for the whole Sikhote Alin at the reference
point (44°N, 135°E) is calculated (Table 1); a palacomagnetic pole
is calculated from a mean palacomagnetic direction of each sam-
pling site, then the palaeomagnetic direction at the reference point
within Sikhote Alin (44°N, 135°E) is inversely calculated from the
pole, and the mean direction is obtained. Two data sets are used for
the calculation: whole data from 39 sites and the selected 25 data
from four areas (Kema river, Terney, Plastun and Moryak-Rybolov)
where each data set passes the positive bedding-tilt test or reveals
an increase in precision of the parameter after tilt correction.

The tilt-corrected mean direction from the selected 25 sites re-
veals counterclockwise deflection from the north: D = 331.1°, [ =
53.5° (o5 = 8.5°, k = 12.7) (N = 25). The precision parameter
k increases from 7.9 to 12.7. However, the increase is critically in-
sufficient to yield the positive fold test of McElhinny (1964) even
at the 95 per cent level (12.7/7.9 = 1.61 < Fug4s = 1.62). We
have also applied the bedding-tilt test of McFadden (1990) to the
mean palaeomagnetic directions. The calculated value for &, is 12.9
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in the in situ coordinates and &, is 3.47 after tilt correction, while
the critical value at the 95 per cent confidence level is £, = 5.82.
This bedding-tilt test demonstrates that the hypothesis that these
magnetizations were acquired in sifu can be rejected at the 95 per
cent confidence level. Alternatively, a tilt-corrected mean direction
from all 39 sites also reveals a counterclockwise deflection from the
north: D = 335.6°, I = 54.4° (ags = 8.5°, k = 8.3) (N = 39). The
bedding-tilt test of McFadden (1990) shows positive at the 99 per
cent confidence level; the calculated value for &, is 20.3 in the in
situ coordinates and & is 5.22 after tilt correction, while the critical
value at the 99 per cent confidence level is £, = 10.3. It is thus appar-
ent that the Late Cretaceous Kisin Group of Sikhote Alin acquired
its magnetization during some period prior to the tilting. Because
the two mean directions are not indistinguishable and the sampling
localities of the whole data set cover a wider region than that of
the selected data set, the mean direction of 39 sites provides a first-
order approximation for the characteristic palacomagnetic direction
for Sikhote Alin.

We also applied the reversal test of McFadden & McElhinny
(1990) to the whole 39 data sets. y is 16.3° from data sets of nor-
mal and reversed directions, so that these data sets are classified as a
class ‘C’ reversal test. The difference between normal and reversed
mean directions is 159.1°. Although these data sets do not pass the
reversal test according to the criterion of McFadden & McElhinny
(1990), it should be noted that this result is only just less than the
critical angle of 160°. This result is probably caused by the east-
erly directions from the Kuznetsovo area, since data sets excluding
these data pass the reversal test. The presence of two polarities of
probable primary origin implies that the Kisin Group records the
geomagnetic field over a fairly long period.

Taking into account the results of the reliability from the tests de-
scribed above, we consider that the mean direction computed at the
whole data set is the characteristic palacomagnetic direction of the
Late Cretaceous Kisin Group in Sikhote Alin. A mean palacomag-
netic pole for Sikhote Alin is computed from 39 site poles calculated
from site mean palacomagnetic directions and is located at 71.5°N,
38.9°E (495 = 9.9°).

4 ANISOTROPY OF
MAGNETIC SUSCEPTIBILITY

Anisotropy of magnetic susceptibility measurements were per-
formed on specimens using a Kappabridge KLY-3 apparatus. Al-
though the anisotropy of magnetic susceptibility (AMS) (Kpax/
Kiin — 1) reveals a wide range between 2 and 26 per cent, oblate
susceptibility ellipsoids dominate most specimens. The principal
directions (maximum, intermediate and minimum axes; Kmax, Kint
and K, respectively) are calculated for each specimen.

Fig. 5 shows the principal directions in a stratigraphic coordinate
system and lineation/foliation diagrams for samples of the Kema
river and Moryak-Rybolov areas. The AMS of the Kema river area is
less than 3 per cent, whereas that for Moryak-Rybolov sites reaches
up to 26 per cent. Magnitude of anisotropy is generally related to
intensity of magnetic susceptibility; the mean magnetic susceptibil-
ities of the Kema river sites and Moryak-Rybolov sites are 1.4 x
10~ and 7.7 x 1073 SI units, respectively. The magnetic fabrics
of both areas are characterized by an oblate susceptibility ellipsoid.
The minimum axes of the majority of specimens are nearly paral-
lel to the vertical axis in stratigraphic coordinates, indicating that
the depositional origin of the welded tuffs is preserved. There are
no apparent correlations between directions of remanent magneti-
zation and the maximum axes of susceptibility in each area. Since
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Figure 4. Equal-area projections of the site mean directions with their 95 per cent circles of confidence for the Kisin Group. Site mean directions of 39 sites
are shown before and after tilt correction. A square with a shaded 95 per cent circle of confidence indicates the overall mean direction. The Fisherian precision
parameter, k, and the radius of the 95 per cent cone of confidence, ags, change from (k = 7.6, ag5 = 8.9°) to (k = 8.3, g5 = 8.5°) after tilt adjustment. A star in
in situ coordinates indicates the direction of geocentric axial dipole field. Star in tilt-corrected coordinate indicates the expected 70 Ma direction (D = 16.8°,
1 = 67.1°) computed from the coeval reference pole (77.2°N, 192.4°E) (Besse & Courtillot 1991). Solid symbols for the lower hemisphere, open symbols for

the upper hemisphere.

inclinations of palacomagnetic directions for the Moryak-Rybolov
area are steeper than those of the Kema river area, strong AMS
does not give rise to inclination shallowing. These results indicate
that directions of remanent magnetization are not controlled by the
alignment of anisotropic minerals in the studied welded tuffs.

5 DISCUSSION

5.1 Counterclockwise rotation of Sikhote Alin

The most significant result in this study is the counterclockwise de-
flection of the palacomagnetic direction of the Kisin Group, which
characterizes all areas except Kuznetsovo. The declination of the
mean palacomagnetic direction (D = 335.6°) is rotated by 41.4°
from that of the palacomagnetic direction (D = 16.8°, [ = 67.1°)
expected from the 70 Ma Eurasian reference pole (77.2°N, 192 4°E,
Ags = 4.1°) (Besse & Courtillot 1991) (Fig. 4). This is also dis-
cernible from the distribution of poles calculated from the Kisin
Group and the reference apparent polar wander path (APWP) of
Eurasia (Besse & Courtillot 1991; Van der Voo 1993) (Fig. 6). Be-
cause palaeomagnetic directions from the Kisin Group reveal both
normal and reversed polarities, this difference in declination cannot
be caused by transient geomagnetic behaviours but is attributed to
a tectonic rotation of the Sikhote Alin mountain range. The uncer-
tainty in this rotation is evaluated as 16.0°, according to the formulae
of Magill et al. (1981). We therefore propose that Sikhote Alin was
subjected to a counterclockwise rotation of the order of 41° £ 16°
with respect to the remaining part of the Eurasian continent after
the Late Cretaceous. Counterclockwise rotation is observed over an
area extending, at least, from 43.4°N to 46.4°N latitude (Fig. 1) in
the Sikhote Alin mountain range.

Fig. 6 shows the palaeomagnetic poles from the Sijanov Group
and the Bogopol Group (Otofuji et al. 1995) and the great circle

running through the reference point of Sikhote Alin (44°N, 135°E)
and the 50 Ma Eurasian reference pole. We note a decrease in the
amount of rotation with respect to Eurasia from the Kisin, through
the Sijanov and to the Bogopol poles, although the Sijanov pole
has a large 49s. No significant clockwise rotation (8.5° &= 17.0°) is
detected in the youngest Bogopol Group (Otofuji ez al. 1995; Besse
& Courtillot 1991). This statistically insignificant rotation indicates
that counterclockwise rotation of the area, which is supported by
Kisin and Sijanov poles, had ended by 53—-50 Ma.

Rotation models of blocks at continental margins fall broadly into
two categories (e.g. Randall 1998); comprising small-scale in situ
rotation and large-scale rigid rotation. Uno et al. (1999) attribute
the counterclockwise rotation of the study areas in Sikhote Alin to
the former category. Sinistral strike-slip movement on the Central
Sikhote Alin Fault is considered to be responsible for the in situ
rotation of blocks comprising Sikhote Alin. Displacements of 60—
250 km (Natal’in ef al. 1986; Natal’in 1993) are considered to be
large enough to cause rotation for blocks bounded by secondary
small faults.

However, an alternative explanation in terms of a large-scale rigid
rotation may be required, because a counterclockwise rotation of
36° £ 17° with respect to the Eurasian continent is observed in the
Chinese territory from Qitaihe in Heilongjiang province (45.8°N,
131.0°E) (Uchimura et al. 1996) where Late Jurassic to Early Creta-
ceous sandstones and welded tuffs show a westerly palacomagnetic
direction (D = 338.8°, I = 65.6°, a9s = 6.2°) (Fig. 7). The geo-
graphical extent of the area affected by counterclockwise rotation
suggests that it applies to the whole eastern part of the Mongolia
Block.

The block rotation of Sikhote Alin could be related to the develop-
ment of extensional basins in the interior of the Asian continent (Fig.
1). The Middle Amur basin, located along the lower stream of the
present Amur river, extends SW-NE and is 400 km long and 200 km
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Figure 5. Magnetic lineation/foliation diagrams and the principal directions of susceptibility of the Kema river and Moryak-Rybolov areas for the Kisin
Group. Magnetic lineation and foliation are defined as Kmax/Kint and Kint/ Kmin, respectively. The principal directions are projected on to the lower hemisphere
in a stratigraphic coordinate system (equal-area projection). Squares are K max (maximum susceptibility direction); triangles are K iy (intermediate susceptibility

directions); circles are Kpin (minimum susceptibility directions).

wide. The commencement of continental sedimentation is estimated
to be Santonian to Campanian in age (Kirillova 1995). This basin
extends southward and forms the Sanjiang Cenozoic faulted graben
belts in which faulting and block-faulting were extensive during
Cretaceous times (Bureau of Geology and Mineral Resources of
Heilongjiang Province 1993). The Hulin area on the northern coast
of Xanka lake was also the site of active block-faulting during the
Late Cretaceous, and converted to a faulted graben belt in Cenozoic
times. This basin extends into the Razdolnian rifts.

Large Cretaceous basins are distributed into the interior fur-
ther west from the Middle Amur-Sanjian—Razdolnian basins.
Lacustrine-alluvial sedimentation commenced at approximately
90 Ma in the Amur-Zeya Basin and to the south, the wide Songliao
basin extends SW-NE (Fig. 1). The development of these basins oc-
curred in Late Early Cretaceous to Late Cretaceous times and large
subsidence followed faulting (Yang et al. 1986). The tectonic activ-
ity represented by these rifts and faulted belts is interpreted to be a
consequence of the counterclockwise rotation of both the Sikhote
Alin Block and Qitaihe area of Heilongjiang province.

© 2003 RAS, GJI, 152, 202-214

5.2 Differential rotation between the eastern part of the
Mongolia Block and the eastern part of the NCB

While counterclockwise rotation occurred in the eastern part of the
Mongolia Block, the eastern part of the NCB including the Korean
peninsula was subjected to clockwise rotation during the Cretaceous
(Ma et al. 1993; Uchimura et al. 1996) (Fig. 7). Palacomagnetic
investigations in the Korean Peninsula suggest that clockwise ro-
tation of 11°-36° occurred later than the Aptian (Upper Lower
Cretaceous) (Zhao et al. 1999; Uno 2000). A comparable clock-
wise rotation is also reported in the Benxi area (41.3°N, 123.8°E)
(Uchimura et al. 1996). Indeed, Uchimura et al. (1996) suggest a
post-Cretaceous clockwise rotation of 17.9° &+ 9.8° of the Liaoning
Province (east of the Tan-Lu fault TLF) with respect to the united
NCB-SCB west of the TLF.

These palacomagnetic results show that the eastern margin of
the Mongolia Block and the NCB experienced differential rotations
after the Mesozoic with the eastern part of the Mongolia Block ro-
tating counterclockwise and the eastern part of the NCB rotating
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Figure 6. Palacomagnetic poles (with associated circles of 95 per cent of confidence) of the Kisin Group compared with the reference apparent polar wander
(Besse & Courtillot 1991). The Sijanov and Bogopol poles obtained from Sikhote Alin (Otofuji ef al. 1995) are also drawn. Eurasian poles (with associated
circles of 95 per cent of confidence) for the Late Cretaceous (star) and the Palaecogene (diamond) are after Van der Voo (1993). A small circle centred on the
reference site (44°N, 135°E) of Sikhote Alin is projected through the Kisin pole. The great circle runs through the reference site and the 50 Ma reference pole

(polar stereographic projection).

clockwise. This differential rotational is analogous to the Miocene
rifting of the Japanese islands associated with the opening of the
Japan Sea. Indeed, a counterclockwise rotation occurred in NE
Japan, whereas a clockwise rotation took place in SW Japan (Otofuji
et al. 1985). Differential rotation of two blocks extending north—
south has therefore occurred at least twice along the eastern margin
of the Asian continent since the Late Mesozoic.

We suggest that a net horizontal force toward the ocean side is
responsible for the displacement and the block rotation at the eastern
margin of the Asian continent. The oceanward net force would have
concentrated on the area between the southern part of the eastern
margin of the Mongolia block and the northern part of the eastern
margin of the NCB and brought about differential rotation between
these two blocks (Fig. 7c). As the eastern part of the Asian con-
tinent was formed by the collision of Siberia and the Mongolia-
NCB blocks between the Late Carboniferous and Middle Jurassic

(Zonenshain et al. 1990), and by the collision of the NCB
and Yangtze block between the Permian and Early Cretaceous
(Yokoyama et al. 2001), generation of the oceanward net force is
possibly correlated with the collision history of these blocks.

We emphasize the importance of mantle flow below the eastern
Asian continental margin to explain intermittent generation of a net
horizontal force toward the ocean side, although extension along the
eastern margin of Eurasia has been variously ascribed to hot cells
(Miyashiro 1986), plumes (Nakamura er al. 1989) and variation
of Pacific—Eurasia convergence rate (Northrup ef al. 1995). Nu-
merical experiments suggest that small subcontinental upwellings
intermittently occur next to the continental margin after the growth
of a mega-continent by a collision of two continents (Lowman &
Jarvis 1996). 2-D mantle convection flow (Gurnis 1988; Lowman &
Jarvis 1996; Honda et al. 2000) is a possible source for the intermit-
tent tectonics, which has occurred at the Asian continental margin
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Figure 7. Cretaceous palacomagnetic directions and tectonic model in the eastern margin of Asia. (a; present) The Late Cretaceous palacomagnetic direction
of Sikhote Alin is the mean direction of the Kisin Group. Early Cretaceous directions in the Korean Peninsula are after Zhao et al. (1999). Cretaceous
palacomagnetic directions of Benxi and Qitaihe are after Uchimura ef al. (1996). Cretaceous palacomagnetic directions are calculated for Siberia (120°E,
58°N) from the 70 Ma pole of Besse & Courtillot (1991), for the NCB (115°N, 35°N) from the Cretaceous pole of Gilder & Courtillot (1997) and for the
SCB (10°E, 30°N) from the Late Cretaceous pole of Zhao et al. (1996). Palacomagnetic directions of the Japanese islands are Early Miocene (Otofuji et al.
1985). Counterclockwise rotation recorded in Sikhote Alin extends to the interior of the Mongolia block, and clockwise rotation area extends from the Korean
Peninsula to its root in the NCB. (b; Early Miocene) The Japanese islands are reconstructed to a position prior to opening of the Japan Sea. The oceanward
net force (arrow) caused Northeast Japan to rotate counterclockwise and Southwest Japan to rotated clockwise associated with the opening of the Japan Sea
at approximately 15 Ma. (C; Late Cretaceous) Sikhote Alin and Korean peninsula are reconstructed by clockwise rotation through 41° and counterclockwise
rotation through 22°, respectively, to bring Cretaceous palaeomagnetic directions into parallelism with the interior of the Asian continent. A net horizontal force
towards the ocean side (arrow) acted on the lithosphere of the eastern margin of the Asian continent in the Late Cretaceous to Palacocene. The eastern marginal
parts of the Mongolia Block and NCB experienced differential rotation; the eastern part of the Mongolia Block rotated counterclockwise and the eastern part
of the NCB clockwise in the Late Cretaceous.
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after complete suturing of the Siberia—Mongolia—NCB-SCB
blocks. Upwelling of deep-seated mantle material is discovered in
Sikhote Alin and Japanese islands during the rifting of the Japanese
islands (Nohda et al. 1988; Okamura ef al. 1998), and in northeast
China (Hannuoba, Kundian) during the Cenozoic volcanic activity
(Song et al. 1990; Tatsumoto et al. 1992).

A northward push from the southern part of Asia is an alternative
possibility for Late Cretaceous differential rotation at the eastern
Asian margin, because the Lhasa block and the Indian continent
successively collided with the southern margin of Asia in Mesozoic
and Cenozoic times. The extrusion model using a thin-shell numer-
ical model (Kong ef al. 1997) cannot explain the counterclockwise
rotation of the eastern part of the Mongolia Block.

5.3 Shallow magnetizations of Late Cretaceous
and Palaeocene age in Sikhote Alin

The second significant feature of the magnetization in Sikhote Alin
is the shallow inclination. In Fig. 6, palacomagnetic poles from
Sikhote Alin are compared with the reference apparent polar wander
path of Eurasia (Besse & Courtillot 1991). We plot the small circle
centred about the reference site (44°N, 135°E) containing the pole
of the Kisin Group to show that palacomagnetic poles from Sikhote
Alin are far-sided with respect to the reference APWP. The far-sided
position is also observed with respect to the European Cretaceous
and Palaeogene poles that plot at 72°N, 154°E and 78°N, 177°E (Van
der Voo 1993). Observed inclination values at the reference site of
Sikhote Alin are shallower than those expected from the 70 or 50
Ma reference poles by 12.7° &+ 9.2° for the Kisin Group, 11.5° +
12.0° for the Sijanov Group and 13.5° £ 9.2° for the Bogopol Group,
respectively.

Anomalously low inclinations have been reported from Tertiary
rocks of the Asian continent (Chauvin et al. 1996; Cogné et al.
1999), since Westphal et al. (1986) noticed the low palaeolatitude in
the Tethyan mobile belt at Eocene and Oligocene times. Our study
indicates that shallow inclination in the eastern part of the Asian
continent appears at Late Cretaceous and Tertiary times. According
to a compilation of palacomagnetic data from Russia (Khramov
etal. 1990), Upper Cretaceous rocks preserve low inclinations in the
Transbaikal, Great Hingan Mountains and Sakhalin in the Mongolia
Block.

The low inclination in the eastern part of the Asian continent
has been attributed to either the nature of the geomagnetic field or
to large-scale tectonic motions. The former possibility is accommo-
dated by a northward offset of the axial dipole (Wilson 1971). A sta-
tionary non-dipole component beneath the Mongolia Block could
also be responsible for the Cretaceous palacomagnetic directions
in the Mongolia Block and Palacogene palacomagnetic directions
from central and eastern Asia (Chauvin et al. 1996). The Mongo-
lian anomaly remains stationary in central Asia at the present time
(Yukutake & Tachinaka 1968).

Arguments in favour of northward movement of eastern Asia
are based largely on Cretaceous to Palacogene palaeomagnetic data
from Korea and Japan (Lee et al. 1987; Otofuji 1996). This north-
ward movement would have ceased by 10 Ma because of good
agreement of pole positions from eastern Asia and Eurasia (Besse &
Courtillot 1991; Otofuji et al. 1991; Enkin et al. 1992; Otofuji 1996).
A non-rigid behaviour of the Eurasian continent was proposed as a
tentative solution (Cogné et al. 1999) to reconcile low inclinations
in Palaeogene rocks distributed through central Asia. However, the
SCB seems to have been united with Eurasia by the Late Creta-

ceous because Late Cretaceous palacomagnetic poles from the SCB
(Enkin et al. 1992; Zhao et al. 1996; Gilder & Courtillot 1997) are
compatible with the 70 Ma pole from Eurasia (Besse & Courtillot
1991). The better observation led Halim (1998) and Cogné et al.
(1999) to question the validity of including Siberia in the APWP of
Besse & Courtillot (1991) prior to the Tertiary. However, since the
Mongolia Block appeared to have been welded to the NCB-SCB
blocks by the Early Cretaceous (Gilder ef al. 1999), models involv-
ing independent northward movement of the Mongolia Block are
difficult to support. The hypothesis of large-scale northward move-
ment of the Mongolia-NCB—-SCB blocks has still to be tested by
reliable Cretaceous palacomagnetic data from eastern Asia, includ-
ing the Siberia Block.

6 CONCLUSION

The study of the Late Cretaceous Kisin Group from Sikhote Alin
provides 39 reliable palacomagnetic directions from eight areas
ranging from 46.7°N, 138.1°E t0 43.4°N, 134.9°E. The tilt-corrected
mean direction of the data set of whole 39 sites is D = 335.6°,
1 =54.4° (95 = 8.5°). This direction is not indistinguishable from
the mean direction (D = 331.1°, I = 53.5°, ags = 8.5°) based on
the selected 25 sites from four areas (Kema river, Terney, Plastun
and Moryak-Rybolov) with more reliable data sets. We conclude
that the mean direction of 39 sites is the characteristic palacomag-
netic direction for Sikhote Alin, because the sampling localities
of 39 sites cover a wider region than that of the selected 25 sites.
Palacomagnetic declination indicates that the Sikhote Alin Block
rotated counterclockwise through 41° £+ 16° with respect to the
Eurasian continent between Late Cretaceous times and 53—50 Ma.
Taken together with the clockwise rotation of the eastern part of
the NCB, differential rotational motions are observed in the east-
ern margin of the Asian continent during the Late Cretaceous. This
could have been a consequence of a net horizontal force towards
the east acting on the lithosphere at the eastern margin of the Asian
continent or episodic collisional history of blocks to the south. We
suggest that intermittently occurring upwellings of the mantle and
associated horizontal flows at the base of the continental plate were
responsible.
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