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Crustal control on the redox state of granitoid
magmas: tectonic implications from the
granitoid and metallogenic provinces in the
circum-Japan Sea Region

K. Sato, S. V. Kovalenko, N. P. Romanovsky, M. Nedachi,
N. V. Berdnikov and T. Ishihara

ABSTRACT: Felsic magmatism has occurred over a large region of East Asia since Jurassic times
and has provided important mineral resources such as tin, tungsten, base metals and gold. The
circum-Japan Sea region preserves various geological records of active continental margins,
including Jurassic to Early Tertiary magmatic arcs and subduction zones and pre-Jurassic continen-
tal basements, which were separated by the opening of the Japan Sea during the Miocene. The felsic
magmatism in this region shows a wide variation in terms of redox state and related mineralisation,
encompassing east-west contrasts around the Pacific Ocean. A review of granitoids and associated
ore deposits in this region indicates that the character of the crust, sedimentary versus igneous, is an
essential factor to control the redox state, and a tectonic setting may be an additional factor in some
cases.

The reduced-type granitoids, characterised by tin mineralisation, were generated in carbon-
bearing sedimentary crust which was composed mainly of accretionary complex material and not
influenced by previous magmatism. Involvement of sedimentary materials is corroborated by
oxygen, sulphur and strontium isotope data. The oxidised-type granitoids, characterised by gold or
molybdenum mineralisation, were generated in igneous crust which was depleted in reducing agents
as a result of previous magmatism. Granitoid magmatism in a given area tends to become more
oxidised with time.

Jurassic accretionary complexes in East Asia are thought to have been largely displaced from the
original place of accretion and stacked up against the northeastern margin in the Khingan and
Sikhote-Alin Mountains. This region, dominated by sedimentary crust, was subsequently subjected
to Cretaceous felsic magmatism and converted to a large province of reduced-type granitoids and
tin—tungsten mineralisation. Diverse geodynamic processes, including the change of the arc-trench
system, the creation and collapse of the back-arc basin and the collision of continents, may have
prepared many favourable sites for the generation of reduced-type granitoids in northeast Asia.
These processes may have resulted in a remarkable contrast with the Pacific margin of North
America, where repeated arc magmatism during the Mesozoic formed granitoid batholiths of the
oxidised-type.

The granitoid types may also be controlled by the tectonic setting and mode of magma
emplacement. In the northern Kitakami area of Northeast Japan, Early Cretaceous episodic
magmatism occurred in a Jurassic accretionary complex, and formed the oxidised-type granitoids
accompanied by submarine bimodal volcanism associated with kuroko mineralisation. Granitoids of
fissure-filling type emplaced under extensional environments may be oxidised, irrespective of
basement geology, because of insignificant crustal input.

KEY WORDS: Accretionary complex, Cretaceous, granitoid type, Jurassic, Khingan, Korea,
metallogeny, sedimentary crust, Sikhote—Alin, tin.

Granitoids and mineralisation around the Pacific Ocean show
a remarkable contrast between the east and west sides. The

tin-producing regions since the time of the Soviet Union (e.g.
USSR Ministry of Geology 1987). The Japanese Islands

Asian side is dominated by reduced-type granitoids and char-
acterised by tin mineralisation. On the other hand, the Pacific
margin of North America is dominated by oxidised-type
granitoids and characterised by the lack of tin (e.g. Ishihara
1984). However, when examined closely East Asia is not
homogeneous. For example, southeast China is very rich in tin,
whilst northeast China and the Korean Peninsula are very
poor, in fact practically free of Phanerozoic tin deposits (e.g.
Sato 1982b; KIER 1983; Chinese Academy of Geological
Sciences 1999). Far East Russia is very rich in tin, as the
Sikhote-Alin, Khingan and Yana-Kolyma have been major
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include tin-rich and tin-barren provinces (e.g. Ishihara &
Sasaki 1973).

Therefore, the circum-Japan Sea is a good area to increase
the understanding of the genesis of granitoid types and related
mineralisation (Sato 2000, 2003). In this paper, the authors
review the characteristics of granitoids and mineralisation in
the southern part of Far East Russia, with special emphasis on
the redox state of granitoids and its correlation with basement
geology, and compare them with the geological data for the
Korean Peninsula and the Japanese Islands from the viewpoint
of the tectonic history of East Asia.
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The ilmenite- and magnetite-series classification of Ishihara
(1977) is based essentially on the redox state of granitoid
magmas. The two series granitoids are similar in major element
composition except for their Fe**/Fe®" ratio. Therefore, the
two series can be named reduced-type and oxidised-type,
respectively (Sato er al. 1992); these terms are used in this
paper. The two types of granitoids are easily discriminated
by measurement of magnetic susceptibility, even in the field,
because ferric iron exists mainly in magnetite in the oxidised-
type rocks. Magnetic susceptibility data for granitoids in Japan
show a clear bimodal distribution (Sato et al. 1992), typically
<1 x 10~ 38I for the reduced type and 10-50 x 10~ 3 SI for
the oxidised type. The boundary between the two types was
placed at 100 x 10~ ®emu/g (Ishihara er al. 1981), which
approximately corresponds to 3 X 103 SI (Sato & Ishihara
1983). Accompanying mineralisation is quite contrasting. Tin
is a representative ore element of the reduced-type granitoids,
whilst gold and molybdenum mineralisations are related to
the oxidised-type granitoids. These correlations, established in
Japan, have also been confirmed in eastern Australia (e.g.
Blevin & Chappell 1992) and in Far East Russia as described
below.

Mesozoic to Cenozoic granitioids in the circum-Japan Sea
region consists mainly of granite, granodiorite and tonalite.
Most of them have chemical compositions of the I-type of
Chappell & White (1974, 1992) (Takahashi et al. 1980; Jwa
1998; Jin et al. 2001; Sato & Chappell, unpublished data). The
S-type or A-type granitoids do occur, but their occurrences are
very limited. This paper focuses on a regional variation of the
redox state of granitoids and its correlation with the metallo-
genic provinces from the viewpoint of the geodynamic history
of East Asia. Individual petrochemical features including the
I- and S-type classification will be reported elsewhere.

1. Khingan and Sikhote—Alin Mountains, Far East
Russia

The Khingan and Sikhote-Alin Mountains (Fig. 1) are char-
acterised by tin mineralisation related to Cretaceous felsic
magmatism. Jurassic mineralisation is not known in this region
of Far East Russia, although both Jurassic and Cretaceous
mineralisations related to felsic magmatism are widely distrib-
uted in Korea and China.

The pre-Cretaceous basement of the Khingan and Sikhote—
Alin Mountains is divided into two tectonic units: an older unit
of Precambrian to Palaeozoic continental blocks on the conti-
nental side, and a younger unit of Jurassic to Cretaceous
accretionary complexes and turbidite deposits on the oceanic
side (Figs 2A, 5 & 11). The continental blocks, the Bureya
massif in the north and Khanka massif in the south, consist
mainly of Proterozoic to Palaeozoic igneous and metamorphic
rocks, and subordinate Palaeozoic to Mesozoic sedimentary
and volcanic sequences (e.g. Khanchuk ez al. 1996; Sato et al.
2002, 2003b).

Cretaceous to Palacogene felsic igneous activities occurred
over a large region, including the above two units (Fig. 1). The
igneous regions in southern Far East Russia are divided into
two belts: the Khingan-Okhotsk Belt and Sikhote-Alin Belt
(Fig. 2A). These two belts are considered to be juxtaposed arcs
with differing geotectonic histories, showing an unusually
broad distribution of igneous rocks in the Khingan and
northern Sikhote-Alin Mountains, up to 700 km in an E-W
direction.

1.1. The Khingan—Okhotsk Belt
The Khingan—Okhotsk Belt consists of many volcano—plutonic
complexes, which are composed of granitoids and felsic
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volcanic rocks and associated with tin mineralisation (Sato
et al. 2002). The Khingan (Kh), Badzhal (Bz) and Komso-
molsk (Km) deposits are representative large tin deposits (Fig.
2A). The total length of this tin-associated volcano—plutonic
belt exceeds 700 km, although both ends are not fully charac-
terised. The northeastern end near the Okhotsk Sea appears to
overlap with the Sikhote-Alin Belt. The southwestern exten-
sion beyond the Amur River, a national border with China, is
somewhat enigmatic. Cretaceous volcanic rocks occur in the
Xiao Hinggan Ling (Fig. 1), but no remarkable tin deposit is
known in this region of northeast China (Chinese Academy of
Geological Sciences 1999). Granitoids are widely exposed in
this region, but they are mostly Palaeozoic age, as in the
Bureya massif within Russia (Krasnyi & Peng 1996). The
Khingan—Okhotsk tin belt is thought to be terminated near the
Amur River.

Granitoids from the tin-associated volcano—plutonic com-
plexes typically gave very low magnetic susceptibility values
(<1 x 1072 SI), and associated volcanic rocks are character-
ised by low Fe**/Fe?" ratios of whole-rock chemical analyses
(Mishin & Romanovsky 1994). This evidence indicates that the
Khingan—-Okhotsk Belt consists essentially of reduced-type
rocks. This is consistent with the result of the aeromagnetic
survey; the Khingan—Okhotsk Belt does not give rise to any
significant magnetic anomalies (Fig. 2B). The northern part of
this belt near the Okhotsk Sea is not well studied, but flat
anomaly patterns suggest the paucity of magnetic minerals.

Regional variation of the magnetic anomalies correlates well
with the tectonic provinces around the Khingan—-Okhotsk Belt
(Fig. 2A, B). It is remarkable that the flat pattern coincides
with the regions of the accretionary complex in which the
volcano—plutonic complexes of the Khingan—Okhotsk Belt
are emplaced. The southern Siberian craton, Bureya massif
and East Sikhote—Alin Volcano—Plutonic Belt (Fig. 2A) are
characterised by a rugged magnetic anomaly pattern, indicat-
ing wide distribution of magnetite-bearing igneous rocks.
Granitoids in the East Sikhote—Alin Volcano—Plutonic Belt
have been corroborated to be the oxidised type, based on
magnetic susceptibility data (Romanovsky et al. 1996). The
complicated magnetic anomaly patterns in northern Sikhote—
Alin may be biased by the presence of Neogene volcanic
rocks.

Igneous activity of the Khingan—Okhotsk Belt has been
thought to have begun in the Early Cretaceous (Barremian)
and lasted throughout the entire Late Cretaceous (Faure &
Natal’in 1992; Natal’in 1993). However, recent radiometric
dating suggests that magmatism in this tin-rich belt was a
much shorter episodic event in the middle Cretaceous (Sato
et al. 2002). Radiometric age data for major tin deposits and
the surrounding igneous rocks cluster at 95 Ma, although the
deposits are separated by 100-200 km. This result suggests a
short-lived tin-associated magmatic event in contrast with the
long-lasted magmatism in Sikhote-Alin and the Japanese
Islands (Sato et al. 1992, 2002). The Khingan—Okhotsk Belt is
also clearly discriminated from the northern Sikhote—Alin Belt
not only in age but also in metallogeny; the latter being
characterised by gold mineralisation (Sato et al. 1996).

Cretaceous accretionary complexes are distributed to the
southeast of the Khingan—Okhotsk Volcano-Plutonic Belt
(Natal’in 1993; Sato et al. 2002). The Kiselevka—Manona
complex (KM in Fig. 2A), the youngest accretionary complex
in the Khingan and Sikhote-Alin Mountains, is distributed
along the Amur suture, which is thought to be a tectonic
boundary with Jurassic accretionary complexes in central
Sikhote—Alin (SM in Fig. 2A). Detailed studies on radiolarian
assemblages using specimens from good exposures near the
Amur River (Zyabrev 1996; Markevich et al. 1997) indicate
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Figure 1 Map showing the distribution of Cretaceous—Palaecogene felsic magmatism in the circum-Japan Sea
region, compiled from Sato ef al. (1992), KIGAM (1995a) and Krasnyi & Peng (1996). (TTL) Tanakura Tectonic
Line; (MTL) Median Tectonic Line. The national border between Russia and China coincides with the Amur and
Ussuri Rivers. Xiao Hinggan Ling is also expressed as Lesser Khingan Mountains.

that the age of accretion was Albian—-Cenomanian (ca. 110-
90 Ma) in the middle Cretaceous. The apparent parallelism, in
time and space, between the volcano-plutonic belt and the
accretionary complex suggests that the Khingan—Okhotsk
Belt and the Kiselevka—Manona complex represent a paired
magmatic arc and subduction complex (Sato et al. 2002).

The Jurassic accretionary complex in central Sikhote-Alin
occurs to the southeast of the Kiselevka—Manona complex,
that is, the oceanic side is older than the continental side. These
relationships between the accretionary complexes and igneous
rocks within the Khingan—-Okhotsk Belt and northern
Sikhote—Alin Belt (Figs 2A, 3) suggest vigorous and compli-
cated tectonic activity and magmatism over a relatively short
period during the middle Cretaceous.
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The Kiselevka—Manona complex includes Early Cretaceous
bedded chert with basic tuffs and lavas below the middle
Cretaceous clastic units (Nechaev et al. 1996; Zyabrev 1996;
Markevich et al. 1997), indicating relatively young volcanism
on an oceanic plate prior to subduction. Based on heavy
mineral assemblages Nechaev et al. (1996) suggested the exist-
ence of an Early Cretaceous immature volcanic arc and
back-arc basin in the present Lower Amur region. Sato et al.
(2002) proposed a model of Sunda-style tectonics for the
generation of the episodic reduced-type magmatism in the
Khingan—-Okhotsk Belt, assuming the existence of young
back-arc basin such as the Andaman Basin (Fitch 1972;
Hamilton 1979; Curray et al. 1979, 1982). That is, subduction
of the young back-arc basin may have caused the episodic
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Figure 3 Schematic NW-SE cross section through the Khingan-Okhotsk active margin and northern
Sikhote—Alin (Sato ez al. 2002); modified from Faure & Natal’in (1992) and Natal’in (1993). Episodic magmatism
and mineralisation in the Khingan-Okhotsk Tin Belt (95 + 10 Ma) is coeval with the middle Cretaceous
(Albian-Cenomanian) Kiselevka-Manoma complex (Voinova ef al. 1995; Zyabrev 1996; Nechaev et al. 1996).
The Khungarisk complex a conventional name for a group of Early Cretaceous granitoid plutons in north-central

Sikhote—Alin.

magmatism in a similar manner to the Miocene tin-associated
magmatism in the Outer Zone of Southwest Japan, which was
caused by the subduction of the very young Shikoku Basin in
relation to the opening of the Japan Sea (e.g. Kobayashi &
Sato 1979; Furukawa & Tatsumi 1999).

1.2. The Sikhote—Alin Belt

The Sikhote-Alin Belt hosts Cretaceous—Palacogene felsic
magmatism which is associated with various mineral resources
including tungsten, tin, base metals and gold (Fig. 4). The
major part of the basement consists of Jurassic to Early
Cretaceous accretionary complexes and turbidite deposits, but
a Precambrian to Palaecozoic continental fragment of the
Khanka massif occurs in southwestern Sikhote—Alin (Figs 5 &
11). Granitoid magmatism began at about 130 Ma in central
Sikhote—Alin, and appears to have continued throughout the
Cretaceous. Magmatism migrated eastwards to the present
coastal regions, in the late Late Cretaceous to Palaecogene,
resulting in the formation of the East Sikhote-Alin
Volcano-Plutonic Belt. Detailed age variations in the granitoid
magmatism within Sikhote—Alin require further study, but it is
significant that magmatism lasted for more than 70 m.y. in
contrast with the episodic Khingan—Okhotsk magmatism
(Sato et al. 2002).

Compiled magnetic susceptibility data for most of granitoid
plutons reveals regional distributions of the reduced- and
oxidised-type granitoids in Sikhote-Alin (Romanovsky et al.
1996). In view of age and associated mineralisation as well
as the magnetic susceptibility data, granitoid magmatism
in Sikhote—Alin is divided into the following three provinces
(Fig. 4): (1) the central Sikhote—Alin weakly magnetic province
(<1x1073SI) composed essentially of the Cretaceous

reduced-type granitoid plutons accompanied by tungsten and
tin mineralisation; (2) the east Sikhote—Alin highly magnetic
province (~3-30 x 10~ SI), composed mainly of late Late
Cretaceous to Palacogene oxidised-type granitoid plutons and
volcanic rocks (East Sikhote—Alin Volcano—Plutonic Belt) that
are locally accompanied by gold mineralisation (Sato et al.
1996, fig. 1); and (3) the southwest Sikhote—Alin highly
magnetic province (~5-25x 1073 SI), composed of Late
Cretaceous oxidised-type granitoid plutons accompanied by
gold mineralisation (Fig. 5). Province 1 constitutes a major
part of Sikhote-Alin and includes many tungsten and tin
deposits, such as the Vostok-2 (W skarn), Tigrinoe (Sn+W
greisen) and Dubrovsk (Sn vein) deposits (Sato et al. 1993a;
Khanchuk ez al. 1996). Therefore, this province apparently
represents the whole Sikhote—Alin Belt as a tungsten-tin met-
allogenic province. The magmatism and mineralisation in this
province occurred over a long time interval (ca. 130-70 Ma),
but their detailed variations within the province, particularly
their relationships with those in province 2 require further
reliable age data (Matsuda et al. 1998). Care has to be taken
with dating because granitoids of province 1 near the coastal
region are often influenced by the younger igneous activity of
province 2. Provinces 1 and 3 correspond approximately to the
region of Jurassic to Early Cretaceous sedimentary rocks and
the Precambrian—Palaeozoic continental fragment, respectively
(Figs 4 & 11). The relationship between these two provinces is
well observed in the southernmost Sikhote—Alin as described
below (Fig. 5), where the coast provides good exposures for the
observation of across-arc variation of granitoids and basement
rocks, compared with other areas in Sikhote—Alin.
Relationships between granitoid types, basement terranes
and mineralisation in the southernmost Sikhote-Alin are

Figure 2 (A) Tectonic map showing the distribution of accretionary terranes and volcano—plutonic belts around
the Khingan-Okhotsk Belt. Compiled from Natal’in & Zyabrev (1989), Faure & Natal’in(1992), Natal’in (1993),
Krasnyi & Peng (1996), Romanovsky et al. (1996) and Sato er al. (2002). (TGU) Tukuringra-Dzhagdinsk,
Galamsk and Ulbansk; (UL*) Uniya-Bomsk and Lansk; (KH) Khabarovsk; (AM*) Amur; (KM) Kiselevka—
Manoma; (SM) Samarka; (ZR*) Zhuravlevka. (* =turbidite dominated). (Solid squares) large ore deposits; (Kh)
Khingan (Sn); (Bz) Badzhal (Sn); (Km) Komsomolsk (Sn+W+Cu); and (Mv) Mnogovershinnoe (Au+Ag).
(B) Magnetic anomaly map of the same region based on the data by USSR Ministry of Geology (1977). Profile
interval is five minutes. Note that the flat pattern corresponds to the region of accretionary complex and igneous
rocks of the Khingan-Okhotsk Volcano—-Plutonic Belt which lacks significant magnetite, in contrast to the higher
relief pattern for the southern Siberian craton, Bureya massif and East Sikhote—Alin Volcano—Plutonic Belt.

https://doi.org/10.1017/50263593300001103 Published online by Cambridge University Press


https://doi.org/10.1017/S0263593300001103

324 K. SATO ET AL.

Cretaceous-Palaeogene granitoids,
accretionary complexes and
metamorphic rocks

EI Reduced-type

—

<

©
(0]

Granitoids
(@]
X
Q
(2]
0]
o

[
=]
2
5
[e]
2
S

T Aggetonan

) Southwest
- High-P/T Sikhote-Alin
metamorphic (Au)
rocks

Kitakami
(Mo)

—— 40N

Korean South
Peninsula I;/Igiliam%l
Ogcheon Belt
s (;/V+M°) ISTL
an Abukuma
Gygongsang ¢ Jap w)
asin esSt Y, ]
(W+Mo+Au) South“" Ao T
( o"\ea San—' ) .‘
I e L o n)
in? 8% WS! g -~ 35N
A gl 'Sa.m’°~(,._zr<y°“ﬁ
kg W s
7 A - R
) 25 a B yapa" 140 E
/:,f& WA\ nbaga"" est
san™ W
‘ W /\ Bet . Sou’m
. o ,
Bl me™  or 70™ | 0 300 km
s ou 135 E I———

N,
s
130 E &

Figure 4 Distribution of Cretaceous—Palacogene granitoids and metallogenic provinces in the circum-Japan Sea
region. The distribution of reduced- and oxidised-type granitoids is based on Sato er al. (1992) for the Japanese
Islands, Romanovsky et al. (1996) for Sikhote-Alin and Jin et al. (2001) for the Korean Peninsula. The
metallogenic provinces were compiled from Ishihara ez al. (1992) for the Japanese Islands, Sato et al. (1993a 1996)
and Khanchuk ez al. (1996) for Sikhote—Alin, and KIER (1983), KIGAM (1995b) and Jin et al. (2001) for the
Korean Peninsula. Iron and base metals are excluded for simplicity because of their occurrences in both type
granitoid provinces. Granitoid plutons in the central Ogcheon Belt in Korea mostly show low magnetic
susceptibility values (<1 x 103 SI) corresponding to reduced-type, but this may be partly due to secondary
alteration (see text). Both the Ogcheon Belt and the Gyeongsang Basin are characterised by tungsten and
molybdenum mineralisation and the lack of tin. Accretionary complexes, high-P/T metamorphic rocks are from
Geological Survey of Japan (1992), Kimura (1994) and Teraoka & Okumura (2003). See Figure 9 for ages of the
geologic units. Major faults are: (BTL) Butsuzo Tectonic Line; (CSF) Central Sikhote-Alin Fault; (HF)
Hatakawa Fault; (HTB) Hayachine Tectonic Belt; (ISTL) Itoigawa—Shizuoka Tectonic Line; (MFF) Mishan—
Fushun Fault; (MTL) Median Tectonic Line; (PF) Partizansk Fault; and (TTL) Tanakura Tectonic Line. The
MTL divides Southwest Japan into Inner Zone and Outer Zone.

shown in Figure 5. The Khanka massif, which is intruded by Neoproterozoic to Cambrian age, with lesser amounts of
Late Cretaceous granitoid plutons, consists mainly of so-called Ordovician to Permian granitoids and Late Palaeozoic to
‘Sergeevka gabbro’. This lithology consists of mafic to inter- Mesozoic volcanic and sedimentary rocks (Khanchuk ez al.
mediate intrusive and metamorphic rocks probably of late 1996). The eastern part of the massif occurs as a nappe on the
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Figure 5 Simplified geologic map of southernmost Sikhote-Alin. The oxidised- and reduced-type plutons
(ca. 80-90 Ma) are accompanied by Sn and Au mineralisation, respectively. Note that the distribution of the two
type plutons correlates well with the Partizansk Fault. Rocks of the Khanka massif to the east of the Partizansk
Fault occur as a nappe on the Jurassic accretionary complex (Sato et al. 1993b; Khanchuk ez al. 1996) .

Jurassic accretionary complex, as shown in the cross section of
Figure 5. The underlying Jurassic complex is exposed as a
window in the nappe to the northeast of Partizansk City (Fig. 5).

The distribution of the reduced- and oxidised-type plutons
correlates well with the Partizansk Fault; the oxidised-type on
the west side and the reduced-type on the east side (Fig. 5).
Plutons on both sides of the fault are nearly the same age
(ca. 80-90 Ma), suggesting that the fault and nappe structures
may have formed during the Early Cretaceous. Contrasting
crust types are separated by the Partizansk Fault: continental
crust of igneous affinity occurs to the west and accretionary
wedge material of sedimentary affinity occurs to the east (Fig.
8). The Central Sikhote-Alin Fault occurs within the Jurassic
accretionary complex and is not a significant boundary with
respect to granitoid and metallogenic provinces, probably
because the crust on both sides is similar.

The two types of granitoids separated by the Partizansk
Fault have contrasting oxygen isotope compositions (Fig. 6).
The reduced type has higher §'%0 values than the oxidised
type, as in the Japanese Islands (e.g. Sato et al. 1992). The §'¥0
values show a positive correlation with initial 87Sr/°Sr ratios
(Fig. 7). These isotopic trends strongly suggest involvement of
sedimentary materials in the generation of reduced-type grani-
toid magmas. Carbonaceous matter in the sedimentary rocks
may have played an essential role in the formation of reducing
conditions, as suggested by the isotopic studies on Japanese
granitoids (Ishihara 1977; Sasaki & Ishihara 1979, 1980;
Shibata & Ishihara 1979). The oxidised-type granitoids on the
west side of the Partizansk Fault have low §'%0 values and
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initial ®7Sr/%¢Sr ratios similar to the typical oxidised-type
granitoids in Japan and Korea (Fig. 7). Involvement of
sedimentary materials, if any, may have been insignificant for
the genesis of the oxidised-type granitoids.

The authors consider that the contrasting features of grani-
toid types and mineralisation on each side of the Partizansk
Fault basically reflect the remarkable difference in the domi-
nant crust; sedimentary crust on the east and igneous crust on
the west. The eastern side is essentially a zone of accretion, and
had never been influenced by magmatism prior to the Late
Cretaceous granitoid activity. On the other hand, the western
side is a Precambrian—Palaeozoic continental block which had
been subjected to magmatism prior to the Late Cretaceous
granitoid activity (Fig. 8). This pre-Cretaceous repeated mag-
matism may have exhausted any reducing agents, leading to
the formation of the oxidised-type granitoids in the younger
magmatic event.

2. Korean Peninsula

Granitoids are widely distributed in the Korean Peninsula.
Phanerozoic granitoids are divided by age into three major
groups: Permian-Triassic, Jurassic and Cretaceous—Palaeogene
(Fig. 8). The occurrence of Permian—Triassic granitoids is rela-
tively minor except in the northeastern part of North Korea
(KIGAM 1995a). Jurassic granitoid batholiths are widely
distributed throughout the entire Korean Peninsula (Fig. 11),
and are referred to as the Daebo granite. The Cretaceous—
Palacogene granitoids, the Bulguksa granite, are distributed
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Figure 6 Contrasting oxygen isotope composition between the
oxidised- and reduced-type granitoids from the Late Cretaceous
plutons in southernmost Sikhote-Alin (see Fig. 5). Also included are
data for a late Late Cretaceous weakly magnetic pluton near Valentin,
which may be the western margin of the East Sikhote—Alin Volcano—
Plutonic Belt (K.Sato, unpublished data). Data areas for the Japanese
granitoids are based on Sato ez al. (1992). The standard is SMOW.

mainly in the southern Korean Peninsula, particularly in the
Gyeongsang Basin (Fig. 4). The Bulguksa granite tends to
occur as relatively small plutons which often contain miarolitic
cavities and are accompanied by volcanic equivalents, suggest-
ing a shallower level of emplacement than that of the Daebo
batholiths (e.g. Jin et al. 2001). Precambrian granitoids also
occur in the Korean Peninsula; they are distributed mainly in
North Korea, but are minor in South Korea (KIGAM 1995a).

A large number of radiometric ages have been reported for
granitoids, mainly from South Korea (e.g. KIGAM 1995a).
The age data are widely scattered from about 250 Ma to about
50 Ma without a clear gap between the two clusters around
170 Ma (Daebo) and 90 Ma (Bulguksa). The large age range
is at least partly due to slow cooling of large batholiths, or
secondary thermal events which are recorded in dated materi-
als of low closure temperatures; such as biotite in a K-Ar
system. Recent chronological studies, including U-Pb dating
for zircon, suggest that the emplacement ages are more limited,
to 200-160 Ma for the Daebo granite and 110-50 Ma for the
Bulguksa granite, with a hiatus between the two (Sagong et al.
2003).

Relationships between granitoid types and mineralisation in
the southern Korean Peninsula have been extensively studied
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since the 1980s. The Bulguksa granite consists mostly of the
oxidised type, but a few plutons in the central Ogcheon Belt
(Fig. 4), a Palaeozoic fold belt between the Gyeonggi massif in
the north and Ryongnam massif in the south, are dominated
by granitoids of low magnetic susceptibility corresponding to
the reduced type (Ishihara er al. 1981). The low magnetic
susceptibility values are at least partly due to secondary
oxidation of magnetite to haematite (Jin er al. 2001); the
granitoid types have not been fully discriminated. The
Bulguksa magmatism in both the Gyeongsang Basin and
the Ogcheon Belt is accompanied by tungsten, molybdenum,
base metals and gold mineralisation. This magmatism has
provided major mineral resources of South Korea (Shimazaki
et al. 1981, 1987; Sato et al. 1981; KIER 1983).

The Daebo granite consists mainly of the reduced type, in
contrast to the Bulguksa granite; the oxidised-type granitoids
do occur but the genesis of their complicated distribution has
not been resolved, although late stage pink granites tend to be
magnetite-bearing (Jin et al. 2001; M.S. Jin 2003, pers. comm.).
Gold-quartz veins occur in fault zones near the Daebo granite
(e.g. KIGAM 1995b; Choi 2002), but their genetic relationship
to granitoid magmatism is controversial because of age gaps
between the granitoid emplacement and mineralisation (Jin
et al. 2001). The apparent paucity of Jurassic mineralisation
could be due to the relatively deep erosion levels of the Daebo
batholiths. Permian-Triassic and Precambrian granitoids have
very low magnetic susceptibility values (<1 x 10~ 2 SI) corre-
sponding to the reduced type (Jin et al. 2001). The Permian—
Triassic plutons are not accompanied by any significant
mineralisation, but the Precambrian plutons in the northeast
Ryongnam massif are accompanied by tin-bearing pegmatites.

The Bulguksa granite in the Gyeongsang Basin is character-
ised by low 8'%0 values and initial 3"Sr/%¢Sr ratios, which are
similar to the typical oxidised-type granitoids in Japan and
Sikhote-Alin, in contrast to the Daebo granite which is
characterised by intermediate §'®0 values and high initial
87Sr/8°Sr ratios (Fig. 7). The Bulguksa granite of low magnetic
susceptibility in the central Ogcheon Belt (Fig. 4) shows crustal
strontium and neodymium isotope signatures which are similar
to the Daebo granite, rather than to the Bulguksa granite in
the Gyeongsang Basin with its juvenile isotopic signatures
(Kim et al. 1996), suggesting a similarity of source materials
regardless of their emplacement ages. These granitoids with
enhanced initial ®’Sr/%°Sr ratios are significantly different
from the reduced-type granitoids in Japan and Sikhote—Alin
(Fig. 7). The pre-Jurassic basement in the Korean Peninsula is
dominated by Precambrian to Palacozoic metasedimentary
rocks (Lee 1988) which have very high initial *’Sr/*Sr ratios
(Kim et al. 1996, Cheong & Chang 1997) and contain many
graphite deposits (Gallagher 1963). The metasedimentary
rocks, widely distributed in the Precambrian basement, may
have been incorporated in the generation of the reduced-type
granitoids with high initial 8’Sr/%°Sr ratios.

3. Japanese Islands

The relationships between granitoids and mineralisation in the
Japanese Islands were extensively studied in 1970-80s, with
special reference to their redox state (e.g. Tsusue & Ishihara
1974; Ishihara 1977, 1979; Czamanske et al. 1981). Compila-
tion of the relevant metallogenic studies, combined with geo-
chronological and isotopic studies (e.g. Sasaki & Ishihara
1979, 1980; Shibata & Ishihara 1979) established the granitoid
and metallogenic provinces which are consistent with the
major tectonic divisions of the Japanese Islands (Fig. 4)
(Ishihara et al. 1992; Sato et al. 1992).
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Figure 7 5'%0 (SMOW) versus initial #’Sr/8Sr (at 85 Ma) plot for the representative reduced- and oxidised-type
granitoids in southernmost Sikhote-Alin (Fig. 5). Also shown are data areas for granitoids and the Jurassic
accretionary complex (metasedimentary rocks from the Ryoke Belt) in Japan (Matsuhisa ez al. 1982; Ishihara and
Matsuhisa 2002). The oxidised-type granitoids in Japan generally have low initial 87Sr/%Sr ratios (hatched), but
rarely have high values (~0-710) in the eastern San-in Belt within Southwest Japan (see Fig. 4). Data areas for
the Korean granitoids are based on Kim ez al. (1992, 1996); Jurassic Daebo (mainly reduced-type) and
Cretaceous Bulguksa in the Gyeongsang Basin (oxidised-type), excluding the data for altered rocks. Available
data for basement rocks are limited, but their ranges are shown by bars with diamonds of average values:
Precambrian to Palaeozoic sedimentary rocks (8'¥0=+8-9 to +13-4%o (n=3)) in the southern Korean Peninsula
(Kim et al. 1992, 1996) and Palaeozoic gabbroic to granitic intrusions (initial 8’Sr/*¢Sr=0-707 to 0-720 (n=7)) in
the Voznesenka area within the Khanka massif (Ryazantseva et al. 1995).

Granitoids in Japan are divided by age into four groups:
Palaeozoic, Jurassic, Cretaceous—Palacogene and Neogene
(e.g. Sato et al. 1992). Cretaceous—Palacogene granitoids have
the largest exposures and are most important with respect to
metallogeny (e.g. Ishihara et al. 1992). The other groups have
limited exposures and are less important or insignificant for
metallogeny, although Middle Miocene granitoids emplaced in
the Cretaceous—Palaecogene accretionary complex within the
Outer Zone of Southwest Japan are characteristically accom-
panied by tin mineralisation (Fig. 9). Occurrences of Palaco-
zoic and Jurassic granitoids are very limited, and they are not
accompanied by any significant mineralisation. The lack of
Jurassic mineralisation of granitoid affinity in Japan is similar
to that of the Khingan and Sikhote-Alin Mountains, and
contrasts with the Korean Peninsula and eastern China.

The pre-Cretaceous basement of the Japanese Islands con-
sists essentially of Jurassic accretionary complexes, as in the
Khingan and Sikhote-Alin Mountains, with local occurrences
of Palaeozoic continental fragments (e.g. South Kitakami, NE
Japan), Palacozoic to Early Mesozoic accretionary complexes
(northwestern SW Japan) and late Palacozoic—Jurassic meta-
morphic and igneous rocks (Hida, central Japan). The Jurassic
Mino-Tanba terrane in Southwest Japan, for example, is
thought to be a southern extension of the Jurassic Samarka
terrane in Sikhote—Alin prior to the opening of the Japan Sea
during the Miocene (Fig. 11) (Mizutani & Kojima 1992),
suggesting a similar tectonic history between Japan and
Sikhote—Alin in Jurassic to Palacogene times (Figs 8 & 9).

The Cretaceous—Palacogene granitoid magmatism in Japan
changed its position and character with time (Figs 4 & 9).
Magmatism was initiated in the Kitakami area of Northeast
Japan at about 130 Ma, and ceased around 40 Ma in the
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western San-in Belt of Southwest Japan (e.g. Sato et al. 1992).
The Early Cretaceous granitoids in Northeast Japan to the east
of the Tanakura Tectonic Line (TTL in Figs 1 & 4) generally
have less silicic compositions than the Japanese average and
are characterised by low initial ®’Sr/*®Sr ratios (SrI <0-706)
(Shibata & Ishihara 1979). They are divided into two
provinces, Kitakami in the north and Abukuma in the south,
with a boundary along the Hatakawa Fault (HF in Fig. 4). The
granitoids in the Kitakami area (ca. 130-110 Ma) belong to
the oxidised type, whilst those in the Abukuma area (ca.
120-100 Ma) are mainly of reduced type (Figs 4 & 9). The
granitoids in Kitakami show the most juvenile isotopic
features (Srl <0-705) regardless of basement geology: Palaco-
zoic continental fragment in the south and Jurassic accretion-
ary complex in the north. The mineralisation is molybdenum
in North Kitakami, gold with tungsten in South Kitakami and
tungsten in Abukuma (Figs 4 & 9).

Granitoids in Southwest Japan were emplaced over a long
time period from about 100 Ma to about 40 Ma (e.g. Sato et al.
1992; Suzuki & Adachi 1998). The granitoids in the Ryoke and
Sanyo Belts within the Inner Zone to the north of the Median
Tectonic Line (MTL in Figs 1 & 4) are relatively old (ca. 100—
65 Ma) and mostly of reduced type (Figs 4 & 9) except for
those at the western end in northern Kyushu near the Korean
Peninsula. The granitoids in the Ryoke high-T/P metamorphic
belt are generally barren, but those in the Sanyo Belt are
associated with tungsten and tin mineralisation. The granitoids
in the San-in belt are younger than in the Ryoke and
Sanyo Belts (ca.70-40 Ma) and of oxidised type with
molybdenum mineralisation (Figs 4 & 9).

Isotopic compositions are variable within each belt of
Southwest Japan, but the reduced-type granitoids have higher
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5'80 values and initial 3’Sr/*Sr ratios than the oxidised-type
granitoids (Fig. 7). The oxidised-type granitoids in the San-in
Belt generally have low initial 87Sr/%¢Sr ratios (<0-706), but
occasionally show high values (~0-710) in its eastern part
(Shibata & Ishihara 1979; Kagami er al. 1992; K. Sato,
unpublished data).

The sulphur isotope composition of granitoids and related
ore deposits shows a remarkable contrast between the reduced
and oxidised types (Sasaki & Ishihara 1979, 1980). The §**S
(CDT) values tend to be negative in the reduced-type granitoid
belts (— 14 to +2%o), and positive in the oxidised-type grani-
toid belts (— 1 to +9%o). Gabbroids in the two granitoid belts
show a consistent sulphur isotope trend, with §**S values of
—4 to +3%. in the reduced-type belt and +1 to +7%o in the
oxidised-type belt. These contrasts between the two granitoid
belts are consistent with the results of oxygen and strontium
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isotope studies (Shibata & Ishihara 1979; Matsuhisa et al.
1982). The contrasts suggest that the reduced-type magmas
admixed with the sediments of accretionary complexes rich in
isotopically light biogenic sulphur, whilst the oxidised-type
magmas were not influenced by the sedimentary sulphur and
preserved signatures of the isotopically-heavy sea water sul-
phur which was introduced into magma systems through
subduction of oceanic crust.

4. Discussion

4.1. Evolution of crust and granitoid types

4.1.1. Craustal control on redox state of granitoid magmas. A
review of the granitoid and metallogenic provinces in the
circum-Japan Sea region indicates that the nature of the crust,


https://doi.org/10.1017/S0263593300001103

GRANITOID TYPES AND EVOLUTION OF CRUST

329

Ma S. Korea Sikhote-Alin Japanese Islands
Sino-Korean Khanka Massif Jurassic accre- NE Japan & Outer Zone of
0 Craton anka Massi tionary terrane Inner Zone of SW Japan SW Japan
=) .
o Opening of Japan Sea Sn+W
> 2 RIS 1M &>
@© . .
= East Sikhote-Alin San-in belt,
E g SE G}gaa()s7gsang volcano-plutonic belt SW Japan
50— %
o
S
S ES
£ IS W+Sn :
2 12 | o i3
2 £ |5 Ryoke & iq
o o | < Sanyo Beits,| 7 = = 4
D > X SW Japan g Shimanto Beit
1004 © %) 3
) 2 LRAW W 2
-.CI_J‘ o Mo+Au ]
(3 > -E Abukuma, NE Japan | & &
& 8 N &2 Kitakami, NE Japan
Khungarisk
Late stage complex
> pink granite
1502 &
0N — Samarka Mino-Tanba, Chichibu
c 2 & Taukha & North Kitakami
_3, 12_: Belts Belts

Figure 9 Detailed variation of granitoid types and related mineralisation in the circum-Japan Sea region since
the Late Jurassic. Patterns are the same as in Figure 8. Note that younger magmatism tends to be of
oxidised-type. See text for the unusual setting of the Kitakami area in Northeast Japan. Chemical symbols beside
ellipsoids denote characteristic mineralisation. W mineralisation is related to both the reduced- and oxidised-type
granitoids, but mineralogical features of W ores are different between the two types; skarn ores, for example,
clearly reflect the different redox state of the two type granitoids (Sato 1980, 1982a).

whether sedimentary or igneous, is the most important control
for the redox state of granitoid magmas. The reduced-type
granitoids are generated in sedimentary crust which is com-
posed mainly of accretionary complex material and has never
been influenced by magmatism prior to the granitoid magma-
tism. On the other hand, the oxidised-type granitoids are
generated in igneous crust which has been formed and/or
modified by previous magmatism and depleted in reducing
reagents such as sedimentary carbon. Therefore, the redox
state of granitoid magmas in a given area tends to become
more oxidised with time.

The distribution of the reduced-type and oxidised-type
granitoids in the circum-Japan Sea region clearly reflects the
tectonic histories of the crustal domains in which they are
emplaced. Cretaceous reduced-type granitoids, which are most
abundant in this region (Fig. 4), were formed in the terranes
comprised of Jurassic accretionary complexes (Fig. 11). Creta-
ceous oxidised-type granitoids on the continental side were
emplaced in older igneous crust; Precambrian to Palaeozoic
continental block in the Khanka massif and Jurassic Daebo
magmatic belt in the southern Korean Peninsula (Figs 4, 5 &
8). In the Kitakami area of Northeast Japan arc, however,
Cretaceous granitoids occur in an unusual geologic setting
(Fig. 9). They are of oxidised-type regardless of the nature of
crust: Jurassic accretionary complex in the north compared
with a Palaeozoic continental fragment in the south. This
apparent anomaly will be discussed later.

The latest Cretaceous to Palaeogene granitoids of the oxi-
dised type are distributed in coastal areas around the Japan
Sea (Fig. 4): east Sikhote—Alin, San-in of Southwest Japan and
eastern margin of the Gyeongsang Basin. The Palacogene
magmatism may have occurred in a relatively narrow zone
within the Cretaceous magmatic belt, but this zone was
fragmented and now occurs at the present coastal areas due
to the opening of the Japan Sea during the Miocene. Miocene
granitoids are minor and not described in this paper. It is
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noticed, however, that the plutons emplaced in the Shimanto
accretionary complex are of reduced type, while those em-
placed in the San-in Belt are of oxidised type (Fig. 9).

The relationship between the nature of the crust and the
redox state of granitoids is distinct in the southernmost
Sikhote-Alin, where Late Cretaceous granitoids were em-
placed on both sides of the Partizansk Fault (Fig. 5), a deep
fault between the Precambrian—Palaeozoic igneous crust of the
Khanka massif and the Jurassic accretionary complex which
had never been influenced by magmatism before the Late
Cretaceous granitoid activity (Fig. 8). The accretionary com-
plex is overlain by a nappe of the Khanka block (Fig. 5). The
fault and nappe structure may have formed during the Early
Cretaceous, and granitoid plutons were emplaced at about
80-90 Ma. Thickness of the nappe is estimated to be less than
8 km (S. V. Kovalenko, unpublished data), and the underlying
Jurassic complex is locally exposed as a window. These rela-
tionships indicate that the nature of the crust of deep levels is
more important than that of shallow levels for controlling the
redox state of granitoid magmas, although the exact thickness
of the nappe at the time of granitoid emplacement is not
known.

Oxidised-type granitoid plutons are occasionally associated
with marginal reduced facies along contacts with carbon-
bearing sedimentary rocks (e.g. Sato 1991). The redox state
of granitoid magmas could be locally changed in relatively
shallow levels after intrusion, but it is difficult to explain the
regional distribution of granitoid types by such a local process.
Increasing Fe/(Fe+Mg) ratio for biotite and hornblende with
increasing SiO, content of host granitoids from Sikhote—Alin
suggests that oxidation during crystallisation near the level of
intrusion (Czamanske e al. 1981) was not a general process
(Sato et al. 1998). Occurrences of early formed magnetite in the
oxidised-type granitoids also suggest that the granitoid types
reflect the intrinsic conditions of granitoid magma genesis
in the lower crustal environment. The granitoid provinces
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shown in Figure 4 may reflect the redox state of their lower
crustal source regions, although they may be locally modified
by secondary processes.

The geologic relationship between granitoid types and struc-
ture of crust in the southernmost Sikhote-Alin (Fig. 5),
coupled with oxygen and strontium isotope data (Figs 6 & 7),
demonstrates that involvement of sedimentary rocks contain-
ing carbonaceous matter resulted in the generation of reduced-
type magmas. This result is consistent with the systematics
established in the Japanese Islands, suggesting that mantle-
derived magmas assimilated lower crustal sedimentary rocks
and fractionated to form the reduced-type granitoids. The
mantle-derived magmas may also have assimilated lower crust
of the Khanka massif, but they did not encounter sedimentary
materials at deep levels.

Examples from the Korean Peninsula are not as simple in
character. The Jurassic Daebo granite is dominated by the
reduced-type, and characterised by intermediate §'*0 values
and very high initial ¥Sr/%°Sr ratios in contrast with other
reduced-type granitoids in the circum-Japan Sea region (Fig.
7). These isotopic features and their peraluminous composi-
tions (Jin et al. 2001) suggest involvement of sedimentary
protoliths present in old continental crust. Occurrences of
many graphite deposits in Precambrian—Palaeozoic metasedi-
mentary rocks in the Korean Peninsula (Gallagher 1963)
suggest reducing conditions of the crust at the time of Daebo
magmatism. It is noticed, however, that the Daebo granite also
includes a significant proportion of oxidised-type rocks, and
their distribution and genesis are not well understood (Jin et al.
2001). Precambrian granitoids occur in the southern Korean
Peninsula, although their distribution is limited (e.g. KIGAM
1995a). The basement for the Jurassic granitoid magmatism
could be heterogeneous. Precambrian granitoids are widely
distributed in the northern Korean Peninsula, implying that
Jurassic granitoids in such areas are dominated by oxidised
type, although little is known about them. The redox type of
the Cretaceous granitoid plutons in the Ogcheon Belt is also a
matter for further study (Fig. 4). Low magnetic susceptibility
(Jin et al. 2001) and isotopic composition similar to the Daebo
granite (Kim et al. 1996) apparently suggest reduced type, but
accompanying mineralisation is similar to the oxidised-type
Bulguksa granite in the Gyeongsang Basin (KIER 1983).
These granitoids appear to be altered oxidised-type plutons
which are isotopically similar to the Jurassic oxidised-type
plutons.

4.1.2. Role of tectonic setting and mode of magma emplace-
ment: implications from the Kitakami area. General relation-
ships between granitoid types and the lithology of crust
discussed above do not fit with the Kitakami area of Northeast
Japan (Fig. 9). The Kitakami area is divided into two sub-
divisions: the Palaeozoic continental fragment in the south and
the Jurassic accretionary complex in the north. Early Creta-
ceous granitoids were emplaced into these two sub-divisions at
120 £+ 10 Ma (e.g. Sato et al. 1992), but almost all plutons are
composed of the oxidised-type granitoids except for local
occurrences of marginal reduced facies along the contact with
host sedimentary rocks. The granitoid plutons are elongated in
a N-S direction (Fig. 4) and locally accompanied by sub-
marine bimodal volcanic sequences (Harachiyama Group)
associated with kuroko mineralisation at the Taro mine (Ebiko
1965; Kanisawa 1974). These granitoids and volcanic equiva-
lents are unconformably overlain by conglomerate and sand-
stone (Miyako Group) of late Aptian to early Albian age
(ca. 110 Ma) (e.g. Mori et al. 1992). Radiometric ages of
granitoids and volcanic rocks fall in a narrow range between
130 and 110 Ma, regardless of various closure temperatures
(Kawano & Ueda 1965; Shibata er al. 1978; Sato et al. 1992).
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These lines of evidence indicate that granitoids in the Kitakami
area were emplaced at relatively shallow levels under an
extensional environment within a short period and were
quickly cooled and eroded. The elongated shape of the plutons
and their low initial ®’Sr/*Sr ratios (<0-705) suggest a style of
magma emplacement such as fissure-filling without significant
interaction with crustal materials. The plutons have partly
adakitic compositions, suggesting the genesis of granitoid
magmas by partial melting of oceanic crust due to the subduc-
tion of a spreading ridge (Tsuchiya & Kanisawa 1994). The
short-lived episodic magmatism in an extensional condition in
the Kitakami area could be related to such an unusual tectonic
setting.

The relationship between the Early Cretaceous Harachiyama
Group and the underlying Jurassic accretionary complex is
apparently conformable (e.g. Mori et al 1992). Radiolarian
fossils in a clastic matrix of the accretionary complex near the
Taro mine were identified to be of late Middle Jurassic age
(ca. 160 Ma) (Matsuoka & Oji 1990), and sericite-quartz rocks
from the Taro deposit were dated by the K-Ar method at
128 Ma (recalculated average age, Ueda er al. 1970). There-
fore, the time gap between the beginning of Cretaceous felsic
magmatism and the cessation of Jurassic subduction processes
in the Taro area was shorter than 32 Ma. Felsic magmatism in
the Kitakami area could have begun in a zone near a trench
which was still in a marine environment, without significant
uplift of the accretionary complex above sea level. It is likely
that the temperature of the crust was relatively low, which
promoted the brittle deformation favourable for the fissure-
filling type emplacement of magmas and prevented the signifi-
cant reaction of ascending magmas with host rocks. Stress and
temperature conditions of the crust are considered to be
additional important factors for the generation of granitoid
types.

Figure 10 summarises the relationship between the granitoid
types and their lithological and tectonic settings. If the intru-
sion of granitoid magmas are of fissure-filling type under
extensional environments, they tend to be of oxidised type
regardless of lithology of crust, as the crust is passive and does


https://doi.org/10.1017/S0263593300001103

GRANITOID TYPES AND EVOLUTION OF CRUST 331

not contribute to the magma chemistry. A Miocene oxidised-
type granitoid pluton occurs in Tsushima, an island between
Southwest Japan and the Korean Peninsula (Figs 1 & 9). This
pluton has very low initial #’Sr/*¢Sr ratios (0-7037) (Shibata
& Ishihara 1979). It could be an example of such an
oxidised magma emplaced in igneous crust under extensional
conditions related to the opening of the Japan Sea.

4.2. Geodynamic background of large tin provinces in
northeast Asia

4.2.1. Distribution of Jurassic igneous rocks and accretionary
complex. Jurassic felsic magmatism occurred extensively along
the continental margin of East Asia, particularly in southeast
China and the Korean Peninsula. However, this magmatism
did not extend towards the north; the Bureya and Khanka
massifs are practically free of Jurassic igneous rocks, although
Jurassic continental deposits are present (Fig. 11). Granitoids
are widely distributed in these massifs and over a large region
around the Songliao Basin, but they are mostly Palacozoic to
Triassic in age (e.g. Krasnyi & Peng 1996; Wu et al. 2000).

The Jurassic magmatism appears to have extended from the
Sino-Korean Craton towards the northwest within northeast
China (Fig. 11). Volcanic rocks are widely distributed in the
Da Hinggan Ling (Great Khingan Mountains), and granitoids
and volcanic rocks are sporadically distributed in the areas
east of Chanchung and Harbin. These areas are far from the
continental margin (400-1400 km). Magmatism in the Da
Hinggan Ling continued to Early Cretaceous times (e.g.
Krasnyi & Peng 1996) and it is characterised by alkalic
and bimodal composition (Ministry of Geology and Mineral
Resources of China 1990; Lin et al. 1998). Early Cretaceous
A-type plutons have chemical features suggesting an anoro-
genic environment (Wu et al. 2002). It is more likely that the
magmatism in the Da Hinggan Ling was rift-related, not
subduction-related. The Songliao Basin, which may have
begun to form in the Late Jurassic (Ma et al. 1989; Okada
1999), also suggests an extensional tectonic environment in the
inner continental region of northeast China.

The Bureya and Khanka massifs and a region to the south
of the Mongol-Okhotsk suture are characterised by the lack of
significant magmatism in the Jurassic (Fig. 11). The paucity of
igneous rocks cannot be explained by erosion because of the
occurrences of Jurassic continental deposits. These continental
margin areas may have been passive or transform margins in
the Jurassic (Fig. 12). The Stanovoy Range to the north of the
Mongol-Okhotsk suture is a region of Jurassic magmatism
(Fig. 11), suggesting subduction of the oceanic plate of the
Mongol-Okhotsk Ocean beneath the Siberian Craton during
the Jurassic (Fig. 12).

4.2.2. Reorganisation of accretionary complex. The Jurassic
accretionary complexes to the east of the Bureya and Khanka
massifs are not accompanied by significant arc magmatism on
the continental side (Fig. 11). These areas may have been a
transform margin during the Jurassic (Fig. 12), and the accre-
tionary complexes are thought to be allochthonous units. This
insight is consistent with the idea of secondary translation of
accretionary complex proposed by Mizutani & Yao (1991)
based on the palacomagnetic data; low palaeolatitude values
for the Jurassic accretionary complexes in Southwest Japan
and pre-Jurassic continental fragments within them suggest
their remarkable northward drift (e.g. Hirooka 1990).

Jurassic to Early Cretaceous plant fossils in eastern Eurasia
are divided into two types: Tetori-type in the north from
northeast China to Siberia, and Ryoseki-type in the south
from southeast China to the Malay Peninsula, with an EW-
trending transitional zone between the two provinces (Kimura
1987; Ohana & Kimura 1995). Distribution of the Ryoseki-
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type floras extends towards the north to Japan (Outer Zone of
SW Japan and NE Japan) and Sikhote-Alin, showing an
unusually curved boundary with the Tetori-type floras. For
example, the Tetori- and Ryoseki-type floras occur in the Hida
and Kitakami areas, respectively. This boundary may be reor-
ganised to a normal pattern if we assume northward displace-
ment of the Ryoseki-type areas in Japan and Sikhote—Alin.

Otsuki & Ehiro (1992) suggested large-scale left-lateral
displacements along major faults in Northeast Japan in the
middle Cretaceous. Early to mid-Cretaceous time appears to
be a unique stage of vigorous tectonic activity in the circum-
Japan Sea region. Large scale left-lateral displacements have
also been suggested for the Tan-Lu and other NE-SW trend-
ing faults in the continental margin of East Asia (e.g. Xu et al.
1993). Xu et al. (1993) and Chen (1993) suggested that major
horizontal displacement occurred during the Early Cretaceous,
although the fault activity has a long history up to the Recent
as evidenced by large earthquakes along this fault. Sinistral
tectonic movement may have prevailed over a wide region of
the continental margin as well as in the accretionary terrane
(Fig. 11), although details of the times and distances of
left-lateral displacements require further study.

The authors consider that the accretionary complexes in the
Khingan and Sikhote-Alin Mountains were largely displaced
from the original place of accretion, and formed into an
unusually wide zone through the amalgamation with autoch-
thonous sediments which may have been derived from the
Mongol-Okhotsk suture zone and deposited in a transform
margin off the Bureya massif (Fig. 12). The original place of
accretion is thought to be an active margin of the Korean
Peninsula and southeast China where Jurassic igneous rocks
are widely distributed. This idea is illustrated in Figure 12,
showing the configuration of continents based on palacomag-
netics (Enkin ez al. 1992) and representative velocity vectors of
oceanic plates with respect to East Asia (Maruyama & Seno
1986) in the Jurassic and Cretaceous. The Khingan and
Sikhote—Alin regions are thought to be a transform margin in
the Jurassic, as mentioned above, but changed to a convergent
margin in the Cretaceous; Cretaceous convergence may have
been oblique in the Early Cretaceous and orthogonal in the
Late Cretaceous. The Mongol-Okhotsk Ocean is thought to
have closed from west to east and disappeared at its eastern
end in Early Cretaceous times (e.g. Zonenshain et al. 1990).
The collision of East Asia with Siberia, combined with the
oblique convergence of the palaeo-Pacific plate in the Early
Cretaceous, could have resulted in large left-lateral displace-
ments in the eastern margin of East Asia. This may be a
major cause for the displacement of the accretionary terranes
and the slices of continental fragments within them. The
Early Cretaceous Amur basin proposed in the Sunda-style
tectonic model (Sato et al. 2002) may have been formed in this
process.

4.2.3. Background of tin-associated reduced-type magma-
tism. The displaced and stacked accretionary terranes and
adjacent continental margins (Fig. 11) were changed to a zone
of extensive felsic magmatism in Cretaceous times (Figs 1 & 4).
The Cretaceous vigorous magmatism could be related to the
remarkably high velocity of convergence as well as subduction
of a spreading ridge (e.g. Uyeda & Miyashiro 1974; Jahn 1974;
Maruyama et al. 1997), although the real cause is not well
understood. The magmatism might have been a response to
such a global process as superplume activity, because un-
usually large production rates of oceanic crust in middle
Cretaceous times (ca. 125-80 Ma, Larson 1991) are synchro-
nous with the peak of granitoid magmatism not only in the
circum-Japan Sea region but also in the western North
America (e.g. Armstrong 1988).
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The Cretaceous felsic magmatism in the circum-Japan Sea
region formed the reduced-type magmas accompanied by tin
mineralisation in the regions of accretionary complexes, as
exemplified in the Khingan—Okhotsk Belt, central Sikhote—
Alin Belt and the Inner Zone of Southwest Japan (Fig. 9).
Involvement of sedimentary materials in the generation of
granitoid magmas may also be common in collision zones.
Late Jurassic to Early Cretaceous tin-associated granitoids in
the Yana-Kolyma region could be such examples (Parfenov
1991; Parfenov et al. 1999; Layer et al. 2001). Development of
the sedimentary terrane before magmatism is the genetic
background of the metallogenic provinces characterised by tin
in northeast Asia.

4.3. East—west contrast around the Pacific

4.3.1. Tin-poor provinces in the circum-Japan Sea region. As
discussed above, granitoid magmatism tends to become more
oxidised with time, due to modification of the crust from
sedimentary affinity to igneous affinity. The Cretaceous mag-
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matism was superimposed on the Khanka massif and southern
Korean Peninsula igneous crust, and resulted in the formation
of the oxidised-type granitoids which are free of tin (Figs 4 &
9). The Palaeogene magmatism was localised to the present
coastal areas of the Japan Sea, where extensive magmatism
occurred in the Cretaceous (Fig. 4). The overprinted Palaeo-
gene activity resulted in the formation of the oxidised-type
granitoids, which are accompanied by molybdenum or gold,
but not by tin (Fig. 9).

Granitoids are widely distributed in northeast China. Their
ages range from Precambrian to Cretaceous, but granitoid
types are not well known. However, the paucity of tin and
occurrences of gold and molybdenum deposits in this region
(Chinese Academy of Geological Sciences 1999) imply that the
granitoids, at least those of later stages, are dominated by the
oxidised type. Permian to Early Cretaceous A-type granitoids
have been reported to be magnetite-bearing (Wu et al. 2002).

4.3.2. Pacific margin of North America. The Pacific margin
of North America is a typical tin-poor region, as indicated at
the beginning of this paper. Arc magmatism in the Pacific
margin occurred for a long time during the Mesozoic (e.g.
Dickinson 1976; Armstrong 1988; Burchfiel et al. 1992). The
Cretaceous Sierra Nevada batholith is a representative and
well-studied example of the oxidised-type granitoids (Bateman
et al. 1991). The batholith was emplaced in a Jurassic mag-
matic arc (e.g. Dickinson 1981; Bateman 1983). The repeated
magmatism in a convergent margin over a long time period
may be a reason why the reduced-type granitoids and tin
deposits are scarce in the Pacific margin of North America.
One of the exceptional occurrences of the reduced-type grani-
toid belt is seen in the Cretaceous Peninsular Ranges Batholith
(Gastil et al. 1990). The boundary between the oxidised- and
reduced-type granitoid belts coincides approximately with the
boundary of the Triassic-Jurassic volcanic arc to the west
and the back-arc sedimentary basin to the east (Gastil 1993).
This relationship, supported by higher §'®0 values (Silver
et al. 1979, cited in Gastil et al 1990) for the reduced-type
belt suggests generation of the reduced-type granitoids in
sedimentary crust.

4.3.3. East-west contrast. The reduced-type granitoids are
minor in the Pacific margin of North America, whilst they are
dominant in East Asia. The oxidised-type granitoids occur in
East Asia, as mentioned above, but their proportion within
the whole of East Asia is relatively small. Generation of the
reduced-type granitoid magmas requires a change from sedi-
mentary terranes to magmatic belts which may be caused by
the change of subduction system or collision of continents.
This process was not common in the monotonous convergent
margin of western North America. The remarkable contrast of
granitoid types and mineralisation around the Pacific may be a
consequence of different geodynamic histories between the east
and west sides.

5. Concluding remarks

Mesozoic felsic magmatism provided major mineral resources
in East Asia. The style of magmatism and mineralisation is
highly variable within the circum-Japan Sea region, encom-
passing the contrast between the east and west side of the
Pacific rim. The granitoid magmatism and related mineralisa-
tion in this region has been examined from the viewpoint of the
redox state of granitoid magmas and its relation with geo-
dynamic history of the area of magmatism. It is concluded that
the reduced-type granitoids were formed in the sedimentary
crust which is composed mainly of accretionary complexes and
have never been influenced by previous magmatism, whilst the
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oxidised-type granitoids were formed in the igneous crust
which is depleted in carbonaceous matter due to previously
repeated or intense magmatism. Thus granitoid activity in a
given area tends to be changed to oxidised-type with time.

A wide zone of sedimentary crust in the Khingan and
Sikhote-Alin Mountains in Far East Russia is thought to have
been formed by a strike-slip stacking of Jurassic accretionary
complexes from the original place of accretion near the Korean
Peninsula or southeast China. This zone provided favourable
sites for the reduced-type felsic magmatism accompanied by
tin mineralisation in the Cretaceous; the magmatism may have
been caused by vigorous subduction of the palaeo-Pacific
plate. The Early Cretaceous oblique subduction may have
caused the left-lateral strike-slip displacement of the accretion-
ary complexes, including sliced continental fragments towards
the north, under a Sunda-style tectonic regime, and resulted
in the formation of the Khingan—Okhotsk tin belt in mid-
Cretaceous times (Sato et al. 2002). Early Cretaceous grani-
toids are of reduced-type in central Sikhote-Alin, but of
oxidised-type in the Kitakami area (Figs 4 & 9), suggesting
different tectonic environments; transpressional in central
Sikhote—Alin, but transtensional in the Kitakami area. How-
ever, palinspastic reconstruction of the Early Cretaceous
magmatism is not easy because of probable secondary dis-
placement or modification of geologic units by Late
Cretaceous—Palacogene activities. The general scenario of
Cretaceous tectonic activity and magmatism over the whole
circum-Japan Sea region has great potential for more detailed
study.

The change of sedimentary terranes to sites of magmatism is
an essential factor for the generation of the reduced-type
granitoid provinces and tin-rich metallogenic provinces. Such
a situation may have occurred at various stages in the geo-
dynamic history of northeast Asia, in contrast with western
North America, where a monotonous subduction system
operated for a long period in the Mesozoic. The Late Jurassic—
Early Cretaceous tin province in the Yana—Kolyma region
of northeast Russia is thought to have been formed by a
collision activity that may be another suitable process for the
formation of reduced-type granitoid magmas through the
involvement of sedimentary materials. Eurasia is a collage of
cratons and continental blocks cemented by Phanerozoic oro-
genic belts (e.g. Maruyama et al. 1989). Collision processes
may have provided a large amount of sediments to surround-
ing oceans. Weathering and sedimentary processes in the
biosphere may have prepared '*0, *S and *Sr-enriched
isotopic features as well as C-bearing reducing conditions in
the sedimentary crust. This is a recycling process and, at the
same time, a reducing process affecting continental crust. In
northeast Asia, the recycled and reduced sedimentary crust
was involved in new magmatism over large regions, resulting in
the formation of the provinces of the reduced-type granitoids
and tin mineralisation.
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