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Evolution géodynamique du Bloc de Yili
(nord-ouest Chine) au Paléozoique

Résumé

Le Bloc de Yili est un domaine triangulaire limité par les branches nord et sud du Tianshan
Chinois occidental. Il est considéré comme un micro-continent avec un substratum précambrien
qui se prolonge vers I’Ouest au Kazakhstan, mais ses limites ne sont pas claires. Le Bloc de Yili
est important pour comprendre 1’évolution géodynamique du Tianshan Paléozoique qui résulte de
processus de subduction et collision polyphasés. Classiquement, la chaine du Tianshan est divisée
en trois domaines: le Tianshan Nord, le Tianshan Central et le Tianshan Sud. Mais nos travaux
structuraux, géochimiques et paléomagnétiques suggerent que ces domaines et leurs limites
doivent étre redéfinis.

Le bloc de Yili était auparavant considéré comme [’extension vers 1’Ouest du Tianshan
Central. En fait, il s’agit d’un arc magmatique Dévonien-Carbonifere situé sur un socle continental
protérozoique et une plate-forme sédimentaire du Paléozoique inférieur. Des roches volcaniques
d’age Carbonifere sont trés répandues sur les bordures du bloc de Yili. Leurs caractéristiques
pétrologiques et géochimiques montrent 1) qu’il s’agit surtout d’andésites, de rhyolites et plus
rarement de basaltes appartenant a la série calco-alcaline, 2) que les importantes anomalies en Nb
et Ta s’accordent avec des magmas liés a une subduction, 3) que les dicriminations fondées sur les
HFSE placent ces roches dans le champ des arcs continentaux. Les études isotopiques Rb-Sr et
Sm-Nd indiquent que ces roches magmatiques sont issues d’un réservoir magmatique situé¢ dans le
manteau appauvri. En considérant les formations sédimentaires de faible profondeur associées au
magmatisme, on suggere que les roches magmatiques carboniféres se sont formées sur une marge
continentale active. Des datations, par ICP-MS ablation laser, de zircons issus de roches
volcaniques et granitiques de 1’ensemble du bloc de Yili, indiquent des dges compris entre 389 et
310 Ma, c’est a dire fini Dévonien moyen a Carbonifére supérieur.

La limite Nord du Bloc de Yili est représentée par les turbidites du Carbonifére supérieur et le
mélange ophiolitique de Bayingou-Motuogou qui constituent le Tianshan Nord. Les données
pétrologiques et géochimiques suggerent que les turbidites et le mélange ophiolitique représentent
un complexe de subduction. Le mélange ophiolitique résulterait d’une tectonique intraocéanique
suivie de resédimentation et de déformation pendant la subduction du bassin océanique du
Nord-Tianshan qui existait au moins depuis le Dévonien supérieur-Carbonifére inférieur d’apres
les faunes de radiolaires des cherts ophiolitiques. Les données structurales, pétrologiques,
géochimiques et géochronologiques sur le mélange ophiolitique et les turbidites sont en faveur
d’une subduction du bassin océanique de Nord-Tianshan vers le Sud, est responsable de la
formation de 1’arc magmatique de Yili. Comme ce complexe de subduction a été redéformé et
charrié vers le Nord sur le bassin Cénozoique du Junggar, la véritable suture du Nord Tianshan est
cachée par les chevauchements cénozoiques. La prolongation orientale du Nord Tianshan se
trouve dans I’arc de Bogda qui est composé¢ de sédiments carboniféres, de volcanites et de
granitoides. De nouvelles données géochimiques dans la région de Houxia indiquent que les
dolérites, andésites et dacites rhyolitiques sont des volcanites d’arc d’affinité calco-alcaline. La
cohérence temporelle et la corrélation spatiale entre le complexe de subduction du Tianshan Nord



et I’arc de Bogda suggérent que la suture du Tianshan Nord se prolonge vers ’est, ou elle serait
cachée sous I’arc de Bogda par le chevauchement tertiaire.

La limite sud du bloc de Yili est une zone complexe polydéformée qui contient des roches
métamorphiques de haute-pression (HP), des mélanges ophiolitiques, un socle fait de roches
métamorphiques crustales et de roches sédimentaires de plate-forme, le tout affecté par des
décrochements. L’étude géologique détaillée le long de la riviere Kekesu révele 1’existence d’une
déformation ductile a faible pendage et dirigée vers le nord qui affecte des roches océaniques
métamorphisées dans des facies de HP (schistes bleus et éclogite) et des roches continentales
interprétées comme la bordure méridionale du bloc de Yili. Des preuves d’une déformation ductile
extensive dans le faciés schiste vert sont également rencontrées le long de la Riviere Kekesu. Des
datations Ar/Ar par sonde laser de micas blancs dans des métapélites issues de schistes bleus
rétromorphosés et de quartzites dans le faci¢s schiste verts donnent des dges compris entre 330 et
315 Ma qui sont interprétés comme 1’age de la fin de I’exhumation des roches de HP. La formation
des roches de HP a été interprétée comme associée a une subduction vers le nord de ’océan du
Tianshan, également responsable du magmatisme d’arc de la partie sud de Yili. Cependant,
comme le magmatisme d’arc du bloc de Yili est significativement plus jeune que le pic du
métamorphisme prograde (antérieur a 350 Ma) et méme que la rétromorphose, et que I’analyse
cinématique indique un mouvement vers le Nord, cette interprétation n’est pas étayée par nos
données. Par ailleurs, la structure de la riviere Kekesu est en accord avec les données cinématiques
vers le nord observées dans la région de Mishigou et Gangou, plus a I’Est. Cette derniere
correspond a la suture entre le Tianshan Nord et Central. Dans le Tianshan Central, au sud du
complexe métamorphique de HP, il n’existe pas d’arc magmatique Carbonifeére, mais un arc
Ordovicien -Silurien et des turbidites du méme age. Des calcaires et des gres du Carbonifere
inférieur recouvrent en discordance 1’arc d’age Paléozoique inférieur. Des roches métamorphiques
protérozoiques représentent le substratum de cet arc.

Dans les régions de Aheqi, Wushi, Heiyingshan, sur le versant sud du Tianshan, on rencontre
un mélange ophiolitique contenant des blocs de gabbros datés & 390 Ma avec une signature
géochimique de bassin d’arriere arc. Par ailleurs, 1’évolution de la plate-forme carbonatée du
Tianshan Central vers des roches siliceuses (cherts rubanés et pélites siliceuses) suggere un
approfondissement de cette marge continentale pendant le Dévonien. Ces données s’accordent
avec ’existence d’un bassin marginal entre le Tianshan Central et le Tarim. Les observations de
terrain suggérent que le mélange est charrié du Sud vers le Nord sur les séries carbonatées
dévoniennes du Tianshan Central. Cette déformation ductile s’est produite avant le dépdt des
séries terrigénes et carbonatées du Carbonifere inférieur-moyen qui recouvrent en discordance le
mélange ophiolitique et son substratum tectonique. Il faut cependant remarquer que les séries
carboniferes sont déformées par des plis, parfois synschisteux, a vergence Sud. Mais 1’age de cette
déformation n’est pas établi avec certitude. Il est peut-étre Cénozoique, mais des ages compris
entre le Permien et le Paléoceéne ne peuvent pas étre définitivement écartés. Ces observations sont
en bon accord avec celles de la région de Kulehu et de Kumux-Yushugou. Ce mélange
ophiolitique correspond au Tianshan sud, il a été souvent interprété comme des klippes déplacées
du Nord vers le Sud. Dans notre interprétation, il est au contraire issu d’une suture méridionale qui
sépare le Tianshan du Tarim.

Les deux limites nord et sud du bloc de Yili ont été redéformées par les décrochements
permiens. Les turbidites du Tianshan Nord sont affectées par une foliation verticale et une
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linéation horizontale associée a une cinématique dextre. Nos datations Ar/Ar sur roche totale
indiquent un age de 270 Ma qui correspond au mouvement de la faille du Tianshan Nord. Ceci
s’accorde avec les données disponibles sur la Faille Principale du Tianshan (MTSF) ou les
datations se distribuent entre 280 et 250Ma. Les failles de Nalati et de Qinbulak recoupent la
limite entre les blocs de Yili et du Tianshan Central. Nos observations en plusieurs points entre
Kekesu, Laerdun, Sanghuyanzi confirment la cinématique dextre. Ces mouvements coulissants
sont associés a un magmatisme intraplaque, représenté par des granites alcalins, des basaltes
tholgiitiques continentaux, et des roches volcaniques acides. Les décrochements permiens
apparaissent comme complétement indépendants de la tectonique de convergence N-S du
Paléozoique pré-permien. Ces coulissements jouent un grand rdle dans 1’architecture finale du
Tianshan.

Afin de mieux contraindre les mouvements coulissants d’age Permien, des données
paléomagnétiques ont été€ acquises sur des roches d’age Ordovicien, Carbonifére et Permien dans
le bloc de Yili et les régions voisines. Plus de 500 échantillons de roches volcaniques et
sédimentaires ont été prélevés sur 61 sites. Les études magnétiques (minéralogie, démagnétisation,
etc...) montrent que les porteurs de 1’aimantation sont la magnétite et I’hématite. Apres une étude
soignée des caractéristiques de ’aimantation rémanente dans la région de Zhaosu, Xinyuan et
Gongliu, deux pdles pour le Carbonifére supérieur (C2) et Permien supérieur (P2) sont calculés
pour le bloc de Yili. La comparaison de ces poles C2 et P2 avec ceux du méme age disponibles
pour le Tarim, le Junggar et la Sibérie indique 1) qu’il n’y a pas de mouvement différentiel
significatif entre le Bloc de Yili et le Junggar depuis le Carbonifére terminal ; 2) qu’il n’y a pas de
mouvement latitudinal significatif entre ces blocs depuis le Carbonifére supérieur ; 3) qu’il existe
des rotations anti-horaires d’environ 46+ 15° et 32+15° entre 1’ensemble Yili-Junggar par rapport
au Tarim et a la Sibérie entre C2 et P2. Ces rotations sont accommodées par les décrochements
dextres le long des failles bordiéres nord et sud du bloc de Yili et par le décrochement senestre de
I’Irtish dans I’Altai. Il en résulte un mouvement relatif d’environ 1000 et 600 km sur ces deux
failles.

Finalement, en tenant compte des déformations Cénozoiques liées a la collision Inde-Asie, un
modéle simple de I’évolution du bloc de Yili et de I’ouest du Tianshan chinois est proposé.
Pendant I’Ordovicien et le Silurien inférieur, un bassin océanique appelé ’Océan Tianshan existait
entre le Tianshan Central et le Bloc de Yili. Cet océan a commencé a se fermer par subduction vers
le Sud pendant I’Ordovicien supérieur et le Silurien inférieur en produisant ’arc du Tianshan
Central. Entre le Silurien moyen et le Dévonien moyen, 1’Océan Tianshan continue de se fermer.
La subduction océanique est suivie par la subduction continentale du Bloc de Yili sous le Tianshan
Central qui est responsable de la formation des roches métamorphiques de HP. Simultanément a la
fermeture de 1’Océan Tianshan, une mer marginale s’ouvre au sud du Tianshan Central pendant le
Dévonien inférieur a moyen. Pendant le Paléozoique inférieur, les dépots de gres et de calcaires
suggerent que la marge nord du bloc de Yili était une marge passive. Entre le Dévonien moyen et
le Carbonifére inférieur, a cause de la fermeture de 1’Océan Tianshan, les blocs de Yili et du
Tianshan Central sont soudés pour former une seule masse continentale. A ce moment la, les
roches de HP sont exhumées. La fermeture du bassin d’arriére arc est associée au charriage du
mélange ophiolitique du Tianshan Sud. Simultanément, la subduction vers le sud d’un bassin
océanique, appelé océan Nord Tianshan est responsable de la formation de 1’arc magmatique de
Yili et du complexe de subduction du Tianshan Nord. La subduction de 1’Océan Nord Tianshan
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s’acheéve au Carbonifere supérieur quand se produit la collision entre le Bloc de Yili et le Junggar.
A la fin du Carbonifére, la convergence sub-méridienne (par rapport aux coordonnées actuelles)
est achevée. Tous les blocs continentaux sont alors soudés. Au Permien, les décrochements dextres
d’ampleur plurikilométrique perturbent la géométrie initiale. Par exemple, la continuité de I’arc du
Tianshan Nord-Bogda est détruite.

Mots clés : Bloc de Yili, Chaine du Tianshan, Xinjiang, Carbonifére, Paléozoique, subduction,

décrochement, suture, géochimie, paléomagnétisme, tectonique, géochronologie Ar/Ar,
géochronologie U-Pb (ICP-MS).
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Paleozoic geodynamic evolution of Yili Block
in West Chinese Tianshan

Abstract

The Yili Block is a triangular area bordered by the northern and southern fault zones of the
Western Chinese Tianshan Belt, it is considered as a micro-continental block with Proterozoic
basement extending westward into Kazakhstan with unclear boundaries. The Yili Block is
important for understanding the Paleozoic geodynamic evolution of the Tianshan Belt, which
resulted from polyphase subduction-collision orogenies. The Tianshan Belt is classically divided
into three subunits: North Tianshan, Central Tianshan and South Tianshan. But our structural,
geochemical and paleomagnetic studies suggest that these subunits and their boundaries should be
redefined.

The Yili Block, previously considered as a part of the Central Tianshan, is in fact a Late
Paleozoic magmatic arc situated upon a Precambrian basement and an Early Paleozoic platform.
Carboniferous volcanic rocks are widespread along the margins of Yili Basin. Petrological and
geochemical features of Carboniferous volcanic rocks and granitoids show that: (1) volcanic rocks
are mainly composed of andesite, rhyolite and minor basaltic rocks, granitoids consist of gabbro,
diorite, granodiorite and granite, both volcanic and granitic rocks are belong to the calc-alkaline
series, (2) magmatic rocks display prominent Nb-Ta negative anomalies consistent with
subduction - related magmas, and (3) HFSE-based discriminations place volcanic rocks in the
field of continental arcs, and granitoids in the field of syn-collisional granites or arc-type granites.
Rb-Sr and Sm-Nd isotopic studies indicate that these magmatic rocks derived from a depleted
magma reservoir of mantle source, and suffered an important contamination of upper crust or
terrigenous sediments. Taking into account the shallow water sedimentation associated with the
magmatism, the Carboniferous magmatic rocks are suggested to form in an active continental
margin setting. Systematic zircon U-Pb ICPMS dating on the volcanic and granitic rocks from the
whole Yili Block indicates that their ages range from 389~301 Ma, i.e. Late Middle Devonian to
Carboniferous time, but the peak magmatism took place during 360~301 Ma.

The northern boundary of the Yili Block is represented by the North Tianshan Late
Carboniferous turbidite and Bayingou-Motuogou ophiolitic mélange. Stratigraphical and
petrological studies suggest that the turbidite and ophiolitic mélange form a subduction complex.
The ophiolitic mélange was a result of intra-oceanic tectonism and seafloor redeposition and
subsequent deformation during the subduction of the North Tianshan oceanic basin, which existed
at least during Late Devonian to Early Carboniferous on the basis of the microfossils found in
chert of ophiolite. Structural, kinematic, chronological and geochemical evidences from ophiolitic
mélange and turbidite argue that a southward subduction of the North Tianshan oceanic basin is
responsible for the formation of the Late Paleozoic Yili magmatic arc. Since this subduction
complex was redeformed and thrust northward upon the Junggar Cenozoic basin, the real North
Tianshan Suture is probably hidden by the Cenozoic thrust. New geochemical studies from
Houxia area indicate that the dolerite, andesite and dacitic rhyolite show similar features with
those of Yili arc, and therefore correspond to the North Tianshan arc. Temporal consistency and
spatial correlation between the North Tianshan subduction complex and the North Tianshan Arc



suggest that the North Tianshan Suture extends probably eastwards until to the north of Bogdashan.
More detailed studies are needed to test this conclusion.

The southern boundary of the Yili Block is a complicated deformation zone including
high-pressure (HP) metamorphic complex, ophiolitic mélange, Proterozoic basement and platform
sedimentary rocks, affected by strike-slip faulting. Detail geological survey along the Kekesu
River revealed a top-to-the-North ductile shearing that is developed both in ocean-derived HP
rocks and in the southern margin of the Yili Block. Evidences for an extensional event, formed in
retrograde greenschist facies conditions, are recognized in the HP metapelites. Ar-Ar laser probe
dating of white mica in retrogressed blueschist facies metapelites and in greenschist facies
quartzite provides 330-315 Ma ages that are interpreted as the date of the exhumation of the HP
rocks. Taking into account the previous results, HP/UHP metamorphism should have taken place
earlier than 350Ma. Since the final magmatism of the Yili Arc is significantly younger than both
peak metamorphism and retrograde metamorphism, and the top-to-the-North kinematics of the HP
rocks, our results do not support the previous interpretation of the north directed subduction of the
“South Tianshan Ocean” producing the Yili magmatic arc. Near to the HP metamorphic belt,
Ophiolitic mélange of Changawuzi-Qiongkushitai areas extends eastward joining with Gangou -
Mishigou ophiolitic mélange, mafic rocks yield ages from Ordovician to Silurian, and the
kinematics of Gangou ophiolitic mélange is consistent with that of Kekesu HP metamorphic rocks.
To the south of Kekesu HP metamorphic complex, Qiongkushitai and Gangou mélange zone,
Ordovician-Silurian arc-type volcano-sedimentary rocks were recognized to be unconformably
covered by Carboniferous sandstone and carbonate. Proterozoic amphibolite facies metamorphic
rocks are distinguished as the basement of this volcanic arc, which is defined as the Central
Tianshan block. Therefore, the metamorphic and mélange zone is interpreted as a southward
subduction of Tianshan Ocean beneath the Central Tianshan block generating the
Ordovician-Silurian volcanic arc.

In Aheqi, Wushi and Heiyingshan areas, along the southern slope of the Central Tianshan, a
Late Devonian-Early Carboniferous ophiolitic mélange includes ca 390 Ma gabbro blocks with a
back-arc-basin geochemical affinity. Moreover, the evolution from platform carbonate
sedimentation to banded cherts deposition argues for a progressive deepening of the southern
margin of the Central Tianshan Block that is responsible for the opening of a marginal oceanic
basin between the Central Tianshan and Tarim during the Early to Middle Devonian. Field
observation and kinematics suggest that the mélange has been thrust to the North above the
deformed Silurian-Devonian volcaniclastic rocks and marble series. This ductile shearing occurred
before the deposition of the Lower Carboniferous sandstone and limestone that unconformably
cover the mélange and its tectonic substratum. These observations are quite consistent with those
from Kulehu and Kumux-Yushugou areas. Therefore, this ophiolitic mélange zone that stretches
from Aheqi to Kumux is defined as the South Tianshan Mélange Belt. This mélange has
previously often been considered as south-directed tectonic klippes, but our study indicates that
they are actually thrust from South to North, and rooted in the southernmost suture of the Chinese
Tianshan Belt.

The two boundaries of the Yili Block have been reworked by the Permian strike-slip faulting.
North Tianshan Fault redeformed the southern part of North Tianshan Carboniferous turbidite (the
northern boundary of the Yili Block). First-hand kinematic results suggest that the North Tianshan
Fault is a dextral ductile strike-slip fault, new Ar-Ar whole rock dating constraint this deformation

VI



from 285 to 245 Ma that is consistent with the age of Main Tianshan Shear Zone (280~250Ma).
The Nalati Fault that extends eastwards joining with the Qingbulak Fault cut the southern
boundary of the Yili Block, kinematic observations from Kekesu, Laerdun Pass and
Sangshuyuanzi coherently indicate a dextral shearing, previous chronological study also provide
~280 Ma age. The Permian right-lateral faulting is associated with alkaline magmatic rocks, such
as continental tholeiite, felsic volcanic rocks and alkaline granite. Late Permian redbeds and
conglomerate are widespread in whole Tianshan Belt and unconformably cover the pre-Permian
rocks. Therefore, Permian tectonics appears to be geodynamically distinct from the convergent
orogeny of the Tianshan Belt, and plays an important role on the final formation of its present
architecture.

In order to better constrain Permian transcurrent tectonics, primary paleomagnetic results on
Ordovician, Carboniferous and Permian rocks are obtained from the Yili Block and its adjacent
areas. More than 500 sedimentary and volcanic samples were collected from 61 sites. Laboratory
measurements on rock magnetism and magnetic remanence indicate that the magnetite and
hematite are principal remanent carriers for characteristic remanent magnetization. After careful
analysis of reliable characteristic remanences from Zhaosu, Xinyuan and Gongliu areas and
detailed discussion on remanence ages, two primary poles of Late Carboniferous and Late
Permian are calculated for the Yili Block. Comparison of these paleomagnetic poles of the Yili
Block with coeval poles of Junggar, Tarim and Siberia indicates (1) no significant relative motion
between the Yili and Junggar blocks since Late Carboniferous, (2) no significant or weak
latitudinal relative motion occurred since Late Carboniferous among these blocks, but (3) the
46.2°£15.1° and the 31.6°+15.1° counterclockwise rotations of the Yili-Junggar blocks with
respect to Tarim and Siberia took place during Late Carboniferous to Permian. These rotations are
accommodated by the Permian dextral strike-slip faults along the northern and southern sides of
the Tianshan Belt and sinistral strike-slip faulting along the Erqishi Fault of the Altay Belt,
resulting in about 1000 km and 600 km lateral displacements in the Tianshan and Altay belts,
respectively.

Finally, on the basis of the removal of Permian lateral displacement and Cenozoic
reactivation during the Indo-Asian collision, a simplified evolutionary model involving the Yili
Block and its adjacent areas is proposed. During the Ordovician-Early Silurian, an oceanic basin
called the Tianshan Ocean existed between the Yili Block and the Central Tianshan Block. This
ocean began to close by southward subduction beneath the Central Tianshan during Late
Ordovician and Silurian generating the Central Tianshan volcanic arc. From Middle Silurian to
Middle Devonian time, the Tianshan Ocean was progressively closing. The oceanic subduction
was followed by the continental subduction of the southern part of the Yili Block and resulted in
the development of the HP metamorphic complex. Coevally with the closure of the Tianshan
Ocean, a marginal sea opened to the South of the Central Tianshan Block, as suggested by the
ophiolitic mélange and the progressive deepening of the southern margin of the Central Tianshan
Block during the Early to Middle Devonian. During the Early Paleozoic, the limestone and
sandstone deposits suggest that the northern margin of the Yili Block was a passive margin. From
the Late Devonian to Early Carboniferous, due to the closure of the Tianshan Ocean, the Yili and
Central Tianshan Blocks were welded together to form a single continental mass. At that time, the
HP metamorphic rocks were exhumed. The closure of the back arc basin was accommodated by a
south-directed subduction below the Tarim Block as suggested by the northward thrusting of the
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South Tianshan ophiolitic mélange. During Late Mid-Devonian to Early Carboniferous, southward
subduction of an oceanic basin, called the North Tianshan Ocean was responsible for the Yili
magmatic arc and the North Tianshan accretionary prism. The oceanic subduction ended in Late
Carboniferous when the continental collision occurred between Junggar Block and the Yili Block.
At the end of the Carboniferous, the N-S convergence finished when all the continental blocks
were amalgamated. Permian lateral large-scale displacement dragged the main blocks of Central
Asia close to their present position, and probably also disturbed original continuity (e.g. Yili and

Bogda magmatic arcs).

Keywords: subductionary suture, strike-slip faulting, kinematics, geochemistry, paleomagnetism,
Ar-Ar geochronology, Zircon U-Pb, Yili Block, Tianshan Belt, Paleozoic.
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Abstract

The Yili Block is important for understanding the Late Paleozoic geodynamic evolution of Central Asia. It is bounded to the north by
the Northern Tianshan Carboniferous flysch and ophiolitic mélange. The center of the Block is dominated by Carboniferous sedimentary
rocks with intercalation of volcanic rocks. Petrological and geochemical features of these Carboniferous volcanic rocks show that: (1)
they belong to the calc-alkaline series, (2) they display prominent Nb—Ta negative anomalies consistent with subduction-related magmas,
and (3) HFSE-based discriminations place these volcanic rocks in the field of continental arcs. The depositional evolution of the sedi-
mentary series shows evidence for Carboniferous sedimentation in a basin instead of rifting as previously proposed. All these evidences,
together with the occurrence of contemporaneous turbidites and ophiolitic mélange along the northern boundary of the Yili Block, allow
us to infer that the northern border of the Yili Block was a continental active margin during the Carboniferous. The Late Carboniferous
southward subduction that finally closed the Late Devonian to Early Carboniferous North Tianshan oceanic basin was followed by

Permian—-Mesozoic polyphase transcurrent faulting.
© 2006 Published by Elsevier Ltd.

Keywords: Geochemistry; Volcanic rocks; Continental arc; Carboniferous; Yili Block; Chinese Tianshan Belt

1. Introduction

The “Yili Block” represents the easternmost part of a
large continental block, which mainly occurs in Kazakh-
stan where it is known as the “Ili”” block (Sengor and Nata-
I'in, 1996). This large continental unit is bounded by suture
zones and large scale strike-slip faults (Fig. 1). It is com-
posed of several tectonic units and their history of amal-
gamation remains controversial. A first model suggests a
progressive growth of the Asian continent in the Paleozoic
by colliding fragments in a continuously converging setting
(Natal’in and Sengor, 1994; Sengor et al., 1993; Shi et al.,

* Corresponding author. Tel.: +33 0 2 3849 4660; fax: +33 0 2 3841
7309.
E-mail addresses: bo.wang@univ-orleans.fr, wangbol996@nju.org.cn
(B. Wang).

1367-9120/$ - see front matter © 2006 Published by Elsevier Ltd.
doi:10.1016/j.jseaes.2006.02.008

1994; Shu et al., 2000). Alternatively, it has been suggested
that the Tarim plate formed during the Late Proterozoic,
and thereafter, the Yili Block was rifted from Tarim during
the Ordovician. The final suturing event occurred between
the Tarim, the Junggar, and the Kazakhstan blocks
during the Late Paleozoic (Chen et al., 1999; Gao et al.,
1995, 1997, 1998; Ma et al., 1993; Xiao et al., 1992). The
final stages of suturing are still poorly understood as well.
Models of continuous convergence (Gao et al., 1998; Xiao
et al, 1992), or alternatively, marginal rifting and
subsequent re-amalgamation (Che et al., 1996; Xia et al.,
2003) have been proposed. In this paper, we intend to clar-
ify the Carboniferous evolution of the northern part of the
Yili Block by studying the Carboniferous volcanic rocks.
In Western China, the Yili Block geographically lies
west of the Xinjiang Uygur Autonomous Region and is
geologically one of the main parts of the Chinese Tianshan
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Belt. It separates the Northern Tianshan (NTS) to the
north and the Central-Southern Tianshan (CSTS) to the
south, respectively (inset B of Fig. 1). The Yili Block is in
contact with the NTS along the North Tianshan Fault
(NTF in Fig. 1; Zhou et al., 2001) and with the CSTS along
the Central Tianshan Northern Margin Fault (Xiao et al.,
1992; CTNF in Fig. 1). The Sailimu (SLM)-Jinghe Fault
(SJF in Fig. 1) separates the Yili Block to the south from
the “Bole Block™ to the north. These boundaries were also
defined and discussed by Sengér and Natal’in (1996). Late
Paleozoic volcanic and volcano-sedimentary rocks are
widely developed in the northern, southern and eastern
margins of the Yili Block, while Mesozoic and Cenozoic
terrestrial sedimentary rocks cover the interior of the Yili
Block, which is called the Yili Basin. The volcanic and vol-
cano-sedimentary rocks were dated as Carboniferous by
paleontologic and radiochronologic methods (Li et al.,
1998; XBGMR, 1993). Since the 1990’s, the tectonic setting
of Carboniferous volcanism in the Yili Block has been a
matter of debate. It has been interpreted either as an active
margin (Gao et al., 1997, 1998; Jiang et al., 1995; Xiao
et al., 1992) or as a continental rift (Che et al., 1996; Chen
et al., 2001; Xia et al., 2002, 2003). Until now, only a few
detailed geochemical data were available and thus the

tectonic setting of these rocks was poorly constrained. In
this paper, we describe the geochemical features of Yili
Carboniferous volcanic rocks, and discuss their tectonic
setting in relation to the published data. Geochemical
evidence, combined with the occurrence of a Late Carbon-
iferous ophiolitic mélange that crops out to the north of the
Yili Block, allows us to propose a simplified model of the
geological evolution and final amalgamation of Central
Asia during the Late Paleozoic.

2. Geological background

The Yili Block is a triangular area that extends more
than 1000 km across the borderlines of China, Kazakhstan
and Kyrgyzstan, and its geodynamic evolution since the
Late Paleozoic is closely related to the Tianshan Belt
(Fig. 1). The eastern part of the Yili Block is one of the
main parts of the Western Chinese Tianshan (WTS) Belt,
which is bounded by two major active thrusts, the southern
thrust zone (STZ) and the northern thrust zone (NTZ) that
separate the WTS Belt from the Tarim Basin and the Jung-
gar Basin (Fig. 1), respectively. The Chinese Tianshan Belt
is generally divided into three units: the Northern, the Cen-
tral and the Southern Tianshan belts, which are separated
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from one other by regional-scale strike-slip faults (Allen
et al., 1993, 1999; Coleman, 1989; Ma et al., 1993; Windley
et al., 1990). The geological evolution of the Tianshan Belt
has been discussed during the last two decades. Generally,
it is considered a result of multiphase amalgamation and
accretion of various micro-continents that include the Yili
Block, magmatic arcs and terranes throughout the Paleo-
zoic (Coleman, 1989; Shi et al., 1994; Shu et al., 2000,
2002). It was deformed again by Cenozoic intra-continental
tectonics and subsequently uplifted in response to the
India-Asia collision (Avouac et al., 1993; Burchfiel et al.,
1999; Cunningham et al., 1996; Shu et al., 2003; Tappon-
nier and Molnar, 1979).

The Proterozoic basement of the Yili Block crops out
along its boundaries (Fig. 1). The Meso- to Neoproterozoic
carbonates and clastic rocks of the Jixian and Qingbaikou
formations are developed in the Sailimu Lake (SLM)-Wen-
quan area and southeast of Tekesi. The Sinian red sand-
stone and minor “tillite” (Gao et al., 1998; XBGMR,
1993; Xia et al., 2002) are exposed to the south of SLM.
Precambrian amphibolite facies metamorphic rocks mainly
crop out in the Bingdaban—Baluntai area, south of Uru-
mqi. They were also recognized at Nalati Pass, north of

Bayinbuluke, and in the Haerke Mountains, south of
Tekesi (Fig. 1), and respectively dated by U-Pb method
on zircon at 882+ 33 Ma (Chen et al., 2000a) and
709 + 13 Ma (Chen et al., 2000b). Lower and Middle
Paleozoic strata are mainly developed along the northern
margin of the Yili Block. Cambrian and Ordovician rocks
consist of chert, and carbonates and predominantly crop
out in the Sailimu Lake and Guozigou area (Fig. 1).
Silurian flysch and intercalated calc-alkaline volcanic and
volcano-sedimentary rocks are distributed along the south-
ern side of NTF and along the eastern margin of the Yili
Block (XBGMR, 1993; Zhou et al., 2001). The Devonian
is only represented by granitoids in the Yili Block.
Carboniferous rocks are widespread in the study area
and are divided into two parts ranging from Early Carbon-
iferous (C1) to Late Carboniferous (C2). Each part consists
of several formations as shown in Fig. 2 that correlate with
the international stratigraphic chart (ICS, 2004). The lower
part (Cl), ca. 3500 m thick, is predominantly composed of
limestone, sandstone and shale with subordinate volcanic
rocks. The upper part (C2), which unconformably overlies
Cl1, consists of limestone intercalated with volcaniclastic
sandstone and massive volcanic rocks (Fig. 2). The base-

Age Yili Block Northern Tianshan
Ma | Epoch St Axi area Nileke Nalati-Gong | Ophiolitic Turbidite
age area naisi- Yuxi
300 — :
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N2 7 C20 F i
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c2 "N Formation o | B |
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330 — Akeshake Yamasu
Formation Formation Blocks of serpentinite and oceanic rocks
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Fig. 2. Schematic Carboniferous chronostratigraphic columns of the Yili Block and the Northern Tianshan Belt compared to the international
stratigraphic chart (ICS, 2004). Time scale and stratigraphy modified from XBGMR (1992, 1993). C2o0, the Oyiman Formation; C2n, the Naogaitu

Formation.
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ment and pre-Carboniferous rocks are croscut by volumi-
nous granitoids of Carboniferous age (XBGMR, 1993;
Figs. 1 and 2). This lithotectonic unit is quite different from
that of the North Tianshan Belt, where Carboniferous
rocks consist of turbidite flysch and ophiolitic mélange
(Fig. 2). Due to possible tectonic duplication, the thickness
of the North Tianshan flysch is difficult to establish. How-
ever it is estimated to be between 5000 and 10,000 m thick.
On paleontological grounds (ammonoids and plant fossils),
the flysch has been correlated to the upper half of C1 to C2
(XBGMR, 1993; Fig. 2). The mélange zone contains metre-
to kilometer-scale blocks of Late Devonian to Early Car-
boniferous oceanic lithosphere such as radiolarian-bearing
cherts (Xiao et al., 1992) along with reworked Carbonifer-
ous flysch boulders (Fig. 2), and therefore formed during
Late the C2 interval.

Permian terrestrial sandstone and conglomerate uncon-
formably overlie all the older rocks. A prominent bimodal
volcanic association developed in the Nileke area (Figs. 1

and 3b; Wang et al., 1997; XBGMR, 1992, 1993). Felsic
and/or mafic magmatism is also recognized and discussed
for the Bayingou area of Bogdashan (Allen et al., 1995;
Shu et al., 2005). Permian plutonic rocks are also wide-
spread in the study area. Lateral shear zones deformed
the boundaries of the Yili Block during the Late Carbonif-
erous—Early Permian and underwent polyphase reactiva-
tion during the early Mesozoic (Bazhenov et al., 1999;
Laurent-Charvet et al., 2002, 2003; Shu et al., 1999, 2003).

3. Representative geological sections of Carboniferous
volcanic rocks

About 200 samples of Carboniferous volcanic rocks
were collected for this study from the Axi section of the
northern Yining, the northern Nileke section and the
Nalati-Gongnaisi—Yuxi section as shown in Fig. 1. Sam-
ples are listed in Table 1 and the sample locations are
shown in Fig. 3. The rocks mainly belong to the basic-inter-
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Table 1

ICP-MS whole rock analyzed results of representative samples from the Yili Block

Samples  The Axi section The Northern Nileke section The Nalati-Gongnaisi—Yuxi section

XJ-325 XJ-326 XJ-327 XJ-328 XJ-329 XJ-335 XJ-335-1 XJ-336 XJ-174 XJ-174-1 XJ-174-6 XJ-363 XJ-365 XJ-388  XJ-389 XJ-390 XJ-354 XJ-357 XJ-358
SiO, (wt%)  53.42 54.04 53.18 55.19 59.21 68.81 67.42 68.83  49.70  50.61 66.54 57.43 68.71 46.63  46.56  50.05 56.15 55.93 36.55
TiO, 0.84 0.85 0.94 1.21 0.90 0.44 0.38 0.43 0.99 0.93 0.71 0.98 0.89 0.94 0.90 1.11 0.85 2.22 1.80
Al O, 16.54 16.78 17.20 16.55 16.32 15.71 14.15 15.62 19.60 19.02 15.86 17.51 13.00 18.44 17.28 18.60 17.63 13.86  26.61
Fe,0; 8.21 7.21 7.94 7.52 5.58 3.12 1.91 2.52 10.26 9.74 4.30 7.33 4.18 8.32 8.96 9.65 8.49 10.48 24.62
MnO 0.12 0.13 0.13 0.12 0.10 0.13 0.19 0.11 0.40 0.22 0.14 0.19 0.13 0.70 1.18 0.30 0.20 0.36 0.15
MgO 3.13 3.40 5.98 4.43 3.30 0.36 0.41 0.36 4.33 3.94 1.29 1.56 0.69 3.57 2.67 2.94 1.95 2.82 0.02
CaO 6.83 7.99 3.32 6.97 3.51 1.46 5.06 1.75 4.92 7.19 1.16 2.63 1.12 8.83 6.55 4.52 1.81 3.97 0.26
Na,O 3.05 2.80 5.21 3.21 3.32 3.88 1.55 4.24 4.80 4.12 5.36 3.68 2.82 2.81 2.66 6.13 3.11 4.43 0.10
K,O 0.60 0.52 0.22 224 2.97 4.12 3.49 3.16 0.99 1.22 4.01 6.53 6.58 3.77 6.27 1.59 7.05 3.40 0.22
P,0s 0.16 0.16 0.18 0.25 0.18 0.12 0.11 0.10 0.25 0.24 0.16 0.60 0.19 0.28 0.23 0.22 0.54 0.92 0.58
LOI 8.39 7.79 5.96 2.23 4.42 2.09 5.98 2.51 4.52 2.72 1.21 1.45 0.89 5.88 6.45 5.36 1.73 1.41 9.44
Total 101.29 101.67 100.26  99.91 99.79  100.23  100.64 99.63  100.75  99.95 100.72 99.88 99.20 100.18 99.69 100.46  99.50  99.80 100.36
Sc (ppm) 2349 2405 2727 @ 22.58 16.74 3.552 2978 3.022  31.2 30.46 12.84 13.86 26.52 24.7 16.64 11.25 27.81 2836 22.29
Ti 4746.1  5096.7 54849 8417 5237.1 2756.1 2351.7 2557.1 5655.1 5459.4 41343 49242 15014 10797 5405.7 4987.2 54446 49214 58447
\% 130.4 180.3 229.6 197.3 129.8 18.59  21.31 158 2535 2432 4546 1024 169.6 572.9 105.4 12.17 278.6  241.8 2314
Cr 62 65.07 9527  62.18 74.07 3.014 2.759 5.727 33.8 30.53 5.416 10.58 2.697 50.92 5476 10.77  85.73 16.89 10.82
Mn 866.8  937.8 9758 920.9 738 939.9 1410.8 801.3 2865.6 1704.8 989.7 1502.7 2534 1029.5 1366.7  870.5 5174.8 6698.6 2034.2
Co 18.69 2047 2623  21.56 16.95 4174 222 3.538 2847 2694 5.944  12.66 17.33 13.02 2352 2.124  28.56 14.45 32.86
Ni 2145 2284  33.06 41.01 32.13 2.519  4.616 4754  18.44 18.97 3.471 7.678 2.95 16.96 13.73 6.644  59.24 11.36  21.67
Cu 20.78  71.54 1742 60.34  70.41 5.416 16.06 5.83 22.58 84.56 11.31  156.8 9.101 22.39 2958 5.357  21.95 50 34.76
Zn 64.45 56.89  69.08 71.22 57.55 70.74 7471 110 254.5 90.27  153.6 1354 172.6 46.38 101.7 147.6  667.1 398 158.7
Ga 17.07 1826 23 19.09 19.01 18.83 17.4 18.75 17.36 18.36 15.63 17.72 18.46 32.86 17.75 13.75 18.68 16 17.71
Ge 0.879  0.957 1.271 1.245  0.966 1.09 1.471 1.258  0.983 1.25 1.155 1.434 1.677 2.2 1.174 1.251 1.311 1.394  0.855
Rb 24.08 229 584  86.8 126 142.2 141.2 1114 21.87 2752 1182 262.6 162.9 9.573 252.5 196.3 1447 2954 84.55
Sr 1948  201.9 1244 4633 194.2 145.5 86.66 1285 4572  613.1 105.4 221.6 3384 4332 344.2 19.96  486.8 509.3 306.7
Y 19.29  21.09 233 30.77  26.19 269 25.31 29.24 18.78 19.55 34.7 28.36 54.52 2294 309 59.77  22.13 19.8 27.84
Zr 124.7 134.5 1652 2202 209 208.8 189.8 210.8 62.81 78.11  261.8 2222 237.5 212.2 1984 3528 79.16  61.46 1134
Nb 5976 6396  8.115 10.35 11.11 34.39 31.53 32.51 3.158 3.16 13.33 10.3 9.415 9.828 10.97 13.49 3.524 2445 4302
Ba 575.6 180.4 26.37 353.8 5384 6384 99.68  441.5 197 339.7 933.2 928.3 772.3 141.7  682.5 1834  883.5 22349 108.2
La 14.73 15.17 18.67  23.11 27.55 4949  41.37 50.25 10.23 10.18 36.72 29.06 26.29 38.68 37.54 2554 19.29 12.6 10.73
Ce 32.35 34.03 4136 5095 58.06  93.61 81.05 95.04 2299 2228 73.64 68.6 62.48 164.6 79.44  62.73 37.59 2694  25.06
Pr 3.938  4.202 5.078 6.22 6.757 10.19 8.941  10.63 3.109 2979 8.309 8.586 8.559 39.01 10.51 8.941 4.793 3.529  3.541
Nd 15.99 17.42  20.14 2538 2629 3551 31.35 36.66 13.96 13.48 32.66 34.45 39.06  213.2 42.66 3934  20.68 16.06 15.63
Sm 3.7 3.878  4.389 5.507  5.571 6.021 5.839 6.225 3.237 3.257 6.592 7.41 9.726 36.19 8.467 9.875  4.86 3.835  4.046
Eu 0.99 1.053 1.232 1.307 1.169 1.181 1.422 1.164 1.189 1.13 1.52 1.462 2.719 5.207 1.72 2.317 1.297  0.953 1.335
Gd 3.874 3998  4.641 5.682 5267 4922 5.164 5132 3.757 3.653 6.897 6.581 11.17 7.621 7.151  11.03 4.89 4202 4921
Tb 0.62 0.642  0.707 0904 0.839 0807  0.817 0.834  0.573 0.559 1.051 0.961 1.664 0.782 1.025 1.729  0.72 0.614  0.776
Dy 3.551 3769  4.176 5.268 4875 4.623 431 4.694  3.441 3.346 6.177 5.204 9.904 3.867 5476 10.37 4.113 3.555 4787
Ho 0.709  0.746  0.858 1.06 0988 0916  0.816 0952  0.695 0.674 1.27 1.025 1.974 0.842 1.091 2115 0.815  0.728  0.995
Er 2.04 2086 2339 2922 2685 2609 @ 2.336 2.685 1.904 1.863 3.62 2.843 5.419 2.631 3.073 6.183 2175 2.013  2.801
Tm 0316 0322 0364 0437 0417 04 0.353 0426 0277  0.294 0.573 0.447 0.802 0.458 0454 0946 0336 0303  0.447
Yb 2.108 2212 2.403 2.951 2.639  2.813  2.393 2.941 1.869 1.9 3.879 2.892 5.309 3.422 3.07 6.316  2.22 2 2.898
Lu 0.335 0366  0.394  0.481 0.426 0475  0.388 0.493  0.308  0.311 0.663 0.486 0.857 0.569  0.498 1.035 0362  0.325  0.477
Hf 3.437  3.521 4.16 5.405 5.744 5825 5.012 5.577 1.673 1.951 7.012 4.807 5.962 4996 4989  9.168  2.066 1.692  2.804
Ta 0.437 0446  0.567  0.701 0874 234 2.087 2193 0.183 0.194 0.866 0.666 0.611 0.558  0.686  0.845 0204  0.146  0.261
Th 4016  4.128 5.895 7989 10.87  23.85  20.69 22.23 1.272 1.217  11.12 16.07 6.425 10.78 17.55 10.06 4.351 2.883 1.97
U 1.043 1.139 1.558 1.994 3119 4147 4922 4513 039 0.337 2.846 2.996 1.979 3.061 4297 2811 1.124 1.059  0.551
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mediate volcanic series, but also include a few acidic volca-
nic rocks, tuff, and greywackes.

3.1. The Axi section

This section is located 30 km to the north of Yining
City. It is composed of sandstone and basic to intermediate
volcanic rocks (Fig. 3a). In the northern part of the section,
the Early Carboniferous volcanic rocks are correlated to
the Dahalajunshan Formation (Cld) (XBGMR, 1993).
Pyroxene-bearing andesites yield a Rb—Sr whole rock—min-
eral isochron age of 345.9 + 9 Ma and a **Ar—*°Ar plateau
age of 325.1 £ 0.6 Ma (Li et al., 1998). The Dahalajunshan
Formation is mainly composed of basalt, andesite and

minor rhyolite and dacite. The Dahalajunshan Formation
is overlain unconformably by the Akeshake Formation
(Clak), which is mainly composed of sandstone and lime-
stone (XBGMR, 1993). To the south, the intermediate to
acidic volcanic and volcano-sedimentary rocks in the lower
part of the Late Carboniferous Naogaitu Formation (C2n)
are overlain by limestone, mudstone, siltstone and sand-
stone of the Oyiman Formation (C20) (Fig. 2).

3.2. The northern Nileke section
Along the highway to the northeast of Nileke County

(Fig. 3b), the Aqialehe Formation (Cla) (Fig. 2; XBGMR,
1993) consist of intermediate to acidic volcaniclastic rocks.

Fig. 4. Photomicrographs of volcanic rocks of the Yili Block. (a) Sample XJ174-6 showing volcanic micro-texture and feldspar phenocrysts with multiple
twins, (b) hornblende phenocrysts in sample XJ388, (c) sample XJ328 showing pyroxene phenocrysts and plagioclase needles in the matrix, (d) strongly
altered feldspar and ilmenite mineralization in sample XJ325, (e) sample XJ365 showing feldspar and quartz-infilled vesicle, (f) andesite clast in sample

XJ325. Abbreviation of minerals: Fds: feldspar; Hbl: hornblende; Px: pyroxene; Ilm: ilmenite; Qtz: quartz.
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Although no age was documented for these volcanic rocks,
they are correlated with the Early Carboniferous rocks that
laterally crop out in the Borohoro Mountains, south of
NTF (XBGMR, 1993; Fig. 1). In this area, Early Carbon-
iferous rocks consist of sandstone, conglomerate and lime-
stone in the lower part, while volcanic and volcaniclastic
rocks are predominate in the upper part (XBGMR, 1993;
Che et al., 1996). In this section, basalt, andesite, tuffaceous
andesite, dacite, rhyolite, volcanic breccia and greywacke
are widespread with intercalation of tuffaceous-sandy
rhythmites. Fragments of feldspar and quartz phenocrysts,
clasts of andesite, pyroclastic rock and clastic rock may be
observed both in hand-samples and in thin sections
(Fig. 4).

3.3. The Nalati-Gongnaisi—Yuxi section

This section includes two segments from Nalati County to
Gongnaisi along the G218 National highway, and from
Nalati to Yuxi along the G217 national highway, respective-
ly (Fig. 3c). Both segments are mainly composed of Carbon-
iferous andesitic rocks, unconformably overlain by Early
Permian conglomerate, sandstone and siltstone (XBGMR,
1993). Both the volcanic rocks and the sedimentary strata
are intruded by undated Dbasic-intermediate dykes
(XBGMR, 1992). The Nalati-Yuxi segment is composed
of a large volume of porphyritic andesite referred to as the
Yamansu Formation (Cly) (Fig. 2) and characterized by
2-5 cm andesine phenocrysts. The Yamansu Formation is
overlain by the C2 terrigenous deposits yielding plant fossils
(XBGMR, 1993) that suggest an Early Carboniferous age.
In the Gongnaisi area, the unconformable Late Carbonifer-
ous siltstone, sandstone and conglomerate also display
prominent volcanic rocks matched by a more diverse series
of volcanic rocks: porphyritic andesite and dacite, felsitic
porphyry, albitophyre and intermediate-acidic tuff.

4. Petrography and mineral composition of volcanic rocks

In most of the volcanic rocks, the plagioclase pheno-
crysts are altered to calcite and/or albite. Phenocryst and

glass matrix can be commonly identified (Figs. 4a—e). The
volcanic rocks are dominated by euhedral to subhedral pla-
gioclase occurring both as phenocrysts and as fine needles
in the groundmass (Figs. 4c and e), some of which show
multiple twins and compositional zonation (Figs. 4a and
d-e). Hornblende is frequently observed as phenocrysts
(Figs. 4b and c) and in the groundmass, some parts of
the hornblende having been altered to epidote and chlorite.
Vesicles in some samples were filled with calcite and micro-
crystalline quartz (Fig. 4e). Clasts of andesite are observed
in some samples (Fig. 4f).

Four polished thin sections of andesite from the north-
ern Nileke section and the Nalati-Gongnaisi—Yuxi section
were analyzed for mineral composition. Analysis was made
on a JEOL JXA-8800 M electron microprobe located at the
State Key Laboratory of Mineral Deposits, Nanjing Uni-
versity. Analysis was at 20 kV with a 2x 10~® A electron
beam width. Synthetic and natural minerals were used as
standards. The analytical results (Table 2) show that most
of the plagioclase grains are albite and some grains have
been replaced by calcite. This is evidence of low tempera-
ture recrystallisation. Therefore the “mobile element’ com-
positions are to be considered carefully for geodynamic
interpretation.

5. Geochemistry and geological implications
5.1. Analytical methods

Nineteen representative samples of the three sections
were analyzed for geochemical study. Major elements were
determined by X-ray fluorescence (XRF) following the
procedure described by Janney and Castillo (1997). Trace
elements, including rare earth elements (REE), were deter-
mined by a PE-Elan 6000 ICP-MS. Both analyses were per-
formed at the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences. The analytical technique
for ICP-MS analysis is similar to that described by Li
(1997). Analytical errors are 1-3% for major elements
and generally less than 0.7-10% for most trace elements.
Major and trace elements data are shown in Table 1.

Table 2

Electron microprobe analyzed data of mineral compositions of andesite in the Yili Block

Samples XJ325 XJ354 XJ388 XJ390

Analyses 1 2 3 4 5 7 8 9 10 11 12
Minerals ADb(C) Ab(C) Si(R) Ab(C) Ab(C) ADb(C) Hbl(C) Cal(C) HbI(C) Cal(R) Ab(C) ADb(C)
Na,O 11.673 0.076 0.007 10.112 11.669 10.235 0.407 0.078 0.314 0.036 10.349 9.368
K,0 0.115 0.016 0.025 0.237 0.069 0.273 0.023 0.004 - 0.018 0.58 0.688
MnO 0.004 0.301 - 0.015 - 0.007 0.093 2.18 0.148 1.447 0.089 -
MgO 0.906 1.757 0.146 1.528 0.004 0.058 13.388 0.393 14.693 0.412 0.064 0.081
TiO, 0.038 0.139 0.08 0.037 0.005 - 0.777 0.008 0.477 - 0.093 0.016
FeO 0.457 0.799 3.65 0.628 0.059 0.309 7.884 0.45 7.199 0.329 0.633 0.711
AlLO4 22.086 0.62 0.441 20.91 20.553 21.542 5.99 0.155 4.141 0.151 21.831 22.216
CaO 0.443 52.54 - 3.477 2.195 0.342 22.007 56.584 21.744 56.743 0.586 0.617
SiO, 65.48 3.236 93.364 62.838 66.628 67.133 48.7 1.321 49.718 0.382 66.695 65.999
Total 101.2 59.484 97.713 99.782 101.18 99.899 99.269 61.173 98.434 59.518 100.92 99.696

Abbreviations: Ab = albite. Si = silica. Cal = calcite. Hbl = hornblende. C = center. R = rim.
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5.2. Results

Some samples exhibit relative high loss of ignition (LOI),
especially samples XJ325, XJ326 and XJ358 that have
LOI > 7% (Table 1). The compositions of mobile elements
are likely to have changed and geochemical discriminations
based on these elements cannot be used. Therefore in the fol-
lowing section, we only use geochemical diagrams based
upon “immobile” elements such as REE, Zr, Ti, Yb, etc.

On the Nb/Y versus Zr/Ti diagram (Fig. 5; Winchester
and Floyd, 1976), volcanic rocks from each section are
divided into three sub-groups: andesite (including one
basaltic andesite), rhyodacite and trachyandesite. This dia-
gram shows a linear differentiation trend within the calc-al-
kaline series field. Three samples (XJ335, XJ335-1 and
XJ336) from the Axi section plot in the trachyandesite field
due to their distinctive lower Ti contents that likely resulted
from ilmenite fractionation.

All the analyzed volcanic rocks have relatively high total
REE concentrations ranging from 66 to 219 ppm (Table 1).

|

E Comendite 3 O X325

- 1 © xJ320

L 1 0 xis27

i A X328

Rhyolite Trachyte | d %1329

- Vv XJ335
01F Rhyodaciie—— 428,

- - * o J > X336

g - Trachyte 1axnm
N i Andesite andesite 4 © XJ174-1
L 1 ¢ XJ174-6

® XJ357

0.01 F - & X358

£ ; ; 1 & X365

Basaltic andesite Alkaline basalt ] m XxJ388

i 1 W XJ389

i Subalkaline basalt 1 A x1390

i 1 « XJ354

XJ363

0000 L it i | BN

0.01 0.1 1 10
Nb/Y

Fig. 5. Nb/Y versus Zr/Ti diagram (Winchester and Floyd, 1976) plotting
the volcanic rocks of the Yili Block. Open symbols: volcanic rocks of the
Axi section; grey symbols: volcanic rocks of the northern Nileke section;
black symbols: volcanic rocks of the Nalati-Gongnaisi—Yuxi section.

Negative Eu anomalies (0Eu = 0.6113-0.9135) occur in
most of volcanic rocks of the Axi and Nalati-Gongnaisi—
Yuxi sections except sample XJ390. indicating crystal
fractionation of plagioclase (Rollinson, 1993). Volcanic
rocks of the northern Nileke section have no obvious Eu
anomalies (0Eu =0.9975-1.0417) except XJ174-6 (0Eu =
0.6838). The Chondrite-normalized REE distribution
patterns (Fig. 6; using the normalizing values of Sun and
McDonough, 1989) are characterized by a negative slope
with (La/Yb)yn > 2.66, indicating the fractionation of
LREE relative to HREE. This feature is consistent with
the calc-alkaline character of these rocks.

On the REE and trace element expanded spider dia-
grams (Fig. 7; Pearce, 1982, 1983), LILE such as K, Rb,
Th and Ba are prominently enriched relative to MORB,
while HFSE (Zr, Hf, Ta and Sm) have MOR B-like concen-
trations. Nb and Ta display moderate negative anomalies
relative to Th and Ce. All samples have Nb contents of
more than 3 ppm, similar to those of continental arc bas-
alts (3.3 &£ 1.6 ppm) and considerably higher than those
of oceanic arc basalts (1.5 + 1.0 ppm; McCulloch and
Gamble, 1991). The Nb-Ta depletion is a common feature
of calc-alkaline magmas generated from sources that con-
tain a Nb receptor (metasomatized mantle wedge) or from
already Nb-depleted sources (most crustal sources) (Haw-
kesworth et al., 1995; Rollinson, 1993; Pearce and Peate,
1995).

5.3. Tectonic setting of the volcanic rocks

The N-MORB normalized spider diagram (Pearce,
1982, 1983) shows a pronounced enrichment of LILE and
a characteristic depletion of Ta and Nb (Fig. 7). Replotting
already published data (Che et al., 1996) indicates that the
volcanic rocks of Guozigou, immediately to the west of
Yining, and those of Tekesi, south of Yining (Fig. 1), dis-
play similar geochemical features (Fig. 7a) that are typical
of: (1) subduction-related magmas; (2) magmas generated
by the partial melting of lower continental crust; or (3)
mantle-derived magmas significantly contaminated by con-
tinental crust. Sr, Nd and Pb isotopic studies are needed in

100 A3

Rocks/Chondrite

—
(=3

1 L 1 i 1 L L L i 1 i 1 L ' 1
LaCe Pr Nd SmEuGd Tb Dy Ho Er TmYb Lu

La Ce PrNdSm Eu Gd Tb DyHo Er TmYb Lu

La Ce PrNdSmEuGdTb DyHoErTm YbLu

Fig. 6. Chondrite normalized REE patterns of volcanic rocks from the Yili Block. Normalizing values are from Sun and McDonough (1989). (a) Volcanic
rocks of the Axi section; (b) volcanic rocks of the northern Nileke section; (c) volcanic rocks of the Nalati-Gongnaisi—Yuxi section. Symbols same as

Fig. 5.
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Fig. 7. N-MORB normalized spider diagrams of the volcanic rocks from the (a) Axi section, (b) northern Nileke section and (c¢) Nalati-Gongnaisi—Y uxi
section, showing subduction related enrichment of LIL elements relative to HFS elements. Normalizing values are from Pearce (1983). Data of volcanic
rocks from Tekesi and Guozigou are after Che et al. (1996). Symbols same as Fig. 5.

Hf/3

Hi/3

Ta

Fig. 8. Th-Hf-Ta discrimination diagrams (after Wood et al., 1979) of
volcanic rocks from the Yili Block showing subduction-related calc-
alkaline compositions. (a) This study, symbols same as Fig. 5; (b) Black
stars: volcanic rocks of Guozigou; open stars: volcanic rocks of Tekesi, all
data are from Che et al., 1996. Fields: A, N-MORB; B, E-MORB and
within-plate tholeiites; C, alkaline within-plate basalts; D, calc-alkaline
basalts; E, Island-arc tholeiites.

order to provide compelling evidence concerning the origin
of these volcanic rocks. However, “immobile element”
ratios may eliminate some unlikely possibilities. In the case

9

of magmas generated in a rifting environment as proposed
by Perry et al. (1987) and Davis (1991), partial melting of
the lower crust is generally triggered by high heat flow
related to uplift of the asthenosphere. In addition, the early
stages of uplift generate intraplate magmas (continental
tholeiites or alkaline basalts). This is obviously not the case
of the Yili Carboniferous volcanic rocks that display calc-
alkaline features only. Moreover, in rift environments, the
hybridation of asthenosphere (OIB-like) and lithosphere
(MORB-like) sources generally occurs and results in vari-
able Ta/Hf ratios on the Hf-Th-Ta diagram (Wood
et al, 1979). On the Hf/3-Th-Ta triangular diagram
(Fig. 8), all our samples (Fig. 8a), as well as those of Che
et al. (1996) (Fig. 8b), plot along linear trends between typ-
ical calc-alkaline and IAT end-members without evidence
for any occurrence of an intraplate (high Ta/Th) compo-
nent. Therefore, the rifting hypothesis relative to partial
melting of lower continental crust and contamination by
the crust is considered unlikely.

The Th/Yb vs Nb/Yb diagram (Fig. 9) distinguishes con-
tinental arc from oceanic-arc magmas (Pearce and Peate,
1995). All the samples plot within the continental-arc field
and in the overlapping field of oceanic and continental arcs.
The volcanic rocks in each section display a single linear
trend depending upon slightly variable but high Th/Yb
ratios, due to higher Th and/or lower Yb contents (Table 2).
Since Yb is essentially “immobile”, these high Th/Yb ratios
presumably reflect the influence of subduction-derived flu-
ids, resulting in Th enrichment. Although further isotopic
evidence is needed to strengthen this interpretation, it may
be concluded that Carboniferous calc-alkaline volcanic
rocks of the Northern Yili Block are likely to have erupted
in a continental active margin setting.

6. Ophiolitic mélange of the Northern Tianshan Belt

Ophiolitic mélanges are widely accepted as indicators of
paleo-subduction and generally occur in association with
island-arc volcanic rocks (Coleman, 1984, 1989; Zhang
and Zhou, 2001; Zhang et al., 1984). In the study area,
ophiolitic mélange was found in the Bayingou (Gao
et al., 1998; Li, 1993; Xiao et al., 1992)-Motuoshalagou—
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Fig. 9. Th/Yb versus Nb/Yb diagram after Pearce and Peate (1995)
showing the subduction related continental arc affinities of the Carbon-
iferous volcanic rocks of the Yili Block. Symbols same as in Figs. 5 and 8.

Gurt (Li and Du, 1994) zone located north of the Yili
Block (Fig. 1). The mélange is composed of oceanic crust
rocks, serpentinized peridotite, and flysch. The published
geochemical results on the Bayingou and Gurt mafic rocks
allow three magma types to be distinguished: N-MORB,
OIB and IAT (Li and Du, 1994; Xiao et al., 1992; Zhang
and Zhou, 2001), suggesting genesis within an oceanic
basin. The petrological and geochemical similarities of
Bayingou, Motuoshalagou and Gurt ophiolitic rocks,
along with the occurrence of Late Devonian to Early Car-
boniferous radiolarian and conodont fossils in cherts of the
Bayingou mélange (Xiao et al., 1992) and C1-2 radiolarians
in cherts of the Gurt mélange (Li and Du, 1994), allow us
to infer that they were probably derived within a single
Late Devonian to Early Carboniferous oceanic basin. Clo-
sure of this basin during subduction generated the active
continental margin calc-alkaline magmatism in the Yili
Block.

Although detailed petrological and structural studies of
this unit are beyond the scope of this paper, the ophiolitic
mélange and the North Tianshan turbidite can be interpret-
ed as a subduction—accretion complex, and the northward
thrusting observed in these units corresponds to south-dip-
ping subduction of the oceanic basin. On the basis of age
constraints provided by the active margin magmatic activ-
ity, this basin probably closed due to southward subduc-
tion during Tournaisian and Visean times. Since the
mélange includes the C1 to C2 turbidite blocks (Fig. 2), it
probably formed in the Late Carboniferous due to collision
between the Yili Block and the North Tianshan and the
Junggar Plate (Gao et al., 1998).

7. Discussion

In all studied sections, the calc-alkaline volcanic rocks
are closely associated with either carbonate sedimentary

10
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rocks or shallow water clastic deposits. In general, the Car-
boniferous sequence of the Yili Block displays a regressive
character with a progressive evolution from a gently sub-
siding platform during the Early Carboniferous (C1)
towards a Late Carboniferous sedimentation environment.
No evidence for deepening or accelerating subsidence is
found. Therefore, the calc-alkaline volcanic rocks erupted
at the C1-C2 boundary cannot be related to a rifting event
as proposed earlier by Che et al. (1996) and Xia et al. (2002,
2003) on the basis of “Within-plate basalt” discrimination
diagram (i.e., Zr-Zr/Y). In contrast, an active margin set-
ting is consistent with: (1) the overall geochemical features
of the erupted rocks, (2) evolution from a platform to a
shallow water or terrestrial environment due to a C1-C2
tectonic event, (3) accumulation of turbidite to the north
of the Yili Block, and (4) the formation of a Late Carbon-
iferous ophiolitic mélange. This tectonic setting is also con-
sistent with that of the Bogda Arc in northern Eastern
Tianshan, which is considered to be a Carboniferous conti-
nental volcanic arc formed by subduction of the Junggar
Paleo-ocean (Charvet et al., 2001) or Turkestan Ocean
(Heubeck, 2001; Sengdr and Natal’in, 1996).
Carboniferous volcanic arc rocks are widespread in the
Yili Block. From north to south, they crop out nearly
200 km wide, which is uncommon for a volcanic arc. Such
a width might not be a primary feature of this arc but prob-
ably was the result of later multiphase transcurrent dis-
placements. On the basis of paleomagnetic data in the
West Tianshan Belt in Kyrgyz (Bazhenov et al., 1999), ear-
lier sinistral shearing along the southern boundary (CTNF)
and later dextral shearing along the northern boundary
(NTF) have been distinguished. The earlier event is pro-
posed to have taken place during the “Early-Late Perm-
ian”, but is still poorly constrained by structural and
geochronological data. The later one, which is considered
to have occurred during Late Permian to Early Jurassic
times, is corroborated by kinematic and radiochronological
studies. The Ar—Ar dating on biotite and muscovite from
ductilely sheared slates or mylonites in the East Tianshan
Belt constrains the age of this dextral wrenching at 280—
250 Ma (Laurent-Charvet et al., 2002, 2003; Shu et al.,
1999). Further evidence of Permian transcurrent faulting
within the interior of the Yili Block, such as the “Nilak fault”
(Zhao et al., 2003; NLKF in Fig. 1), needs to be documented.
It is worth noting that Early Permian deposits uncon-
formably overlie the Carboniferous strata. In most places,
terrestrial Permian sediments are associated with intra-
plate volcanic rocks, such as alkaline basalt or continental
tholeiites and associated felsic rocks (Allen et al., 1995;
XBGMR, 1993). Moreover in the Baiyanggou area
(Fig. 1), Permian alkaline pillow basalts are associated with
chert and turbidite deposited in a narrow and deep basin
that likely formed in a transtensional setting (Shu et al.,
2005). Therefore we suggest that southward subduction
closed the northern Tianshan oceanic basin and generated
the active continental margin magmatism and ophiolitic
mélange. This event was followed by Permian to Mesozoic
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regional intra-continental extension and transtensional
faulting that was responsible for opening of the pull-apart
basin, such as Turfan Basin (Fig. 1; Allen et al., 1995;
Natal’in and Sengor, 2005) associated with intraplate mag-
matism and the formation of the present shape of the Yili
magmatic arc.

8. Conclusions

Carboniferous volcanic rocks in the Yili Block erupted
along a continental active margin as evidenced by (1) their
calc-alkaline geochemistry, (2) prominent Nb—Ta negative
anomalies, (3) high Th/Ta and Hf/Ta ratios, and (4) mar-
ginal sedimentary series intercalated with volcanic rocks.
The occurrence of a Late Carboniferous ophiolitic mélange
and turbiditic rocks exhibiting a north-directed thrusting is
attributed to a southward subduction of the North
Tianshan oceanic basin, which was responsible for Yili
calc-alkaline magmatism. This subduction was followed
by Permian—Mesozoic intra-continental extension and
transtensional faulting.
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Abstract
The northern West Chinese Tianshan is divided into three subunits: Carboniferous turbidite, ophiolitic mélange and Yili magmatic arc.
Stratigraphical and petrological studies suggest that the turbidite and ophiolitic mélange form a subduction complex. The ophiolitic mélange
that forms the North Tianshan suture was a result of intra-oceanic tectonism and subsequent redeposition and deformation during the sub-
duction of the North Tianshan oceanic basin. The Yili arc-type granitoids are constained by single zircon U-Pb radiochronology between
361 and 309 Ma. The first-hand kinematic results on the deformed turbidite suggest that this suture zone was reworked by a Permian ductile
dextral strike-slip fault. An evolutionary model of the study area allows three events to be distinguished: 1) Late Devonian to Carboniferous
subduction of the oceanic basin below the Yili Block producing Yili magmatic rocks and subduction complex, 2) Late Carboniferous com-
plete closure of this basin, 3) Permian right-lateral strike-slip faulting generating pull-apart basins and alkaline magmatism. A prominent
reactivation during the Indo-Eurasia collision provoked the northward thrusting of the Paleozoic units upon the Cenozoic sediments of the
Junggar Basin, consequently, hiding the bulk of this Late Paleozoic suture.

© 2006 Lavoisier SAS. All rights reserved

Keywords: Paleozoic subduction; strike-slip shearing; mélange; zircon U-Pb dating; Tianshan

1. Introduction

The Tianshan range, extending E-W over 3000 km from
NW China to Kazakhstan and Kyrgyzstan, separates the Tarim
Basin to the South from the Junggar Basin to the North. Itis a
key region for understanding the Late Paleozoic geodynamic
evolution of Central Asia. The Paleozoic Tianshan orogenic
belt is considered to result from the accretion and/or collision
of continental blocks, magmatic arcs and subduction com-

* Corresponding author.
Tel: +33.2.38.49.46.60 - Fax: 33.2.38.41.73.09
E-mail address: bo.wang@univ-orleans.fr

© 2006 Lavoisier SAS. All rights reserved

plexes [1-6]. The Tianshan orogenic belt can be subdivided
in several ways. Geographically, the West Chinese Tianshan
(WTS) develops from Urumqi to the Chinese border (Fig.
1). Topographically, it consists of two E-W elongated ran-
ges surrounding the Yining basin, which is also called “Yili
Block”. From a tectonic point of view, the Chinese Tianshan
orogen is generally divided into North, Central and South
domains. The Yili Block, located between the North and
Central Tianshan domains, played an important role on the
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Fig. 1 Structural map of northern West Chinese Tianshan belt (modified
from XBGMR [11]). Insert A shows the location of the study area in
Central Asia, inset B defines the North Tianshan and the Yili Block. 1,
Main Tianshan Shear Zone (MTSZ); 2, the Northern Central Tianshan
Fault after Gao et al. [18]; 3, North Tianshan Fault; 4, Aibi Lake Fault; 5,
Sailimu- Jinghe Fault; 6, Houxia Fault.

Paleozoic evolution of WTS, but its tectonic feature and the
relationship with the North Tianshan are still poorly constrai-
ned. This study aims at clarifying the Late Paleozoic tectonic
evolution of the northern WTS Belt, and we focused on the
ophiolitic mélange, turbidite, the Yili magmatic arc as well
as shear zone crossing the highway from Dushanzi to Nalati
(Fig. 1 and 2). The tectonic significance of ophiolitic rocks is
discussed and a geodynamic evolutionary model of the North
Chinese Tianshan is proposed.

2. Structure of the northern WTS

The WTS consists of several units bounded by strike-slip
faults (Fig. 1). The north side of the Central-South Tianshan
Belt is bordered by the Main Tianshan Shear Zone (MTSZ,
fault 1 in Fig. 1) [4, 5, 7], which separates the Central-South
Tianshan Belt from the “Bogda Arc” [4]. To the West it merges
with fault 2 separating the Yili Block to the Northwest from
the Central-South Tianshan Belt to the south. To the North,
the North Tianshan Fault (NTF, fault 3 in Fig. 1) [8], which is
also named Junggar Fault [9] or Borohoro Fault [10], divides
longitudinally the northern range of WTS along the Borohoro
Range into the Yili Block and the North Tianshan Domain.
Aibi Lake Fault (fault 4 in Fig. 1) is the northwest extension
of the NTF. Sailimu-Jinghe Fault (fault 5 in Fig. 1) separates

Permian magmatic ~Sx_ Strike-slip fault

¥r Sample localion

[ ] Cental-South Tianshan Domain >~ Supposed fault

volcanites/granites [ | Mesozoic-Cenozoic cover

sedimentary rocks IZl Ophiolitic rocks
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~ Fault indistincted
~<_ Cenozoic Thrust

the Yili Block from the “Bole Block™”. Although a detailed
discussion of the Bole Block is beyond the scope of this
paper, it is worth noting that it strongly differs from the Yili
Block and therefore is a very peculiar domain in the tectonic
framework of WTS. Lastly, the “Houxia Fault” (fault 6 in Fig.
1) separates Carboniferous arc-related rocks that are exposed
around the Turfan Basin from the North Tianshan terrigenous
rocks (Fig. 1). In the following sections, we present northern
WTS located to the east of the Sailimu-Jinghe Fault, and up to
Urumgqi. This area can be subdivided into three lithotectonic
units: 1) Carboniferous turbidite, 2) ophiolitic mélange and
3) Yili magmatic arc (I, IT and III, respectively in Fig. 2). The
units I and II constitute one single subduction complex, i.e.
the North Tianshan subduction complex, but the contrasted
lithology allows the distinction of two different units.

2.1. Carboniferous turbidite

The northern slope of the Borohoro Range consists of a
turbiditic formation developing WNW-ESE for 300 km long
and about 20 km wide. On the basis of plant fossils, these
terrigenous rocks are assigned to the Bayingou Formation
of Late Carboniferous age [11]. This unit is estimated to be
between 5,000 and 10,000 m thick although it is difficult to
establish because of possible tectonic duplication. Sandstone
beds present variable thickness ranging from a few centi-
meters to 1 m (Fig. 3a, b). Typical Bouma sequences can
be observed. Some deep-water ichnofossils (Chondrites sp.
and Helminthoidda Labyrinthica) were found in sandstone
[11] indicating deep sea fan deposition. Sandstone grains
and conglomerates pebbles consist of terrigenous, volca-
nic, plutonic and siliceous clasts with only minor carbonate
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Fig. 2 Crustal scale cross section from Dushanzi to Nalati showing

the polyphase deformation: Carboniferous D1 thrusting, Permian D2
shearing, and Cenozoic D3 thrusting. The dextral strike-slip fault partly
reworks the Carboniferous suture (thickness of strata are after Liu and
Li[24]).S,D,C,P, T,J, K, E, N and Q represent Silurian, Devonian,
Carboniferous, Permian, Triassic, Jurassic, Cretaceous, Paleogene,
Neogene and Quaternary, respectively.

clasts. Petrographic study indicates that the plutonic clasts
are dominantly composed of granodiorite, diorite and gabbro.
The volcanic clasts have calc-alkaline geochemical features
[12]. Although detailed mapping is not available, load casts,
graded bedding and cross laminations allow us to recognize
both normal and upside down sequences that infer isoclinal
folding or thrust stacking. Up-to-the-North thrust faults are also
observed. Therefore, the turbidite series was likely involved
in north verging recumbent fold and thrust sheets.

2.2. Ophiolitic mélange

Ophiolitic rocks are present within the turbiditic formation.
According to the available geological maps [11, 13], these
rocks crop out discontinuously for about 250 km long and 5~15
km wide (Fig. 1). In the regional geology, they are referred to
as the Shadawang Formation [11]. Several areas are already
well acknowledged to investigate the ophiolites [14-19]. In
the Bayingou section, 30 km to the south of Dushanzi (Fig.
1), the dominant rocks are serpentinized peridotite (Fig. 3c),
gabbro, diabase, basalt, chert, plagiogranite and rare limestone.
Black or red scaly mudstone and light yellow-green greywacke
often surround the other rock types. Mafic greywacke that
might be easily confused with gabbro corresponds actually
to gabbroic sandstone.

In the field, the ophiolitic rocks crop out in two ways:
either as continuous sequences of massive basalt, pillow lava
and overlying red chert (Fig. 3d) that develop for a few tens
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directed thrusting (D1)

meters, or as centimetre to kilometre size isolated bodies of
mafic-ultramafic or sedimentary rocks included in a schis-
tose mudstone matrix. In the latter occurrence, the blocks
exhibit without any regular organization but distribute rather
randomly in the matrix. Sandstone phacoids are included in
the scaly mudstone (Fig. 3e). Mafic and ultramafic blocks
occur as olistoliths within the turbidite. Pebbly mudstone
bearing angular blocks of gabbro, basalt, sandstone, chert and
limestone are described in Gurt and Motoshalagou sections
[8, 17], northwest of Bayingou.

On the basis of geochemistry, three types of mafic rocks are
distinguished: N-MORB, OIB and IAT [14, 15, 17], indicating
the genesis of oceanic basin. These lithological and geochemical
features are compliant with the interpretation of the rocks as an
ophiolitic suite. However, the absence of coherent ophiolitic bodies
larger than one kilometre or so, the widespread blocky habitus of
the rocks and the importance of sedimentary facies opposite to the
magmatic ones suggest that this whole suite represent a mélange
unit formed during the closure of an oceanic basin. The cherts
associated with the mafic rocks yield Late Devonian to Early
Carboniferous radiolarians and conodonts [15, 17], and one pla-
giogranite block yields a zircon U-Pb SHRIMP age of 325+7 Ma
[20]. Both suggest a Late Paleozoic age for ophiolite formation. The
tectonic significance of the ophiolitic mélange and its geodynamic
setting will be discussed in the forthcoming sections.

2.3. Yili magmatic arc

The Yili Block contains voluminous volcanic rocks of
Carboniferous age [11, 21] (Fig. 1). The volcanic rocks consist
of basaltic andesite, andesite, rhyodacite, dacitic andesite,
tuff and volcano-sedimentary rocks. They are closely asso-
ciated with limestone and shallow water clastic deposits. The
evolution of sedimentary facies of the Yili Block infers a
progressive change from a gently subsiding platform during
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Fig. 3 Field photographies of the North Chinese Tianshan subduction
complex. (a, b) Carboniferous turbidite dipping at high angle to the
south; (c) decameter-size serpentinite block in Bayingou ophioli-

tic mélange; (d) pillow lavas and overlying red chert and pelite in
mélange; (e) green sandstone (S), Late Devonian-Early Carboniferous
red chert (C), tholeiitic basalt (B) included in red pelitic matrix of the
mélange; (f) Slate at the south of the mélange, the subvertical clea-
vage contains a sub-horizontal mineral-stretching lineation.
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the Early Carboniferous towards a Late Carboniferous filling
up environment [22]. Geochemical analyses of the volcanic
rocks show that they belong to calc-alkaline series and formed
in a continental active margin setting [22, 23].

Arc-type granodiorite, diorite and tonalite are wides-
pread within the Yili Block (Fig. 4a). The granodiorite is
mainly composed of plagioclase, hornblende and minor
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Table 1: Zircon U-Pb data of granitoids from the Yili Block

231

Ratios
Plots Ages Disc.(%)
27Ph/z35U| 1o [P6Pb/2BU| 1o PU7Pb/P%Phl 1o [|*°°Pb/8U| 1o [27Pb/2%Pb| 1o |*7Pb/?SU| 1o
XJ581
MA23C2| 0.1044 [0.0108| 0.0167 |0.0003| 0.0480 |0.0054 107 2.1 99 264 101 10 2.1
MA23C5| 0.1541 [0.0098| 0.0245 |0.0003| 0.0449 [0.0029 156 1.9 -61 159 145 9 1.9
MA23C11| 0.1794 |0.0094 | 0.0247 |0.0004| 0.0520 |0.0029 157 2.4 284 126 168 8 2.4
MA23C7| 0.3593 [0.0103| 0.0482 [0.0004| 0.0531 [0.0016 303 2.4 332 69 312 8 2.4
MA23C8 | 0.3708 [0.0182| 0.0482 |0.0009| 0.0533 [0.0027 303 5.4 342 115 320 14 5.4
MA23C12| 0.3861 |0.0109| 0.0489 |0.0005| 0.0565 |0.0016 306 3.4 471 61 332 8 3.4
MA23C9| 0.3592 [0.0123| 0.0490 [0.0004| 0.0526 [0.0019 309 2.6 311 83 312 9 2.6
MA23C3| 0.3647 [0.0085| 0.0494 |0.0003| 0.0523 [0.0013 311 2.1 300 57 316 6 21
MA23C6 | 0.3685 [0.0101| 0.0502 [0.0004| 0.0528 |0.0014 316 2.4 320 62 319 8 2.4
MA23C10| 0.3646 |0.0095| 0.0510 |0.0004| 0.0515 |0.0014 321 2.4 263 61 316 7 2.4
MA23C4 | 0.3707 [0.0153| 0.0515 |0.0005| 0.0514 [0.0021 324 3.2 261 93 320 1 3.2
MA23C1| 0.3907 [0.0150| 0.0532 [0.0006| 0.0520 [0.0021 334 3.5 285 93 335 11 35
XJ583
MA23M11| 0.3494 [0.0216| 0.0483 |0.0008| 0.0537 [0.0033 304 5.3 357 138 304 16 5.3
MA23M9| 0.3560 [0.0214| 0.0486 |0.0007| 0.0540 [0.0033 306 4.7 373 138 309 16 4.7
MA23M7| 0.3673 |0.0261| 0.0488 |0.0008| 0.0558 [0.0040 306 5.4 445 157 318 20 5.4
MA23M8| 0.3342 [0.0239| 0.0487 |0.0010| 0.0530 [0.0039 306 6.6 329 168 293 18 6.6
MA23M12| 0.3612 |0.0289| 0.0490 [0.0010| 0.0551 |0.0044 307 6.2 417 179 313 22 6.2
MA23M3| 0.3588 |0.0226| 0.0492 |0.0009| 0.0565 [0.0035 308 5.5 473 136 311 17 5.5
MA23M4| 0.3832 [0.0247 | 0.0495 |0.0008| 0.0578 [0.0038 309 5.0 521 144 329 18 5.0
MA23M10| 0.3306 |0.0245| 0.0491 |0.0008| 0.0513 [0.0039 310 5.4 256 174 290 19 5.4
MA23M6| 0.3662 |0.0256 | 0.0495 |0.0008| 0.0560 [0.0040 310 5.3 453 160 317 19 5.3
MA23M2| 0.3953 [0.0227 | 0.0500 |0.0009| 0.0594 |0.0034 312 5.7 583 123 338 17 5.7
MA23M5| 0.3250 [0.0246| 0.0504 |0.0010| 0.0502 [0.0040 318 6.2 202 187 286 19 6.2
MA23M1| 0.3705 |0.0280| 0.0511 |0.0010| 0.0574 [0.0045 319 6.6 508 173 320 21 6.6

Disc. (%) denotes percentage of discordance

quartz as well as biotite (Fig. 4b). Single zircon grains of
one granodiorite and one microdiorite samples collected
along the highway from Dushanzi to Nalati (Fig. 1 and 2)
are dated using a Hewlett Packard HP 4500 ICP-MS fitted
with a Nd-YAG Laser operating at 213 nm at the University
of Tasmania (Australia). The U-Pb isotopic results are pre-
sented in Table 1 and in Fig. 5. The granodiorite XJ583
yields an age of 309+3Ma (MSWD=0.63) with an isolated
peak in the histogram. The microdiorite XJ581 presents a
main peak age of 315+3Ma (MSWD=4.6) with 4 out of 120
analyses scattering from the main peak in histogram, their
relatively high U/Pb ratio is interpreted as due to a Pb loss.
Geochronology of the calc-alkaline granites from other
places in the Yili Block (Work in progress) indicates that
the oldest age for arc-related magmatism is 361 Ma. This
plutonic event that lasted for about 50 millions years was
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contemporaneous with congenetic volcanic activity, i.e. basalt
and dacitic andesite from the same area yielding SHRIMP
U-Pb zircon ages ranging from 354 Ma to 313 Ma [23].

The tectonic setting and age of the Yili magmatic rocks are
consistent with those of the Middle Devonian to Carboniferous
Bogda calc-alkaline volcanic rocks [4, 24], and sharply contrast
with those of the Permian intra-plate granites, alkaline basalts
or continental tholeiites and associated felsic rocks that crop
out in Nileke and Baiyanggou areas (Fig. 1) [11, 25].

3. Polyphase deformation in the northern WTS

Three principal phases of deformation, called D1 to D3, are
recognized in the northern WTS Belt. They are presented here
in the retro-tectonic order (from younger to older) in order to
remove the effects of younger deformations on the older ones.
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3.1. Cenozoic intracontinental thrusting (D3)

The northern piedmont of the Tianshan Belt, at the
contact with the Junggar Basin, consists of a thick suc-
cession (nearly 10 km) of Triassic-Neogene terrigenous
deposits formed by fluvial erosion of the range (Fig. 2)
[26]. Kilometre scale north verging folds and high to
intermediate angle brittle thrusts accommodate a N-S
shortening of the south margin of the Junggar Basin.
According to detailed structural, geomorphological and
magneto-stratigraphic results, the Paleozoic rocks (either
turbidites or volcanic rocks) are thrusted over the Mesozoic
to Neogene continental sediments with a throw of several
tens kilometres [27-30]. As a consequence, prominent tec-
tonic features, such as the Late Paleozoic suture between
the Yili and Junggar blocks, have been concealed and
cannot be recognized in the field (Fig. 2).

3.2. Permian dextral strike-slip faulting (D2)

As observed along the Dushanzi-Nalati highway and
other parallel routes, the southern part of the turbidite unit
is lithologically dominated by black mudstone, sandstone,
minor chert and volcani-clastic rocks. Although attributed
to the Devonian [11], these rocks remain undated since
they are mainly clastic. They underwent a ductile defor-
mation characterized by a steeply dipping slaty cleavage
(Fig. 3f) with a subhorizontal mineral-stretching lineation.
In the field, kinematic criteria are rare, but sigmoidal
cleavage, lensoids and asymmetrically sheared clasts
suggest a dextral sense of shear, which is confirmed by
microscopic observations (Fig. 6). Quartz and feldspar
clasts exhibiting asymmetric pressure shadows (Fig. 6a),
shear bands (Fig. 6b), sigmoidal biotite (Fig. 5c), shea-
red andalusite or elongated quartz ribbons with oblique
sub-grain fabrics (Fig. 5d) are common microstructures.
Therefore, the present boundary between the turbidite,
ophiolitic mélange and the Yili Block is a ductile right-
lateral strike-slip fault, i.e. the NTF (fault 3 in Fig. 1, Fig.
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Fig. 4 (a) Field photography of arc-type granitoids in the Yili Block; (b)
Micro-photography of a granodiorite showing the plagioclase (P1), horn-
blende (Hbl), quartz (Qtz) and biotite (Bi).

2) [8]. The age of the shearing is not settled yet, on the
basis of paleomagnetic data in the West Tianshan Belt in
Kyrgyzstan, Bazhenov et al. [31] proposed that a dextral
strike-slip event occurred during the Late Permian to
Early Jurassic. However, in the study area, Jurassic coal
bearing sandstone that covers the volcanic rocks are not
deformed by the ductile shearing, that should therefore be
older than Jurassic. Moreover, in East Chinese Tianshan,
the MTSZ (fault 1 in Fig. 1) is dated at 280-250 Ma from
syn-kinematic biotites by Ar-Ar method [4, 7]. Since the
NTF and MTSZ appear to be cartographically continuous,
a Permian age can be tentatively inferred for the NTF.

3.3. Carboniferous north-directed thrusting (D1)

In the turbidite unit, a series of tight isoclinal folds
marked by siliceous layers are locally well developed.
Due to the intense D2 dextral shearing, it is difficult to
state whether these folds were formed during the D2
event or ealier. If the latter is the case, the fold asymmetry
indicates a northward vergence. Bedding-parallel shear
zones, sometimes marked by chlorite or illite coatings
and N-S trending slicken-lines indicate a north-directed
shearing. Similar low temperature shear zones can be
observed around the ophiolite blocks in the mélange.
These thrust faults are difficult to date, indeed, some
of them might have been formed during the Cenozoic
D3 event. However, on some surfaces, shearing related
horizontal slicken-lines overprint steeply dipping striaes.
This structural succession allows us to infer that the
Carboniferous turbidite and ophiolitic mélange units
experienced a top-to-the-north shearing before the D2
right-lateral shearing. Thus a Late Carboniferous age
appears likely for this D1 event.
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Fig. 5 Concordia diagrams of ICP-MS U-Pb zircon analytical results and
histograms showing the age distribution for the arc-related calc-alkaline
granitoids from the Yili Block (see Fig. 1 and 2 for samples localities).

4. Discussion

4.1. Implication of the ophiolitic rocks

The formation of the North Tianshan ophiolitic mélange
is still controversial, and it was interpreted either as in situ
disrupted ophiolites [15] or as klippes [18]. Since all the typical
lithologies are represented in the field, previous researchers
regarded these rocks as an ophiolitic nappe that was thrusted
upon the turbidite [15-17]. However, a complete continuous
ophiolitic sequence is lacking, and the oceanic rocks are
always disrupted and mixed with sediments. In addition, the
ophiolitic blocks and the surrounding sedimentary rocks often
display sheared boundaries.

Sedimentary as well as tectonic processes may form a
mélange [32]. In most outcrops, mafic and ultramafic rocks
are mixed together with gabbroic sandstone, greywacke and
pelite. This suggests that the oceanic rocks underwent an intra-
oceanic tectonic event that was responsible for unroofing of
peridotite and gabbro, shearing and subsequent re-deposition
on the ocean floor. Finally, the already mixed magmatic and
sedimentary rocks are included in the turbidite, as trench fill
deposits during subduction. The sheared block-in-matrix
structure supports a tectonic process active during accretion.

19

233

XJ583(calc-alkaline granodiorite)
0.07+
= 309+3Ma
MSWD=0.63
=]
2 0.06F 11
g =
ZE _———+———+_ : é
[ i oy = __é____.':_'
RO005F ¢ A Ee—= g 2
0.04 1 | | 1 1 1 1
18 19 20 21 22
238 Ui’ 206 Pb
35 XJ583
i n=120
b 25
£
2 |
Z 15
1 il
100200 300 400 500 600
Age (Ma)

According to the mélange classification proposed by Raymond
[32] we interpret this ophiolitic mélange as a sheared olistos-
trome with exotic blocks.

4.2. Geodynamic evolution of the northern West Tianshan

The bulk architecture of the northern WTS Belt is due to
a poly-orogenic evolution. As recognized by many authors
on the basis of geological and geophysical studies [27-30],
the Paleozoic rocks are thrusted to the north upon the Junggar
Basin. Consequently, the primary Paleozoic structures are
partly erased or concealed by the Cenozoic ones. Moreover, the
D2 shearing might also hide initial relationships between the
tectonic elements that formed the North Tianshan domain.

On the basis of high pressure metamorphic rocks with
Sm-Nd and Ar-Ar ages around 350-315 Ma, some previous
researchers proposed that the Yili magmatic arc resulted
from the closure of a “South Tianshan Ocean” situated to
the south of the Yili Block [18, 33-35]. However, older K-Ar
ages ranging from 482 Ma to 415 Ma on these metamorphic
rocks both in NW China and in Kyrgyzstan [31, 36] suggest
that the high pressure event might be older than Yili arc
magmatism. Moreover, there is no detailed structural analysis
nor kinematic evidence supporting a northward subduction
of “South Tianshan Ocean” below the Yili Block. Thus, on
the basis of the previous studies and our own results, we
propose a geodynamic model accounting for the evolution
of the North Tianshan domain and the Yili Block (Fig. 7). In



Fig. 6 Microscopic-scale shear criteria in slate along the North Tianshan
Fault showing dextral ductile deformation. (a) feldspar clasts with asym-
metric quartz and biotite pressure shadows; (b) shear-bands; (c) sigmoidal
biotites and asymmetrically sheared feldspar clasts; (d) elongated quartz

our geodynamic model, the Yili magmatic arc is considered
as the result of the south-directed subduction of an oceanic
lithosphere located to the north of the Yili Block, remnants of
this oceanic lithosphere are found in the ophiolitic mélange.
Thus we assume that in Late Devonian to Carboniferous
times, the subduction of an oceanic basin (i.e. “North Tianshan
oceanic” [15]) below the Yili Block produced the magmatic
arc and accretionary complex composed of turbidite and
ophiolitic mélange.

The closure of the North Tianshan oceanic basin in Late
Carboniferous resulted in the northward obduction and re-
deformation of the ophiolitic mélange. Then a prominent change
led to the end of N-S convergence and the beginning of intra-
continental transcurrent tectonics. This event was due to either:
1) collision between the continental blocks with Precambrian
basements (the Yili Block and the Junggar block, which is
alternatively considered as a trapped Paleozoic ocean [37]), or
2) the progressive change from N-S convergence during the
earlier stages to NE-SW convergence in the final stages.
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ribbons with an oblique shape fabric of recrystallized grains. In the field,
the subvertical foliation contains a subhorizontal E-W trending mineral-
stretching lineation (Fig. 3f). Mineral abbreviations: Fds, feldspar; Bio,
biotite; Qtz, quartz.

The intra-continental transcurrent tectonism is represented
by the Permian dextral strike-slip faulting. By comparison
with eastern Chinese Tianshan, this event is assumed to take
place between 280 and 250 Ma [5, 7]. This lateral transcurrent
faulting was likely responsible for local crustal thinning and
opening of pull-apart basins (e.g. the Turfan Basin in Fig. 1)
[38, 39] in which marine deep-water sediments and alkaline
pillow lavas accumulated, e.g. in Baiyanggou area [25]. The
pull-apart basins are also associated with intra-plate magmatic
rocks, such as alkaline granite, basalt, continental tholeiite
and felsic volcanic rocks [11, 38].

On the basis of magmatic, sedimentologic and tectonic
evidence, the Permian intra-continental large-scale strike-slip
tectonics appears to be geodynamically distinct from the Late
Devonian to Carboniferous oceanic convergence that built
up the West Chinese Tianshan Belt. Therefore, any recons-
truction of the Late Paleozoic Central Asia should take into
account these lateral displacements. For instance, the Permian
transcurrent faulting was geometrically likely to trigger the
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Fig. 7 Simplified geodynamic evolution of the northern West Chinese
Tianshan Belt. In Late Devonian-Early Carboniferous, south directed sub-
duction of an oceanic basin below the Yili Block led to the formation of

a magmatic arc and an accretionary complex. In Late Carboniferous, the
oceanic basin was closed, and the ophiolitic mélange was re-deformed.

In Permian, the suture zone was reworked by dextral strike-slip fault.
During Cenozoic, the intracontinental reactivation induced the thrusting
of the North Tianshan Domain upon the Junggar sedimentary basin, the
Paleozoic suture became “cryptic”, i.e. hidden below the Paleozoic rocks.

lateral displacement of the Bogda Arc from its original place.
Such displacement that was suggested to provoke strike-slip
imbrication at the scale of the whole Central Asia Orogen [40]
is still need to be documented quantitatively. A Paleomagnetic
study that might provide such a constraint on the amount of
E-W displacement is presently in progress.

5. Conclusion

Poly-orogenic events and multiple tectonic overprints arise
some difficulties for reconstructing the geodynamic evolution
of the Tianshan Belt. Taking into account the Cenozoic events,
our study provides some new evidence to better understand the
Paleozoic evolution of the northern WTS Belt. The polyphase
evolutionary model proposed in this paper is comparable with
the tectonic framework of the adjacent areas, and might be
used to interpret the geodynamics of Central Asia Orogen.
Regionally, Late Paleozoic subduction, accretion and collision
of the Junggar Block play an important role on the building of
the Central Asia, and the Permian post-collisional transcurrent
event is widely recorded, but remains to be fully understood.
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Abstract

Field survey along the Kekesu River (South of Yili Block) documents a
top-to-the North ductile shearing older than the Permian dextral wrenching. This
event is responsible for the thrusting of the Tianshan Ocean rocks, metamorphosed
under blueschist-eclogite facies, upon the Yili continental basement. 330-315 Ma
YAr/°Ar laser probe plateau datings on white mica from retrogressed
blueschist-facies metasediments constrain the age of the greenschist-facies
retrogression that occurred during the exhumation of the high-pressure metamorphic
rocks. The South Tianshan ophiolitic mélange overthrusts to the North above
Silurian-Devonian marbles of Central Tianshan in Devonian-Carboniferous times.
Therefore, the Yili Block cannot be the extension of Central Tianshan. Three
ophiolitic sutures formed by southward subduction are recognized. The closure of the
Tianshan Ocean led to the collision between the Yili Block and Central Tianshan, the
Southern suture separates Central Tianshan from Tarim, the northern one lies between
the Yili Block and Junggar.
Keywords: Yili Block, Tianshan, Ar-Ar daing, U-Pb ICPMS, high-pressure
metamorphism, ophiolitic mélange.

1. Introduction

The Tianshan Belt is one of the main parts of the Central Asia Orogenic Belt
(CAOB) [Burtman, 1975; Coleman, 1989; Zonenshain et al., 1990; Sengor et al.,
1993; Jahn et al., 2000; Brookfield, 2000; Dobretsov and Buslov, 2001; Buckman and
Aitchison, 2004] and plays an important role on the assembly of the Eurasian
continent. The present-day Tianshan range results from recent N-S crustal shortening
accross the Tarim and Junggar Blocks during the Cenozoic Indo-Asia collision
[Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1979; Nelson et al., 1987,
Avouac et al., 1993; Hendrix et al., 1994; Allen et al., 1999; Burchfiel, et al., 1999;
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Poupinet et al., 2002; Shu et al., 2003; Charreau et al., 2005]. The crustal shortening
is accommodated by North and South directed thrusting of Paleozoic units over the
Mesozoic and Cenozoic Junggar and Tarim basins on the northern and southern sides
of the Tianshan range, respectively. Moreover, several crustal scale transcurrent faults
are identified as responsible for large displacements along the belt [Allen et al., 1995;
Bazhenov et al., 1999; Shu et al., 1999; Laurent-Charvet et al., 2002; 2003; Zhao et
al., 2003; Wang et al., 2004a]. The latest Paleozoic to Early Mesozoic strike-slip
faulting and the Cenozoic thrust reactivation both severely modified the pre-Late
Carboniferous regional structure of the mountain belt [Wang et al., 2006a, 2006b].
Despite the long history of reactivation, it is widely accepted that the Tianshan Belt is
a Paleozoic orogen due to multiphase accretion and amalgamation of various
micro-continents and magmatic arcs between the Kazakh, Junggar and Tarim
continents [Coleman, 1989; Shi et al., 1994; Shu et al., 2000, 2002]. Three ophiolitic
belts or ophiolitic mélange zones are recognized within the Tianshan Belt [ Windley et
al., 1990; Xiao et al., 1990, 1992, 2004; Allen et al., 1992; Ma et al., 1993; Gao et al.,
1998; Chen et al., 1999].
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Figure 1. Geological map of the Chinese Western Tianshan Belt (modified from XBGMR [1993]). Numbers 1 to 8 correspond to the main faults, 1=North Tianshan
Fault (NTF), 2=Main Tianshan Shear Zone (MTSZ), 3=Nalati Fault, 4=Jinghe Fault, 5=Aibi Fault, 6=Qingbulak Fault, 7=Houxia Fault, 8=South Tianshan Fault (STF).
Letters refer to the localities cited in the text, a=Mishigou, b=Qiaohuote copper mine NE of Bayinbulak, c=Aheqi, d=Kule, e=Wuwamen, f=Yushugou, g=Shenglidaban.
Inset shows the location of the study area in Central Asia. SBR=Siberia, NC=North China Block, SC=South China Block, KZKST=Kazakhstan Plate, JG=Junggar Block,
TRM=Tarim Block, IND=India Plate.

In China, the Tianshan Belt is divided into three subunits, namely, the North
Tianshan, Central Tianshan and South Tianshan [Ma et al., 1993]. However, the
detailed definition of each domain and their boundaries are still controversial.

The Yinning area is a triangular Mesozoic-Cenozoic sedimentary basin within the
western Chinese Tianshan Belt. It widens westward to Kazakhstan and is bounded on
its northern and southern limits by two Paleozoic ranges (Figure 1). It is considered as
a micro-continent (or Yili Block) with a Precambrian crystalline basement [A4/len et al.,
1992; Coleman, 1994; Chen et al., 1999; Wang et al., 2006a, 2006b]. This crustal
block is also regarded as the westward extension of the “Central Tianshan Terrane”
[Zhou et al., 2001] or the main part of the “Yili-Central Tianshan Plate” [Gao et al.,
1998]. The Yili Block is also considered as a Late Paleozoic magmatic arc overlying
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an Early Paleozoic platform underlain by a Proterozoic basement [Allen et al., 1992;
Gao et al., 1998; Chen et al., 1999; Zhou et al., 2001; Wang et al., 2006a].
Alternatively, the Central Tianshan is defined as an Early Paleozoic volcanic arc
overlain by Late Paleozoic platform-type sedimentary rocks, both arc and cover are
installed upon a Proterozoic basement [Windley et al., 1990; Ma et al., 1993; Chen et
al., 1999; Laurent-Charvet et al., 2002]. This later definition is consistent with that
given for the Eastern Tianshan [Ma et al., 1997; Xiao et al., 1992].

Moreover, three ophiolitic belts are generally assigned by most of previous
researchers to two sutures zones, namely the North Tianshan Suture and South
Tianshan Suture [e.g. Windley et al., 1990; Allen et al., 1992; Gao et al., 1998; Chen
et al., 1999; Zhou et al., 2001] (Figure 1). The South Tianshan Suture is defined by
the ophiolites and metamorphic rocks that crop out discontinuously along the
Qingbulak and Nalati faults (faults 6 and 3 in Figure 1). Ophiolitic mélanges, such as
those at Kumux, Yushugou, Wuwamen and Kule (Figure 1), are interpreted as thrust
sheets transported from this suture to the south [Windley et al., 1990; Gao et al., 1998;
Allen et al., 1992; Zhou et al., 2001]. In the southern part of the Yili Block, two zones
of ophiolitic mélange and high-pressure (HP) metamorphic complex are interpreted as
the result of the closure of the South Tianshan Ocean during Silurian to Early
Carboniferous [Chen et al., 1999; Zhou et al., 2001]. However, these ophiolites are
poorly dated, and most of the available geochronological data were obtained by Ar-Ar
or Rb-Sr methods (Table 1).

In order to shed light on the Paleozoic regional structure of the Tianshan Belt, we
performed field observations and detailed structural analyses in three well targeted
key areas across the southern part of the Yili Block and the Chinese Tianshan Belt
(Figure 1) during a four-years period. Newly obtained U-Pb, *Ar-*’Ar and
paleontological results, and our previous results from the northern part of the Yili
Block [Wang et al., 2006a, 2006b], enable us to present a new model for the Paleozoic
geodynamic evolution of the Western Chinese Tianshan Belt emphasizing several
south directed subductions and arc collisions.

2. Geological overview of the western part of the Chinese Tianshan Belt

More and more studies on the Chinese Tianshan Belt allow the constitution of an
overall geological framework. In this section, we synthesize the previous research
published in both Chinese and international literatures and our own field observation.
In the following, we subdivide the western part of the Paleozoic Chinese Tianshan
Belt into North Tianshan, Bole Block, Yili Block, Central Tianshan and South
Tianshan (Figure 1).

2.1. The North Tianshan.

This domain is located to the north of the North Tianshan Fault (NTF, fault 1 in
Figure 1) [Allen et al., 1992; Zhou et al., 2001] and the Main Tianshan Shear Zone
(MTSZ, fault 2 in Figure 1) [Shu et al., 1999, 2002; Laurent-Charvet et al., 2002].
The North Tianshan consists of Late Carboniferous volcaniclastic turbidites
incorporating dismembered ophiolite that includes Late Devonian-Early
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Carboniferous cherts dated by radiolarians and conodonts, pillow basalts, gabbro and
serpentinized peridotite [Xiao et al., 1992; Carrol, 1995; Gao et al., 1998; Chen et al.,
1999; Zhou et al., 2001; Wang et al., 2006a, 2006b]. This turbidite is interpreted as a
trench fill deposit that formed in an accretionary complex [Chen et al., 1999; Zhou et
al., 2001] produced by the southward subduction of an oceanic basin located between
the Junggar and Yili blocks [Xiao et al., 1992; Wang et al., 2006a, 2006b]. The
Southern part of the turbidite was deformed by a dextral ductile shearing zone, which
took place in Late Permian [Shu et al., 1999; Laurent-Charvet et al., 2002; Wang et al.,
2006b]. To the east of Urumgqi, the North Tianshan includes the Bogda volcanic arc
that is composed of the Late Devonian to Carboniferous calc-alkaline volcanic rocks
and granites widely distributing around the Turfan Basin [Shu et al., 1999;
Laurent-Charvet, 2001] Figure 1). Permian continental red beds unconformably
overlying Carboniferous rocks and felsic granite intrusion can be observed in the
whole North Tianshan area [XBGMR, 1993; Allen et al., 1995].

2.2. The Yili Block.

The Yili Block is a triangular area that widens to the west spreading into
Kazakhstan and Kirgyzstan, and it is located between the NTF and Nalati Fault (faults
1 and 3 in Figure 1) [Zhao et al., 2003]. The Nalati Fault is considered as the eastern
extension of the Nikolaev Tectonic Line that stretches westward into Kyrgyzstan [e.g.
Wang et al., 1990; Tagiri et al., 1995; Zhou et al., 2001]. The Yili Block is considered
as a microcontinent [Allen et al., 1992; Coleman, 1994] with a Proterozoic basement
croping out along its northern and southern boundaries (Figure 1) [Gao et al., 1998;
Zhou et al., 2001; Wang et al., 2006a]. Early Paleozoic rocks are composed of
shelf-continental slope sedimentary sequences [XBGMR, 1993; Chen et al., 1999;
Wang et al., 2006a] and distribute mainly at the northern margin of the Yili Block
(Figure 1). Carboniferous sedimentary rocks are closely associated with large volume
of calc-alkaline volcanic and plutonic rocks [Wang et al., 2006a] (Figure 1) yielding
zircon U-Pb ages ranging between 360 and 310 Ma [Zhu et al., 2005; Wang et al.,
2006b]. Trace element and isotopic analyses indicate that these magmatic rocks
formed in an active margin setting [ Wang et al., 2006a, and in preparation].

2. 3. The Bole Block.

This area is geologically different from both the North Tianshan and the Yili
Block. There, Devonian to Carboniferous sedimentary rocks were deposited directly
over the Precambrian basement [XBGMR, 1993]. Carboniferous rocks consist of
conglomerate, sandstone, and platform limestone, but arc volcanites are absent. The
widespread Permian alkaline magmatic rocks are similar to those found in the whole
Tianshan area [Chen et al., 2000]. The Bole Block is separated from the North
Tianshan and the Yili Block by two strike-slip faults (faults 4 and 5 in Figure 1). Our
structural survey in this region suggests that the Bole Block was not put in contact
with the other domains before Late Permian [Wang et al., in preparation]. In the
following, the Bole Block will not be considered.
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Table 1. Compilation of published radiometric ages of the main tectonic and magmatic events in Chinese Western

Tianshan Belt.
Tectonic events Locations minerals rocks methods ages references
NTF Borohoro biotite pluton Ar-Ar 260.1£3.4 Yin et al., 1996
NTF Haxilegen biotite pluton Ar-Ar Plateau 267.7+1.8 Zhou et al., 2001
NTF Haxilegen biotite pluton Ar-Ar Plateau 275.3£1.9 Zhou et al., 2001
MTSZ Bingdaban biotite orthogneiss  Ar-Ar 290-245Ma Laurent-Charvet et al., 2003
Yili Guozigou zircon granite U-Pb ICPMS 389+6 ‘Wang et al., in preparation
magmatic Haxilegen zircon granite U-Pb ICPMS 301+7 Wang et al., in preparation
arc Yuxi zircon granite U-Pb ICPMS 31543 ‘Wang et al., 2006b
Yuxi zircon granite U-Pb ICPMS 309+3 ‘Wang et al., 2006b
Laerdun whole rock pluton Rb-Sr isochron 334.9+28 Zhu and Sun, 1986
Nalati biotite pluton Ar-Ar Plateau 355.1+10.7 Hao and Liu, 1993
Nalati biotite pluton K-Ar 327 Gao, 1993
Nalati whole rock pluton Rb-Sr isochron 339 ‘Wang et al., 1990
Nalati biotite granite K-Ar 327 XGS, 1987
Zhaosu biotite pluton K-Ar 3344 Gao, 1993
Zhaosu biotite pluton K-Ar 345.6 Gao, 1993
Zhaosu zircon granite U-Pb ICPMS 358+11 Wang et al., in preparation
Zhaosu zircon granite U-Pb ICPMS 361+6 ‘Wang et al., in preparation
Qiongkushitai zircon granite U-Pb ICPMS 313+4 Wang et al., in preparation
Kekesu zircon granite U-Pb ICPMS 33848 ‘Wang et al., in preparation
Kekesu zircon granite U-Pb ICPMS 341+6 Wang et al., in preparation
Bogda arc Tianchi biotite pluton K-Ar 313 Hu et al., 1986
Juluotage granite? K-Ar 300 Wang et al., 1990
Juluotage granite? K-Ar 307 XBGMR, 1993
Nalati Bayinbulak K-feldspar pluton Ar-Ar Plateau 265.3+2.4 Zhou et al., 2001
Fault Nalati biotite mylonite Ar-Ar 250+7.9 Cai et al., 1996
High Changawuzi pluton K-Ar 534 XBGMR, 1993
pressure Changawuzi pluton U-Pb 400 XBGMR, 1993
metamorphic Changawuzi pluton K-Ar 405 XBGMR, 1993
complex Changawuzi pyroxene gabbro Ar-Ar 439.4426.7 Hao and Liu, 1993
Changawuzi phengite blueschist Ar-Ar 315 Jia, 1996
Changawuzi glaucophane blueschist Ar-Ar 350.9+2 Xiao et al., 1990
Kyrgyzstan blueschist 410+15 Dobretsov et al., 1987
Qiongkushitai phengite blueschist Ar-Ar 415.442.3 Gao, 1993
Qiongkushitai phengite blueschist Ar-Ar 419.6+3.9 Gao, 1993
Kekesu phengite blueschist Ar-Ar 345.4+6.5 Gao etal., 1995
Kekesu Garnet,glaucophane  eclogite Sm-Nd whole rock 34643 Gao and Klemd, 2003
Kekesu phengite blueschist Ar-Ar Plateau 344+1~331+2 Gao and Klemd, 2003
Kekesu sodic amphibole eclogite Ar-Ar Plateau 401+1 Gao et al., 2000
Kekesu muscovite eclogite Ar-Ar Plateau 381+l Gao et al., 2000
Kekesu sodic amphibole blueschist Ar-Ar Plateau 370+1 Gao et al., 2000
Kekesu muscovite blueschist Ar-Ar Plateau 364+1 Gao et al., 2000
Kekesu white mica blueschist K-Ar 327+£9~309+9 Klemd et al., 2005
Kekesu white mica blueschist Ar-Ar 328+0.5~311+5 Klemd et al., 2005
Kekesu white mica blueschist Rb-Sr isochron 313+4~302+3 Klemd et al., 2005
Kekesu white mica blueschist Ar-Ar Plateau 316.3+£2.2 This study
Kekesu white mica blueschist Ar-Ar Plateau 330.7+0.3 This study
Kekesu white mica reenschist  Ar-Ar 322.840.4 This study
Central Bayinbulak zircon pluton U-Pb 378 Hu et al., 1986
Tianshan Bayinbulak zircon granite U-Pb 421+£11 Han et al., 2004
plutons Yeyungou zircon granite U-Pb 475.242.6 Han et al., 2004
Kumux zircon granite U-Pb 457.4+1.8 Han et al., 2004
southern Kule biotite quartz schist Ar-Ar 370+4.8 Cai et al., 1996
Tianshan Yushugou zircon gabbro U-Pb 378.246.3 Jiang et al., 2000
mélange Heiyingshan zircon gabbro U-Pb ICPMC 392+5 This study
South Tianshan  Bosten Lake biotite diorite Ar-Ar 347 Yin et al., 1996
plutons Bosten Lake K-feldspar diorite Ar-Ar 333 Yin et al., 1996
Permian Borohoro whole rock pluton Rb-Sr 292+15 Wang et al., 1990
magmatism Borohoro biotite pluton Ar-Ar 254.5+4.8 Yin et al., 1996
North of Nileke zircon granite U-Pb ICPMC 27246 Wang et al., in preparation
North of Nileke zircon granite U-Pb ICPMC 266+6 ‘Wang et al., in preparation
Haxilegen zircon granite U-Pb ICPMC 280+5 Wang et al., in preparation
Haxilegen zircon granite U-Pb ICPMC 29447 Wang et al., in preparation
North Bayingbulak ~ K-feldspar granite Ar-Ar Plateau 274.8+0.4 Wang et al., 2004
Manas pluton K-Ar 285 XBGMR, 1993
Tianchi biotite pluton K-Ar 265.5 Hu et al., 1986
Tianchi biotite pluton K-Ar 256.3 Hu et al., 1986
Juluotage granite K-Ar 292 ‘Wang et al., 1990
Juluotage granite K-Ar 293 XBGMR, 1993
Bosten Lake biotite gneiss Ar-Ar 286 Yin et al., 1996
Bosten Lake horblende diorite Ar-Ar 262 Yin et al., 1996
Kumux zircon granite U-Pb ICPMC 252+4 Wang et al., in preparation
Kekesu zircon granite U-Pb ICPMC 27743 ‘Wang et al., in preparation

2.4. The Central Tianshan.
This domain is sometimes defined by previous researchers as a wedge-like
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region bounded by faults 2, 3 and 6 (Figure 1). Fault 6, called the Qingbulak Fault,
has been considered as a suture zone between the Central Tianshan and South
Tianshan [Windley et al., 1990; Allen et al., 1992]. As stated in section 1, the central
Tianshan is often correlated with the Yili Block [e. g. Gao et al., 1998; Zhou et al.,
2001]. According to our own field observations and the reassessment of the available
1:200 000 geological maps, the Late Devonian-Carboniferous arc-type magmatic
rocks are only distributed to the north of the Faults 2 and 3, namely MTSZ and Nalati
Faults. The contemporaneous strata to the south of these faults, are exclusively
sedimentary rocks with minor plutons (Figure 1). All these rocks are neither
metamorphic nor highly deformed. On the basis of our new data presented in the
following sections, we argue that the Yili Block is a microcontinent distinct from the
Central Tianshan. Moreover, in the eastern part of the Chinese Tianshan, the Central
Tianshan is considered as an Early Paleozoic magmatic arc represented by deformed
calc-alkaline metavolcanic rocks yielding a Rb-Sr isochron age of ca. 470 Ma [Ma et
al., 1993, 1997, Shu et al., 1999; Laurent-Charvet et al., 2002]. Similar arc rocks are
observed in Western Tianshan in Bayinbulak and north of Kumux (localities a and b in
Figure 1, respectively) [Laurent-Charvet et al., 2001; Wang et al., 2004b].

2.5. The South Tianshan.

It corresponds to the wide domain south of the Nalati and Qingbulake Faults
(faults 3 and 6 in Figure 1), and is defined as a Paleozoic passive continental margin
of the Tarim continent [ Windley et al., 1990; Allen et al., 1992; Gao et al., 1998; Chen
et al., 1999; Zhou et al., 2001]. In fact, two different rock assemblages of Middle
Paleozoic age are recognized in this area. North of the ophiolitic mélanges of Kumux,
Heiyingshan and Aheqi (Figure 1), Silurian-Devonian strata are ductilely deformed
marbles and clastic rocks [Wang et al., 1997], whereas Cambrian through Devonian
strata south of this mélange zone are gently folded shallow marine carbonate and
continental sandstone with minor volcanic clasts attributed to the sedimentary cover
of the Tarim continent [ Windley et al., 1990; Allen et al., 1992; Gao et al., 1998].

Middle Devonian-Early Carboniferous ophiolitic mélanges are already
recognized east of the Kuga meridian [e.g. Windley et al., 1990; Gao et al., 1998;
Allen et al., 1992; Liu, 2001; Zhou et al., 2001] (Figure 1). During our field survey
this unit has been recognized in several places west of Kuqa. These ophiolitic
mélanges are generally considered as south-directed nappes rooted in the Qingbulak
Fault (fault 6 in Figure 1). However, our kinematic studies indicate a top-to-the-North
sense of shear (cf. Sections 6 and 7), therefore, the ophiolitic mélanges of the South
Tianshan Suture can hardly come from the north, and a new geodynamic framework
must be considered.

As shown above, some problems arise to define the Yili Block, Central Tianshan,
South Tianshan and the intervening suture zones. In the following, we present several
key sections through the Yili Block, high-pressure metamorphic complex, ophiolitic
mélange zones in the southern Tianshan area and the northern margin of Tarim Block.
Then, our understanding on the tectonic division and geodynamic evolution of the
Tianshan Belt is discussed.
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3. The Kekesu-Heiyingshan transect

Southwest of Bayinbulak (Figure 1), the Haerkeshan range forms the highest
peaks of the Chinese Tianshan range, and is therefore rather difficult to reach. The
Kekesu-Heiyingshan transect (Figures 2 and 3), parallel to the southern segment of
the Dushanzi-Kuqa (Duku) highway [Wang et al., 1997; Zhou et al., 2001], covers the
southern branch of the Yili Block and the Southern Tianshan. We surveyed the
northern segment of this transect along the Kekesu River upstream of Tekesi and the
southern segment from Heiyingshan up to 40 km northwestward. In this section, the
lithology and bulk geometry of each tectonic unit are described from North to South
and synthesized in an interpretative general cross section in Figure 3.
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Figure 2. Geological map of Kekesu-Heiyingshan transect (modified from XBGMR [1979, 1993] and Gao et al. [1995,
2000, 2003]). Inset shows the location of transection in Chinese Western Tianshan Belt. * and Z indicate the sampling

localities of radiolarian chert and zircon U-Pb dated gabbro, respectively.

3.1. The Yili magmatic arc

The northernmost part of the Kekesu section is dominated by Carboniferous
limestone and sandstone associated with magmatic rocks. Volcanites are andesite,
rhyolite, trachyte and tuff; basalt occurs rarely. Plutons of coarse grained granodiorite,
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tonalite and granite with K-feldspar megacrysts, pegmatite and aplite dykes are well
developed. Trace elements geochemistry and isotopic data of porphyritic volcanites
and granites with centimeter-sized megacrysts indicate that these rocks are
calc-alkaline in composition and was generated in an active continental marginal
setting [Wang et al., 2006a, and in preparation]. The age of a calc-alkaline granite is
constrained by zircon U-Pb ICPMS dating at 341+6 Ma (Figure 4). The REE, isotopic
and geochronological data of the Yili Block magmatic rocks have been studied in
several places [Li et al., 1998; Zhu et al., 2005; Wang et al., 2006a, 2006b, in
preparation]. Radiometric ages, ranging between 360 and 310 Ma, and REE
geochemistry support the accepted interpretation that during the Carboniferous, the
Yili Block was a continental based magmatic arc.
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Figure 3. Interpretative cross section from Tekesi to Heiyingshan located in Figure 2. Three continental masses, from North to South, Yili Block, Central
Tianshan and Tarim, respectively ate separated by two zones of oceanic rocks
3.2. The Proterozoic basement

The continental basement of the Carboniferous Yili arc is characterized by
stromatolite bearing Neoproterozoic (Sinian) dolomite and Meso to Paleoproterozoic
metamorphic rocks. Ortho and paragneiss are well exposed along the Kekesu River,
and East of Qiongkushitai (Figures 2 and 4). In the study area, Early Paleozoic strata
do not occur but they are observed in the northern part of the Yili Block [Gao et al.,
1998; Wang et al., 2006a] (Figure 1).

From Wenquan to the south (Figure 4), a 20-km-wide zone of ductilely deformed
granitoids, gabbros and gneiss is developed. The mafic magmatic rocks might
correspond to the root of the Yili arc, but geochemical and geochronological data are
lacking. Near the Nalati Fault (number 3 in Figure 1), the rocks are ductilely
deformed (see section 4). Along the Kekesu River, biotite-muscovite micaschist,
micaceous quartzite, and biotite gneiss are well exposed south of 42°45” (Figure 4).
Some gneiss contain K-feldspar augen and ellipsoidal enclaves of biotite, thus they
are likely derived from granitoids intrusive into a micaschist and quartzite series. We
interpret this sequence of metamorphosed magmatic and sedimentary rocks as the
southernmost, highly deformed, margin of the Yili Block. To the south, this zone is in
thrust contact with the HP metamorphic complex. The polyphase deformation
experienced by these rocks is described in section 4.

3.3. The blueschists and eclogite complex

The blueschists and eclogites that crop to the south of the Proterozoic basement
of the Yili Block along the Kekesu River (Figure 2 and 4) form part of a 200 km long
belt that develops in the northern slope of Haekeshan Range. The belt of
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eclogite-facies metamorphic rocks continues westward to the south Tianshan areas of
Kyrgyzstan (Atbashy eclogite belt yielding garnet with inclusions of coesite
pseudomorphs) [Dobretsov et al., 1987; Tagiri et al., 1995] and of Tajikistan
(Fan-Karategin blueschist belt) [Volkova and Budanov, 1999]. To the East, this belt
disappears west of the Bayinbulak basin. In agreement with the previous authors [e. g.
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Figure 4. Structural data along the Kekesu River, located in Figure 2 (modified from XBGMR [1979] and Gao [2000]).
A: Structural map, YMA corresponds to the Yili Magmatic Arc and its deformed gneissic basement, DY is the southern

part of the Yili Block that was deformed and metamorphosed during the northward thrusting of the HP rocks, TO

corresponds to the Tianshan Ocean presently characterized by HP oceanic rocks. Number 3 is the Nalati fault (the same

as fault 3 in Figure 1). B to E: Schmid plots (lower hemisphere) of the planar and linear elements along the section,

faults and foliations are represented by their pole. B: plot of the vertical brittle faults (P) and subhorizontal slickenlines
(SL) related to brittle dextral shearing. C: plot of the subvertical to SE dipping foliation (P) showing the scattering of

the stretching lineation (L). The average NW-SE trend is associated with top-to-the-NW shearing. D: subvertical
foliation and subhorizontal lineation well developed in mylonites and ultramylonites, this fabric is associated with a

dextral wrenching coeval with the deformation along fault 3. E: subvertical foliation and lineation observed in gneiss,

micaschist and quartzite, most of the lineations are developed during a top-to-the-N shearing, however some shear
criteria indicate also a normal fault geometry. For detail of the structural analysis, see section 4.

Gao et al., 1995; Gao and Klemd, 2003], We divide the metamorphic rocks along the
Kekesu River into: 1) a northern subunit dominated by micaschists and
muscovite-quartzites and mafic rocks metamorphosed under HP conditions; and 2) a
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southern subunit composed of greenschists, quartzschists and minor marbles, without
HP rocks (Figure 2). In the northern subunit, blueschists are present as meter sized
blocks, lenses, boudins and thin layers preserved within metapelites retrogressed
under greenschist facies conditions [Gao et al., 1995, 2000; Gao and Klemd, 2003].
The petrology, mineralogy, geochemistry and geochronology of blueschists and
eclogites in this complex are fairly well known [e. g. Gao et al., 1995, 1999; Tagiri et
al., 1995; Volkova and Budanov, 1999; Gao and Klemd, 2000, 2003; Klemd et al.,
2002, 2005]. Wei et al. [2003] underlined that the blueschists and eclogites did not
experience identical peak-metamorphic conditions. However, the Ultra High pressure
metamorphic character of these rocks is hotly debated. According to some authors, the
HP metamorphic complex experienced P and T peak conditions of 2.0+0.1 GPa and
550+50°C, respectively [Klemd 2003; Klemd et al., 2002; Gao and Klemd, 2003], but
others argue in favor of Ultra High pressure metamorphic conditions of 2.5 GPa or
even 5.0 GPa [Wei et al., 2003; Zhang et al., 2003a, 2003b].

In the Kekesu River, the blueschist facies metamorphism is overprinted by a
greenschist facies event developed during the nearly isothermal retrogression [Gao et
al., 2003; Klemd et al., 2005]. In both subunits, the protoliths of the sedimentary rocks
are quite similar. They are interpreted as pelagic argillites, siliceous shales and chert
[Gao et al., 1995]. On the basis of mineralogical and geochemical studies, the
magmatic rocks are considered to derive from basalt and volcaniclastic rocks with
MORB and OIB signature. Therefore, the protoliths of the HP metamorphic rocks
including both oceanic crust and sedimentary rocks are likely formed in an oceanic
basin [Gao et al., 2003], which is usually named “South Tianshan Ocean”, and in this
paper we simply define it as Tianshan Ocean for avoiding to arise spatial confusion.
Nevertheless, the OIB geochemical affinity of some mafic rocks suggests that a
seamount-like setting may account for a part of these oceanic rocks. The HP
metamorphic complex is interpreted as an accretionary wedge due to a north-directed
subduction [Gao et al, 1995, 1998; Gao and Klemd, 2003]. Although we
acknowledge the subduction tectonic setting, our structural analysis suggests that the
subduction is south-directed (see section 4).

3.4. The Central Tianshan Block

The upper stream of the Kekesu River exposes a rock succession quite different
from the previous ones. There, Silurian limestone overthrusts the blueschis and
eclogite complex northward. Due to practical difficulties, this domain is poorly
investigated. However, similar rocks crop out along the Duku road, 80 km eastward
(Figure 2). South of Bayinbulak, Early to Middle Carboniferous weakly deformed and
unmetamorphozed conglomerate, sandstone and carbonates unconformably overlie
Devonian granite dated at 378 Ma by zircon U-Pb method [Hu et al., 1986] (Table 1).
Similar unconformable relationship between the Carboniferous deposits and the older
rocks is described by previous authors [e. g. Zhou et al., 2001] on the northern slope
of the Tielimaiti Pass (Figure 2), where, Silurian turbidite with volcaniclastic rocks
and minor limestone are well developed. On the southern side of Tielimaiti pass, the
Silurian rocks consist of recrystallized platform limestones with intraformational
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breccia, they are overlain by Early Devonian carbonate, conglomerate, sandstone and
chert [XBGMR, 1993; Zhou et al., 2001]. This Paleozoic series is weakly or
unmetamorphozed but deformed by south vergent folds. Moreover, near Kule (Figure
2), an ophiolitic mélange crops out. As shown below in section 3.5, this formation is
similar to that observed in Heiyingshan (Figure 2). These ophiolitic mélanges from
allochthonous thrust sheets displaced from South to North upon marbles of the
Central Tianshan. Lastly, west of Heiyingshan (Figure 2), the Early Paleozoic series is
underlain by Proterozoic gneiss corresponding to the metamorphic basement of the
Central Tianshan.

We suggest that the whole Paleozoic sedimentary succession forming the highest
part of the Haerkeshan range represent passive margin rocks deposited upon a
Proterozoic continental basement. In the following, we assign this domain, south of
the HP metamorphic complex and north of the ophiolitic mélange, to the Central
Tianshan Block. However, it is worth to note that there is some divergence in the
terminology and geodynamic interpretation, since some authors call this area South
Tianshan or assign it to the northern margin of Tarim Block [Allen et al., 1992; Gao et
al., 1998; Zhou et al., 2001, and references therein]. In our view, the Central Tianshan
is separated from Tarim by the ophiolitic mélange zones that is better fitted for “South
Tianshan” and will be discussed in next sections.

3.5. The Heiyingshan ophiolitic mélange
3.5.1. Field setting

The southernmost part of the Kekesu-Heiyingshan transect is dominated by an
ophiolitic mélange zone (Figure 2). Good exposures are located about 30km NW of
Heiyingshan. The ophiolitic blocks include basalt, sometimes with a pillow lava
structure (Figure 5a), gabbro and peridotite. Peridotite is strongly sheared,
serpentinized and cut by calcite veins (Figure 5b). Blocks of chert, limestone and
sandstone are also common elements of the mélange. They display variable sizes
ranging from tens of centimeters to several hundreds of meters. Bedding is well
preserved in sandstone and limestone blocks that might be confused with the
sedimentary matrix. However, the lensoid geometry and changing attitude of the
bedding comply with a blocky nature of these rocks. All blocks occur in a sedimentary
matrix composed of laminated calcareous turbidite or siliceous cherty mudstone
(Figure 5c). The sandstone beds are often disrupted, and pebbly mudstones are locally
well developed. In most cases, the matrix is strongly sheared so that a scaly fabric
develops in the pelitic facies. Sometimes, quartz or calcite fibers crystallize in
pressure shadows around clasts (Figure 5d), rendering the distinction between
synsedimentary and postsedimentary deformation difficult. The planar structures such
as bedding or cleavage have an average N40°E strike but due to later folding, the dip
is either northward or southward. The Heiyingshan ophiolitic mélange is separated
from the ductilely deformed Silurian-Devonian marbles, slates and volcaniclastic
rocks by a high angle, South-directed, brittle reverse fault of Cenozoic age [XBGMR,
1983] (Figures 2 and 3). The marble and clastic rocks are well recrystallized but
unmetamorphozed (Figure 5e). The megascopic planar fabric is a composite
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Figure 5. Field photographs of the South Tianshan ophiolitic mélange, (a) pillow lava in Heiyingshan ophiolitic mélange, (b) sheared
serpentinized peridotite with calcite veins, (c) calcareous turbidite with disrupted beds corresponding to the matrix of the Heiyingshan
mélange, (d) chert and limestone blocks included in the sheared matrix of the Heyingshan mélange, (¢) foliated Devonian marble
corresponding to the tectonic substratum (i.e. autochthonous basement) exposed north of Heiyingshan mélange, the cleavage is dipping
to the northwest, (f) mylonitic and recrystallized Devonian marble of Biediele valley, northwest of Wushi, corresponding to the tectonic
substratum (i.c. autochthonous basement) of the ophiolitic mélange, (g) and (h) microscopic photoes of foliated volcaniclastic rocks,
located below the marble series of the Biedicle valley; along the N-S trending lineation asymmetric clasts (g) and drag folds (h) show a
top-to-the-North shearing.

bedding-foliation surface that occasionally contains a N-S trending mineral lineation.
Due to the intense recrystallization, the kinematic indicators related to the
submeridian lineation are difficult to observe, nevertheless some top-to-the-N shear
criteria can be recognized. The ophiolitic mélange observed in Kule area south of the
Tielimaiti pass, along the Duku road (Figure 2) [Gao et al., 1998], is similar to that
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described here in Heiyingshan.

3.5.2. New stratigraphic constraints.

On the basis of coral, brachiopoda, gastropoda and crinoid fossils found in
limestone and sandstone blocks, the ophiolitic mélange is referred to as the
Aertengkesi Formation of Late Silurian-Early Devonian [XBGMR, 1983; 1993].
However, the age of the matrix of the mélange is certainly younger. Four siliceous
mudstone samples from the matrix (see Figure 2 for sampling locality) yield abundant
radiolarian, such as Archocyrtium cf. procerum Cheng, Archocyrtium venustum Cheng,
Archocyrtium cf. ludicrum Deflandre, Archocyrtium cf. mirousi Gourmelon, Trilonche
almae (Won), Stigmosphaerostylus Pantotolma Braun, Stigmosphaerostylus vulgaris
Won, Stigmosphaerostylus wuppertalensis Won), Stigmosphaerostylus cf. Tortispina
Ormiston et Lane, Holoeciscus foremanae sp., Albaillella paradoxa sp. These fossils,
determined by Y. Wang at Nanjing Institute of Geology and Paleontology, Chinese
Academy of Sciences, China, are common in the Holoeciscus foremanae and
Albaillella paradoxa assemblages of Late Devonian and Early Carboniferous ages,
respectively. Thus, a Late Devonian-Early Carboniferous (Famennian-Tournaisian)
age likely represents the time of formation of the mélange. This age is consistent with
that derived from a block of radiolarian chert in the mélange of northeastern
Heiyingshan (Figure 2) [Liu, 2001].

Table 2. Zircon U-Pb data of gabbro from the Heiyingshan ophiolitic mélange.

Plots Abundance Atomic ratios Apparent age  (Ma) Disc.
U 1 Pb 1 pp | 207p | 207p | W6py 1 W7pp 1 207pp %
ppm ppm 238U 235U 206Pb 238U 235U 206Pb ( 0)

374 21 451 146
373 14 460 98
390 17 564 113
393 19 559 122
380 20 451 140

0.061 0.001 0.45 0.03 0.056 0.004 381
0.062 0.001 0.44 0.02 0.056 0.002 386
0.062 0.001 0.47 0.02 0.059 0.003 389
0.063 0.001 0.47 0.03 0.059 0.003 394
0.063 0.001 0.45 0.03 0.056 0.004 395
0.001 0.51 0.04 0.062 0.004 399 420 24 657 152
0.064 0.001 0.51 0.03 0.062 0.003 402 420 18 665 114
0.064 0.002 0.46 0.04 0.054 0.005 398 10 386 26 386 201 10
0.064 0.001 0.46 0.02 0.056 0.002 401 381 12 446 84
JA19D3 441 20 43 0.067 0.001 0.48 0.02 0.056 0.002 419 4 398 14 446 87
JA19D6 269 12 21 0.070 0.001 0.52 0.03 0.057 0.003 434 6 422 18 482 108

Disc. (%) denotes percentage of discordance.

JA19D2 170 10 16
JA19D12 348 16 32
JA19D1 306 15 28
JA19DS 210 10 22
JA19D11 320 17 28
JA19D8 459 34 41
JA19D9 417 18 37
JA19D10 358 18 33
JA19D7 601 27 65
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3.5.3. New LA-ICP-MS U-Pb radiometric dating.

A 5 kg gabbro sample has been collected from the Heiyingshan ophiolitic
mélange (see Figure 2 for sampling locality). The rock is well crystallized with 1-1.5
cm sized pyroxene and plagioclase. Zircon grains were obtained by crushing, sieving
through water elutriation, heavy liquids and magnetic separations, and finally by
handpicking under binocular microscope. These grains are euhedral, colorless and
without zonation or fracture. The euhedral shape of zircon grains indicates a
magmatic origin. Laser ablation U-Pb dating of selected zircons was carried out at the
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University of Tasmania, Australia, using a Hewlett Packard HP 4500 quadrupole
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) coupled with a 213nm
NewWave Merchantek UP213 Nd-YAG Laser.

The U-PDb isotopic results are presented in Table 2 and plotted in the Concordia
diagram (Figure 6). Nine of 11 plots allow us to calculate a Concordia age of 392 + 5
Ma (MSWD = 1.8) that is interpreted as the crystallization age of the gabbro,
suggesting the age of ophiolite. Two other plots give older ages at 420 and 433 Ma
that should represent old inherited cores, probably corresponding to the earlier stage
of oceanic crust formation.
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Figure 6. Concordia diagram of ICPMS-LA U-Pb dating of zircons
from a gabbro block in the Heiyingshan ophiolitic mélange.

3.6. The Carboniferous deposits

To the south of the Heiyingshan mélange, Early Carboniferous sandstone and
limestone crop out. As in many places of southern Tianshan, (cf. the Kumux, Wushi
and Aheqi areas in sections 6 and 7), the Carboniferous and Permian rocks are folded
or cut by South-directed reverse faults that probably developed during the Cenozoic
tectonics. However, as suggested by the lack of ductile deformation, and in agreement
with available maps [XBGMR, 1983], it is likely that the Carboniferous rocks cover
unconformably the ophiolitic mélange and underlying strata (Figures 2 and 3).

3.7. A general cross section

The above-defined tectonic units are placed in a general interpretative cross
section (Figure 3). The northern part of the section corresponds to the Yili Block with
a Proterozoic basement overlain by a Paleozoic sedimentary cover, upon which a
Carboniferous magmatic arc develops. The southern part of the arc is ductilely
deformed by a dextral strike-slip fault, called the Nalati Fault or Nikolaiev Tectonic
Line (fault 3 in Figure 1). However, as presented in section 4, this ductile event
overprinted an older one. More to the south, metamorphic rocks, interpreted as the
southernmost part of the Yili Block, are highly deformed by a top-to-the-North ductile
shearing. The Yili continental rocks are overthrust by mafic magmatic and marine
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sedimentary rocks metamorphosed under HP conditions. These rocks, belonging to
the Tianshan Ocean form a thrust nappe emplaced from South to North above the Yili
Block. Therefore, conversely to most of previous interpretations [e. g. Gao et al.,
2003; Zhou et al., 2001], the Nalati fault does not correspond to a suture zone but is
simply a late wrench fault cutting through the Yili Block. The true ophiolitic suture
lies more to the South. The HP metamorphic complex is overthrust by
Silurian-Devonian marble that represents the sedimentary cover of the Proterozoic
basement of the Central Tianshan Block. The southernmost part of the Central
Tianshan Block is tectonically overlain by the South Tianshan ophiolitic mélange,
which is unconformably covered by weakly deformed Carboniferous rocks. The
structural constraints acquired along the Kekesu River supporting our geodynamic
interpretation are presented in the next section.

4. The polyphase deformation along the Kekesu River

Along the Kekesu River, three ductile deformation phases are recognized.
Namely, from younger to older, normal faulting, dextral wrenching, and
top-to-the-north thrusting. Since the second event is the most conspicuous, it will be
presented first.

4.1.8trike-slip shearing

Our observation was performed in a wide zone around Wenquan (from 42°55°N
to 42°45°N; Figure 4A). Gabbro and granite belonging to the Yili magmatic arc form
undeformed lenses surrounded by subvertical brittle shear planes with subhorizontal
N8OE trending slickenlines (Figures 4B and 7A). Due to the increse in deformation,
the same gabbro is mylonitized farther South. Steeply SE-dipping shear planes with a
subhorizontal ENE-WSW trending stretching and mineral lineation, marked by
boudinaged pyroxenes or feldspar ribbons, characterize the mylonites and
ultramylonites (Figure 4D). Dykes of red K-feldspar granite intrude in the deformed
rocks. Some of these dykes are folded with axial planes parallel to the foliation, and
other dykes are boudinaged within the foliation (Figure 7g and 7h). On the XZ plane
of the strain ellipsoid, i.e. in sections parallel to the foliation and parallel to the
lineation, drag folds and asymmetric boudins indicate a dextral sense of shear (Figure
7b and 7c). The same kinematics is shown by structures observed at the microscope
scale. The most representative are sigma-type porphyclast of feldspar or pyroxene
clasts, sigmoidal mica-fish, biotite pressure shadows around clasts, and elongated
quartz ribbons with an oblique shape fabric of recrystallized grains (Figures 7d and
Se).
This ductile deformation corresponds to a dextral wrenching that occurs all along the
Nalati Fault (fault 3 in Figure 1) [Yin and Nie, 1996; Gao et al., 1997, 1998]. North of
Bayinbulak, at the Laerdun Pass (Figure 1), granitic rocks are intensely deformed in a
50m-wide, E-W to NE-SW trending, vertical ultramylonite zone that contains a
subhorizontal stretching lineation. In thin sections, sigma and delta-type fabrics
(Figure 7f) confirm the dextral sense of shear. Biotite from this ultramylonite yields
an “Ar/’Ar age of 250%7.9 Ma [Cai et al., 1996]. In the same area, biotite and
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K-feldspar from foliated granite are dated by the “*Ar/*’Ar method at 285 Ma and 270
Ma, respectively [Zhou et al., 2001] (Table 1).

| a [P YESS = A

Figure 7. Photographs and photomicrographs of structures associated to the dextral shearing along the Nalati fault. (a) cataclastic
gabbro north of Wenquan village showing the lensoid fabric due to vertical brittle fractures. These surfaces exhibit subhorizontal
slickenlines induced by dextral strike-slip fault (diagram B in figure 4), (b) mylonite with drag folds and asymmetric feldspar
clasts showing dextral shearing, (c) ultramylonite with s-type asymmetric feldspar clasts, (d) thin section cut perpendicular to the
foliation and parallel to the lineation of a mylonitic granite (sample XJ674); the s-type feldspar clasts and recrystallized quartz
grains with an oblique shape fabric, (¢) foliated gabbro showing mica-fish and quartz recystallization fabrics, (f) ultra-mylonite of
Laerdun Pass showing dextral sigma and delta-type clasts, (g) boudinaged and sheared gabbro intruded by pink granitic dykes,
both are foliated and protomylonitized by the dextral wrenching, (h) folded granite dyke in well foliated, accounting for shortening
perpendicular to the foliation.

4.2.Top-to-the North thrusting
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Figure 8. Field photographs and photomicrographs of deformation features associated to the northward shearing. (a) orthogneiss with
submeridian lineation steeply dipping to the south, (b) greenschist facies siliceous sandstone with quartz veins parallel to the foliation,
the asymmetric shape of the boudins indicate top-to-the-North movement, the tension gashes perpendicular to the foliation are
post-folial structures but the geometry agrees with a subvertical stretching, (¢) muscovite-albite micaschist with top-to-the-North shear
bands, (d) sheared orthogneiss, (¢) sigmoidal muscovite indicating top-to-the North shearing.

South of the strike-slip shear zone of the Kekesu River, the foliation in gneiss and
micaschists is steeply dipping to the SE (Figures 2 and 4). In addition to the
conspicuous dextral wrenching deformation, an older structural element is
distinguished in the metamorphic rocks. A N-S to NW-SE trending mineral lineation
can be observed on the foliation surface (Figures 4C, 4E and 8a). In orthogneiss,
K-feldspar clasts and biotite clots form a submeridian linear structure (Figure 8a). The
lineation dip varies from 20 to 65° and locally up to 80°, with a scattering from SE to
SW. Similar planar and linear structures are also observed in ultramylonitic shear
zones. Asymmetric plagioclase porphyroclasts show a top-to-the-North movement,
which is also observed in thin section (Figures 8d and 8e). In the muscovite-bearing
quartzite and biotite gneiss corresponding to the deformed part of the Proterozoic
basement, the subvertical foliation also contains a down-dip stretching lineation with
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a top-to-the NW shearing. In agreement with previous structural studies [Gao et al.,
1995], the top-to-the-North shearing is also observed in the HP rocks. At the
macroscopic scale, sigmoidal quartz veins parallel to the foliation indicate also a
top-to-the-North movement (Figure 8b). Albite-biotite micaschist and quartzite are
characterized by a NE-SW trending, steeply dipping foliation, and a subvertical
stretching lineation (Figure 4E). Intrafolial a-type folds with axes parallel to the
lineation are also observed [Gao et al., 1995]. In thin section, the micaschists contain
asymmetric albite porphyroblasts with biotite pressure shadows that show
a-top-to-the-NW shearing (Figure 8c). We interpret the top-to-the-North shearing
event as the result of the emplacement of the HP metamorphic complex situated to the
south of the highly deformed part of the Yili Block (Figures 2, 3 and 4). It is worth to
note that this kinematics has been previously interpreted as a later thrusting event that
took place at the end of the Early Carboniferous [Gao et al., 1995; 2003]. The
radiometric age of this northward is not established yet, but it is older than the
strike-slip shearing because a K-granite that is petrologically similar to the one we
dated at 341+ 6 Ma is not affected by the flat-lying ductile shearing.
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Figure 9. Field and photomicrographs of structures related to normal shearing. (a) quartz riched micaschist with a folded vertical foliation,
the subhorizontal axial planes argue for a vertical shortening, (b) and (c) sigmoidal muscovite and recrystallized quartz ribons showing a
top-to-the-South ductile shearing interpreted here as normal faulting.

4.3.Normal faulting

In the northern and central parts of the highly deformed basement rocks,
immediately north of the HP metamorphic complex (Figure 4), the subvertical
foliation is deformed by folds with flat-lying axial planes sometimes associated with a
subhorizontal crenulation cleavage. This feature complies with a vertical shortening
(Figure 9). Moreover, in some mica rich zones in metapelites, another kinematics can
be observed at the microscope scale. In sections cut perpendicular to the foliation and
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parallel to the vertical lineation (XZ planes), sigmoidal muscovite and recrystallized
quartz ribbons with an oblique grain shape fabric indicate a downward movement of
the southern side (Figures 9¢ and 9d). This kinematics that develops in greenschist
facies conditions can be interpreted in two ways. Firstly, it might represent a tilted
south-directed thrust. Secondly, this ductile shearing might indicate a normal faulting.
Since this top-to-the-South event appears as restricted to mica rich domains that
localized shearing, and formed during a greenschist facies metamorphic, the
extensional shearing interpretation is preferred here in Figures 3 and 4. However,
additional work is necessary in order to assess the local or regional character of this
event.

5. Ar-Ar Geochronological constraints
5. 1. Previous isotopic age constraints on HP metamorphics.

A number of researchers have given much effort to constrain the age of the
high-pressure metamorphism in southern Tianshan. A glaucophane from the
Changawuzi high-pressure metamorphic belt yielded an **Ar/*°Ar age of 350.9 + 2.0
Ma [Xiao et al., 1992]. Gao et al. [1995] obtained an “’Ar/*’Ar plateau age of 345.5 +
7 Ma on phengite, and an eclogite from the same area yielded a Sm-Nd (omphacite,
garnet, glaucophane, whole rock) errorchron age of 343 + 44 Ma [Gao and Klemd,
2003]. The Sm-Nd garnet-glaucophane age of 346 = 3 Ma is concordant with the
*Ar/* Ar age of 343.7 + 1.3 Ma on crossite from the same exposure [Gao and Klemd,
2003]. Consequently, the latter authors regarded an age of about 345 Ma as the best
approximation for the age of the eclogite-facies metamorphism.

High-pressure metamorphic rocks of the southern Tienshan zone have also
yielded older isotopic ages. Phengites from blueschists at Qiongkushitai (Figure 2)
yielded a dome-shaped age spectrum, the top of which yielded an *°Ar/*’Ar plateau
age of 415.4 £ 2.3 Ma [Gao, 1993]. In Akeyazi, SW of Kekesu River (Figures 1 and
2), Gao et al. [2000] obtained *’Ar/’Ar plateau ages of 401.4 + 1.4 Ma (sodic
amphibole) and 380.7 + 1.2 Ma (phengite) from the rim of an eclogite body and of
3704 £ 1.2 Ma (sodic amphibole) and 363.9 = 0.5 Ma (phengite) from its
blueschist-facies matrix. Dobretsov et al. [1987] obtained K-Ar ages of about 410 and
350 Ma on whole rock samples from the Atbashy belt (Kyrgyzstan).

Although it cannot be excluded that older ages constrain an earlier phase of
subduction-accretion metamorphism, as seems to be the case in many of the Paleozoic
belts in China [de Jong et al., 2006], we regard these ages, however, at least in part, as
less reliable. The dome-shaped phengite age spectrum of Gao [1993] is probably due
to the degassing of mixed phases according to a classic interpretation of such kind age
spectra [Wijbrans and McDougall, 1986; de Jong, 2003]. Thus the *°Ar/*°Ar plateau
age of 415.4 = 2.3 Ma is probably not geologically meaningful. Klemd et al. [2005]
suggested that the **Ar/*’Ar ages ranging from 401 to 364 Ma obtained by Gao et al.
[2000] from the same area were due to excess Ar incorporation. Inspection of
At/ Ar and **Ar/*°Ar ratios by Gao et al. [2000], however, reveals that the sodic
amphibole is too rich in K and the white mica too rich in Ca, implying that material of
insufficient purity was dated. Consequently, the somewhat elevated ages of ca. 380 to
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364 Ma obtained by Gao et al. [2000] on phengite concentrates are probably due to
the presence of an older Ca-rich contaminant phase. The K-Ar age of 410 £ 15 Ma
from the Atbashy belt [Dobretsov et al., 1987] is probably due to the multi-mineral
character inherent to whole rock samples. The high-pressure metamorphism related to
subduction and accretion in the southern Tianshan thus appears to have occurred in
Early Carboniferous time, at around 350 Ma. Yet, it must be borne in mind that the
meaning of the epidote blueschist-facies metamorphism in the western Tianshan is
regarded as a retrograde stage (500-530°C, 1.0-1.2 Gpa) by Zhang et al. [2002] with
respect to an earlier UHP eclogite-facies event (500-600°C, 2.6-2.7 Gpa). Although
this view is contested by Klemd [2003], obviously it cannot be excluded that the
eclogites have been formed earlier than 350 Ma. The more so, Wei et al. [2003]
underscored that the eclogites experienced a range of metamorphic peak conditions,
which differ at least in part from those experienced by the blueschists.

Gao and Klemd [2003] obtained an **Ar/*’Ar plateau age of 331.0 + 2.0 Ma on
phengite, from the same sample as the dated crossite, which they interpreted as
constraining the age of tectonic transport of the HP-LT rocks to higher crustal levels.
Klemd et al. [2005] have obtained ages between 313.0 and 301.6 Ma (Rb-Sr) and
310.9 and 311.6 Ma (*°Ar/*’Ar) on phengite and/or paragonite from blueschist-facies
rocks that formed during or after the transition from the eclogite-facies to the
epidote-blueschist-facies and subsequently experienced an incipient greenschist-facies
overprint. These white mica ages, which average at around 310 Ma, are thus are up to
50-35 Ma younger than the eclogite-facies metamorphism. It is not clear in how far
significantly younger ages obtained from eclogite-facies metamorphic rocks in this
area (referred as “preliminary” SHRIMP U-Pb zircon age of <310 + 5 Ma by Zhang et
al., 2003a) and in the southern Tianshan of Kyrgyzstan (267 + 5 Ma;
Omp-Grt-Ph-WR, Rb-Sr isochron) [Tagiri et al., 1995] are influenced by effects of
retrograde fluid-assisted recrystallization following the high-pressure event.

5.2. Sample description

Three samples for “’Ar/*’Ar dating were taken from the Kekesu River. This area
belongs to the belt of mainly blueschist and greenschis-facies metabasites and
metagraywackes, which contain numerous lenses and blocks of eclogites, ultramafics
and marbles.

Sample XJ607-2b (GPS: 42°40.6’N, 81°56.9’E) is a foliated and lineated
garnet-bearing blueschist that contains substantial amounts of chlorite and white mica.
Variations in modal amounts of preferentially orientated blue amphibole and epidote
define a layering at the scale of several millimeters. Amphibole occurs as ~1 mm-long
crystals with a distinctive deep blue to pale violet pleochroism and forms sheave-like
aggregates. Crystals are strongly zoned, usually with deep bluish cores and lighter
shades in rims; when included in garnet they have a uniform dark blue to purple
colour. The lighter coloured rims may be intergrown with green chlorite or be
replaced by this mineral. Chlorite occurs between pulled apart albite crystals. White
mica generally occurs in chlorite-rich layers (that may contain relics of blue
amphibole) as individual crystals, or as aggregates with a decussate structure. White
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mica and chlorite may be intergrown along their basal cleavages. Tabular strain-free
crystals are 500-1500 um in length. Undeformed white mica has overgrown

amphibole-rich layers locally.

Table 3. **Ar/*’Ar analytical data of laser step-heating of white mica single grains from the
valley of the Kekesu river, SW Tianshan

Step VAT (%) 7 Arg(%) A, Arg WA/ Arg Age (Ma)
XJ607-2b, muscovite of Retrograde garnet-bearing blueschist (J=0.00539485)
1 57.0 0.9 0.000 39.79 350.8 +£33.3
2 26.6 0.5 0.265 44.96 391.8 £75.8
3 24.8 4.5 0.131 36.27 3224 +84
4 20.3 7.8 0.155 35.32 3146 +4.2
5 12.6 26.7 0.109 35.38 315.1+1.6
6 11.8 20.2 0.120 35.12 313.0+£ 1.6
7 13.9 15.4 0.176 35.24 3139+23
8 11.7 11.6 0.643 36.57 3248 +3.2
9 6.8 4.6 1.847 36.31 3227+7.7
10 5.6 3.1 0.916 35.03 3122+103
fusion 1.6 4.7 0.515 35.62 317.1+9.6
XJ611, muscovite of Greenschist-facies garnet-chlorite-mica quartzite (J=0.00539318)
1 11.4 0.9 0.128 24.49 223.8+34
2 0.6 0.6 0.000 32.86 2944 +3.7
3 0.6 1.3 0.000 34.50 307.8 £ 1.6
4 0.5 1.9 0.013 35.80 3185+ 14
5 1.3 1.7 0.061 35.81 3185+1.5
6 1.0 6.9 0.031 36.08 320.7+ 0.6
7 0.7 8.7 0.031 36.30 3225+£0.6
8 0.9 3.3 0.060 36.04 3204 +£0.8
9 0.7 9.0 0.018 36.44 323.6 +0.6
10 0.5 40.2 0.023 36.35 322.9+0.7
11 0.8 8.0 0.039 35.81 3185+0.8
fusion 1.1 17.5 0.061 36.42 323.5+0.9
XJ612, muscovite of Retrograde blueschist (J=0.00539568)
1 13.3 0.5 0.415 38.51 340.6 £5.7
2 43 0.5 0.080 39.22 3463 +5.1
3 5.1 1.5 0.001 38.54 3409+ 1.8
4 5.0 2.4 0.072 37.62 3334+ 1.3
5 1.9 16.6 0.014 37.32 331.0+£0.6
6 1.0 14.2 0.018 37.29 330.8+0.6
7 1.0 12.8 0.016 37.34 331.2+0.6
8 0.8 222 0.019 37.23 330.2+0.6
9 0.8 8.5 0.039 36.82 326.9+£0.6
10 2.3 1.3 0.025 37.96 3362+1.8
11 3.0 14 0.056 37.83 335.1+£22
fusion 1.5 18.1 0.022 36.81 3269 +£2.5

Data obtained with a defocussed laser; fusion for the final step is achieved by beam focusing.

Sample XJ612 (GPS: 42°40.2°N, 81°57.4°E) is a lineated rock with a principal
foliation that is defined by differences in modal amounts of preferentially orientated
blue amphibole and epidote, along which green chlorite and white mica have grown.
This layering at the scale of several millimeters curves around porphyroclasts of
metamorphic clinopyroxene that contains inclusions of glaucophane displaying an
orientation parallel to the external foliation. The principal foliation is cut by slightly
deformed tension gashes filled with carbonate. Blue amphibole crystals (~1 mm-long)
are moderately zoned with darker cores and lighter rims. The amphibole is overgrown
and replaced by both chlorite and albite. White mica (150-1500 um long) generally
occurs parallel to the main foliation, and is in part intergrown with chlorite along their
basal cleavages. Undeformed crystals and aggregates of intergrown chlorite and white

44



45

mica cross-cut the amphibole-rich layers occasionally.

Sample XJ611 (GPS: 42°41.1°N, 81°56.3’E) is an inequigranular garnet-bearing
chlorite-mica quartzite with an ill-defined foliation. Equidimensional quartz crystals
reveal a moderate dynamic recrystallization, mainly by sutured boundaries and
development of sub grains. White mica is present as 100-1000 um long and strain free
crystals in the quartz matrix. These white micas have occasionally grown along the
basal cleavages of chlorite that forms large porphyroblasts. Abundantly present garnet,
which is devoid of glaucophane inclusions, is not chloritized nor retrogressed. Minor
carbonate occurs as large crystals that overgrow the matrix.
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Figure 10. 40Ar/39Ar age spectra acquired by laser step-heating of phengite
single grains from retrogressed blueschists (a) and (b) and a greenschist-facies
quartzite (¢) from the valley of the Kekesu river.

5.3. “4r/’ Ar dating results

Single grains of K white mica were analyzed by incremental heating with an
YA/ Ar laser probe (CO, Synrad®). Minerals were carefully handpicked under a
binocular zoom microscope from the 0.3-2 mm size fraction of the crushed rocks. The
samples were wrapped in Al foil envelopes (11 mm % 11 mm X 0.5 mm), which were
stacked in an irradiation can, with flux monitors inserted after every 8 to 10 samples.
Standard Sanidine TCR-2 (with an age of 28.34 Ma according to Renne et al. [1998])
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was used as flux monitor. Samples and standards were irradiated for 13.33 hours at
the McMaster reactor (Hamilton, Canada) with a total flux of 1.7x10'® nxcm™. The
sample arrangement allowed us to monitor the flux gradient with a precision of £0.2%.
The step-heating experimental procedure has been described in detail by Ruffet et al.
[1991, 1995]. Blanks are performed routinely at the start of an experiment and
repeated typically after each third run, and are subtracted from the subsequent sample
gas fractions. Analyses are performed on a Map215® mass spectrometer.

Plateau ages (PA) were calculated if 70% or more of the **Arg was released in at
least three or more contiguous steps, and the individual step ages of the plateau
segment agree to within 1o or 2 of the integrated age. Pseudo-plateau ages, with less
than 70% of *Arg released, can also be defined. The *’Ar/*’Ar analytical data are
listed in Table 3, and portrayed as age spectra in Figure 10. All errors are quoted at the
lo level. Step-heating resulted in flat age spectra for all samples for substantial parts
of the gas release with comparable ages that are, however, discordant at the
lo confidence level. White mica from strongly retrogressed blueschist (XJ607-2b)
yielded a plateau age of 316.3 £ 2.2 Ma, whereas the mineral from a moderately
retrogressed blueschist (XJ612) yielded a pseudo-plateau age of 330.7 = 0.3 Ma
(Figures 10a and 10b). White mica in greenschist-facies metamorphic quartzite XJ611
gave a plateau age of 322.8 + 0.4 Ma (Figure 10c).

5.4. Interpretation of the ages

The 330-315 Ma **Ar/*’Ar K-white mica ages that we obtained are up to about
50 Ma younger than the radiometric ages obtained by Xiao et al. [1992], Gao et al.
[1995] and Gao and Klemd [2003] on high-pressure metamorphic rocks in the
southern Tianshan. The retrograde mineralogy characterized by abundant late-stage
chlorite and albite growth and textural relationships (intergrown mica-chlorite that has
overgrown the main foliation) imply that white mica in samples XJ607-2b and XJ612
was formed during retrogression of the blueschist-facies metamorphic assemblage.
The strongest retrogressed blueschist (XJ607-2b) has the lowest plateau age of 316.3
+ 2.2 Ma, whereas XJ612 that shows a lesser degree of retrogression yielded a plateau
age of 330.7 £ 0.3 Ma. We, thus, interpret these latest Early to Late Carboniferous
(Mississippean) dates as age constraints on the retrograde recrystallization of the
blueschist-facies mineral assemblage during exhumation. The pseudo-plateau age of
330.7 + 0.3 Ma for white mica from greenschist-facies quartzite XJ611 agrees with
such a timing. This explanation corroborates the interpretation by Klemd et al. [2005]
of a comparable spread in a data set of Rb-Sr and **Ar/*’Ar ages of K-white micas
from retrogressed blueschists about 85 km westward along strike.

6. Gangou-Kumux transect

In southern Tianshan, an ophiolitic mélange trends from Aheqi to Kumux,
through Heiyingshan, Kule, Wuwamen, and Yushugou (Figure 1). Other ophiolitic
mélanges are described in the Gangou and Mishigou areas. But as shown in this
section, the Gangou-Kumux transect (Figure 11) exposes two distinct zones of
ophiolitic rocks, it is therefore a key region for understanding the tectonics of the
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Tianshan Belt. This area has been already described by Windley et al. [1990], Allen et
al. [1992], Laurent-Charvet [2001], Shu et al. [2004] and Xiao et al. [2004], but our
additional investigation allows us to propose a different interpretation from that of

previous authors.
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Figure 11. (A) Schematic geological map of Kumux-Gangou transect (Modified from XBGMR [1959], Allen et al. [1992]
and Laurent-Charvet [2001]). (B) Cross section, located in A. In spite of conspicuous dextral strike-slip faulting along the
MTZ and Qinnbulak faults (faults 2 and 6, respectively), older flat-lying ductile shear events can be recognized. The MTZ
overprints the ophiolitic mélanges observed in Gangou and Mishigou that corresponds to the South Tianshan Ocean. In
Mishigou, kinematic indicators argue for a top-to-the-North shearing. North vergent folds, also observed in the Silurian
turbidite (Figure 12a), are unconformably overlain by Early Carboniferous shallow water deposits. The Qingbulak fault is
not a suture zone. South of Kumux, the ophiolitic mélange is a klippe transported from South to North as shown by shear
criteria (cf. Figure 12b) and rooted south of Kumux.

6.1. The Gangou-Mishigou mélange

47



48

In Gangou and Mishigou areas (Figure 11A), along the southern side of the
MTSZ (fault 2 in Figurel), blocks of serpentinite, gabbro, marble and chert are
included in a coloured schistose matrix forming an ophiolitic mélange [Allen et al.,
1992; Laurent-Charvet, 2001]. In the mélange, both blocks and matrix are ductilely
deformed by a conspicuous vertical foliation and subhorizontal stretching lineation.
Kinematic indicators are consistent with a dextral shearing. However, more to the
South, reverse faults and bedding-cleavage relationships in folds developed in the
matrix show a northward vergence (Figures 11A and 11B) [dllen et al., 1992;
Laurent-Charvet, 2001]. This ophiolitic mélange zone is considered as the North
Tianshan Suture [Windley et al., 1990; Allen et al., 1992; Gao et al., 1995, 1998; Zhou
et al., 2001] that extends to Shenglidaban (locality g in Figure 1) and Bayingou, south
of Dushanzi. However, according to our field investigation, a different correlation can
be proposed. The mélange is overthrust to the north by an Ordovician volcanic and
sedimentary series, composed of andesite, dacite, basalt, tuff, pyroclastic rocks and
greywacke, which in turn is overlain by north verging folded and sheared Silurian
turbidite [Laurent-Charvet, 2001] (Figure 11). A gabbro from the mélange yields a
Rb-Sr whole rock age at 468 Ma, and a deformed basalt gives an age at 422 Ma [Che
et al., 1994]. Undeformed granitic plutons intrude the mélange and Ordovician to
Silurian strata (Figure 11), but these plutons remain undated. It is worth to note that
Carboniferous volcanic arc rocks are exclusively distributed to the north of the MTSZ.
Conversely, to the south of the MTSZ, Early Carboniferous conglomerate, sandstone
and shallow water limestone unconformably overly Early Paleozoic
volcano-sedimentary rocks and granitoids. The Silurian turbidite is deformed by
N-verging folds and flat-lying shear zones (Figure 12a). The occurrence of granitoids
older than Carboniferous, presence of a Proterozoic basement, and lack of a
Carboniferous arc suggests that this region is different form the North Tianshan as
well as the Yili Block (Figures 1 and 10) [Wang et al., 2006b]. Another possibility is
to correlate the pre-Carboniferous Gangou-Mishigou ophiolitic mélanges to the HP
metamorphic complex described above in sections 3 and 4.

Figure 12. Examples of top-to-the-North shearing along the Gangou-Kumux transect (located in figure 11). (a) North
vergent folds and flat-lying shear zone in the Silurian turbidite, (b) asymmetrically sheared layers in the metapelitic
matrix of the ophiolitic mélange near Yushugou.

6.2. The Kumux ophiolitic mélange
The Qingbulak Fault (fault 6 in Figure 1) has been regarded as the South
Tianshan Suture reworked by a dextral ductile strike-slip fault [Windley et al., 1990;

48



49

Allen et al., 1992]. This fault separates Proterozoic orthogneiss to the north from
marbles and micaschists to the south [Laurent-Charvet, 2001]. South of Kumux, a
50-km-long and 30-km-wide mélange develops in the Liuhuangshan, Tonghuashan
and Yushougou massifs (Figure 11). In Liuhuangshan and Tonghuashan, abundant
blocks of marble, crinoid bearing limestone, radiolarian bearing red chert, gabbro,
basalt and serpentinite are surrounded by schistose metapelite, metasandstone and
deformed conglomerate [Laurent-Charvet, 2001]. The limestone blocks contain
abundant brachiopoda and coral fossils of Late Ordovician to Late Silurian [XBGMR,
1959]. Although, the age of the mélange matrix is poorly constrained, a Middle
Devonian, or younger, age can be inferred since Early-Middle Devonian radiolarian
fossils are found in a chert block in Livhuangshan mélange [Gao et al., 1998].

In Yushugou, slices of serpentinite, deformed cumulate gabbro, amphibolite and
granulite are enclosed in highly sheared metapelites and metasandstones
corresponding to the matrix of the ophiolitic mélange (Figure 12b). A ductile
deformation produced a flat-lying foliation and a submeridian stretching lineation in
the mélange matrix and to a lesser extent in some of the blocks. Numerous
asymmetric criteria such as pressure shadows, sigmoidal quartz veins or shear bands
indicate a top-to-the-North ductile shearing related to the emplacement of the Kumux
ophiolitic mélange (Figure 11) [Laurent-Charvet, 2001]. Thus, since the Kumux
ophiolitic mélange was displaced to the North, it is unlikely that the Qingbulak Fault
represents the root zone of the mélange. Available geochronological studies from the
Kumux mélange are rare. A pyroxene amphibolite and a basalt from Liuhuangshan are
dated at 452+19 Ma and 340+4Ma, respectively by the Rb-Sr method on whole rock
[Ma et al., 1990; Wu et al., 1992]. Amphibole from a gabbro of Tonghuashan yields a
K-Ar age of 420+14 Ma, and a cumulate gabbro of Yushugou give a K-Ar age of 437
Ma [Zhang, 1985]. Zircons from a granulite block in Yushugou are dated by U-Pb
SHRIMP method at 390+11Ma and 392+7 Ma [Zhou et al., 2004], and single zircon
grains from a gabbro block in Yushugou yield a U-Pb age of 378+6 Ma [Jiang et al.,
20007].

7. Wushi-Aheqi deformation-mélange zone
Along the southern part of the Tianshan Belt, ophiolitic mélanges similar to those
described in Kumux and Heiyingshan are exposed in Wushi and Aheqi areas (Figure

).

7.1. The Biediele section

The Biediele River, located 60 km northwest of Wushi County, provides an
excellent section to study the deformation of the Paleozoic rocks. The southern part of
the section corresponds to a 3 km thick series of steeply (ca 50-70°) north dipping
Permian sandstone, calcareous sandstone and conglomerate. Load casts and graded
beddings indicate that this series is frequently upside down and deformed by
south-verging folds. The contact with the underlying limestone and sandstone series
of Early-Middle Carboniferous age is not observed, an unconformity is reported
[XBGMR, 1993] but a high angle thrust is also possible. A South-directed high angle
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thrust separates the Carboniferous and Devonian rocks in the footwall and
hangingwall, respectively (Figure 13). The pre-Carboniferous rocks exhibit structural
features quite distinct from the Carboniferous-Permian series. The Devonian and
Silurian rocks consist of mylonitic marble (Figure 5f) and schistose clastic and
volcaniclastic rocks, respectively. The foliation, deformed by South-verging folds,
contains a N-S to NW-SE trending stretching lineation and intrafolial folds attesting
for intense ductile shearing. In spite of extensive recrystallization in the marbles,
several kinematic criteria such as asymmetric quartz fibers around pyrite grains,
sigmoidal clasts and drag folds indicate a top-to-the-North shearing (Figures 5g and
Sh). These pre-Carboniferous rocks and those developing to the north of the
Heiyingshan ophiolitic mélange are probably belonging to the same formation. In the
Biediele valley, ophiolitic mélange does not crop out. We interpret this absence as the
result of the post-Permian (Cenozoic?) deformation. In the cross-section of Figure 13,
we assume that the ophiolitic mélange has overthrust the Silurian-Devonian
sedimentary rocks before the deposition of the Carboniferous rocks. Subsequently, the
stack of nappes and its discordant Carboniferous cover were deformed together by
south-vergent folds.

Southwestward of Wushi, the Lower Carboniferous mudstone, sandstone and
fluvial conglomerate unconformably cover the Cambrian to Devonian sedimentary
rocks (Figures 1 and 13) that belong to the northern margin of Tarim Block underlain
by Sinian sandstone and Proterozoic metamorphic basement exposed near Akesu area
(Figure 1). In agreement with previous studies, the Sinian to Neogene sedimentary
series is deformed by south directed imbricate thrusts related to the Late Cenozoic
tectonics [Allen et al., 1999, and references therein]. According to available seismic
data, an active fault, called the South Tianshan Fault (STF, fault 8 in Figures 1 and 13),
passing along the Tuoshigan River separates the Tianshan Belt from the Tarim Block
(Figure 1) [Allen et al., 1999; Zhao et al., 2003]. Although we did not study them in
detail, we underline that the Devonian rocks of the northern part of the Tarim Block,
predominantly composed of red sandstone and pelite, are significantly different from
the Devonian rocks of the Biediele River. Since the ophiolitic mélange has been thrust
northward upon Devonian marbles, and to the farther south, the Devonian rocks
exhibit a quite distinct facies, the ophiolitic mélange must be rooted in the South
Tianshan Fault. The geodynamic interpretation will be discussed in section 8.

7.2. The Aheqi section

We investigated the relationship between the southern flank of Tianshan and the
Tarim Block in Aheqi (locality ¢ in Figure 1), located 150 km southwestward of the
Wushi County. In the north, an ophiolitic mélange consists of meter to kilometer-sized
limestone or bedded chert blocks included in schistose grey-green pelite and siliceous
turbidite. Along a 5-km-long section, only one block of mafic volcanite has been
observed, but according to the available geological maps [XBGMR, 1961], mafic and
ultramafic rocks are exposed close to the state border with Kirghizstan, further to the
northwest of the section. Bedding in the sandstone and cleavage in the pelite display
an average NE-SW trend (ca NSOE to N70E), which is consistent with that of

50



51

Heiyingshan ophiolitic mélange. More to the NW, kilometer- thick massive limestone
might be the equivalent of the autochthonous series of the Beideile River. However,
due to the intense recrystallization, the ductile planar and linear structures have been
erased.

To the South of the Aheqi ophiolitic mélange, Late Carboniferous limestones
containing coral fossils overlie conformably Early Carboniferous red mudstone,
coarse grain sandstone and conglomerate intercalations. These rocks do not display
any ductile shearing or metamorphism, but both Early and Late Carboniferous beds
are locally overturned and deformed by South-vergent recumbent folds.

| South Tianshan Fault
| Biediele Valley | Kepingtage Cenozoic thrust belt
NW Devonian mylonitic carbonate ® Tuoshigan River SE
Silurian(?) schistose | Late Devonian-Early Carboniferous Carboniferous Sinian
—| KM volcano-sedimentary rocks / South Tianshan ophiolitic mélange . clasticirocks Cambrian | Ordovician
- | Cenozoic P Siluri
Devonian [ tlurian
7 — Permian clastic rocks
: -
0 o —
i __ heet™ 3 v (O}
=3 [
5k Basement of Central Tianshan <~ Basement of Tarim —+—
| —

Post-Permian (Cenozoic?) ?m Late Devonian-Early Carboniferous north-directed thrust associated
south-directed thrust to the S2 suture, which was redeformed by post-Permian tectonics

Figure 13. Schematic cross section of the Wushi area (located in figurel) showing the bulk geometry of the South Tianshan.
In agreement with Allen et al. [1999], in the Kepintage area, the Sinian to Carboniferous series belongs to a thrust-and-folds
belt related to the Cenozoic underthrusting of the Tarim below the Tianshan. In the Biediele valley, the South directed high
angle thrusts events are attributed to the same Cenozoic event since Permian sandstone is folded. The ophiolitic mélange
overthrusts northward a ductilely deformed series of Devonian marble and volcano-clastic rocks. Although folded by the
Cenozoic event, the Carboniferous rocks unconformably cover the ophiolitic mélange. The South Tianshan Fault (number 8
same to that in Figure 1) appears as a reworked pre-Carboniferous suture zone between Tarim and Central Tianshan.
8. Discussion
8.1. Present-day structure

The present-day structure of the Tianshan Belt is the direct consequence of the
Cenozoic Eurasia-India collision [e. g. Molnar and Tapponnier, 1975; Tapponnier and
Molnar, 1979; Nelson et al., 1987; Avouac et al., 1993; Hendrix et al., 1994; Burchfiel,
et al., 1999; Poupinet et al., 2002; Shu et al., 2003]. The earthquake focal mechanisms
and seismological tomography document active intracontinental subduction [Allen et
al., 1999; Vinnik et al., 2004] (Figure 14). To the south, the Tarim lithosphere is
subducting northward. As a consequence, the Paleozoic to Cenozoic sedimentary
cover of the Tarim Proterozoic basement is folded, and imbricated southward [e. g.
Allen et al., 1999]. Along the Tuoshigan River, the active South Tianshan Fault
represents the present-day boundary between the Tarim and the Tianshan Belt. It is
likely that this fault extends at depth and joins with the subducting Tarim basement.
As stated above, the lithological differences of the Paleozoic sedimentary series on
both sides of the fault, suggests that the South Tianshan Fault corresponds to a
reactivated Paleozoic suture (cf. below). Similarly, the present-day northern boundary
of the Tianshan belt is a North-directed Cenozoic thrust. The footwall of the thrust is

formed by ca 10-12 km thick post-Carboniferous sedimentary rocks of the Junggar
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basin, folded and sheared towards the North. The hangingwall of the fault consists of
Carboniferous turbidites and ophiolitic mélanges corresponding to an accretionary
prism formed during the closure of the oceanic basin that separated the North part of
the Tianshan from the Junggar Block [Wang et al., 2006b].
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Figure 14. Present-day lithosphere-scale cross section from Junggar to Tarim. The Cenozoic continental subduction,
responsible for the double vergent structure of the Tianshan Belt disturbed the Paleozoic structure. The boundaries
between Junggar Basin, Yili Block, Central Tianshan Tarim correspond to Paleozoic sutures reworked during the
Permian dextral wrenching and the Cenozoic shortening. NTF: North Tianshan Fault, NF: Nalati Fault (Nikolaiev
Tectonic Line), STF: South Tianshan Fault. The deep structure is after Zhao et al. [2003] and Wang et al. [2004a].
8.2. Permian tectonics and magmatism

Permian transcurrent displacements that affected entire Central Asia, also played
an important role in the evolution of the Chinese Tianshan Belt [e. g. Sengor et al.,
1993, Allen et al., 1995]. In the Tianshan region, Late Permian red beds composed of
fine to coarse sandstone, conglomerate with multicomponent pebbles are widespread
(Figure 1) [Caroll et al., 1995; Allen et al., 1995; Cui et al, 1996]. A
well-documented regional unconformity of Late Permian over pre-existing rocks
argues for a major break in the orogenic processes in the Tianshan Belt during the
Permian.

Several E-W trending, anastomosing, large-scale strike-slip faults, such as the
North Tianshan Fault, Main Tianshan Shear Zone, Nalati Fault, Jinghe Fault,
Qingbulak Fault, and Houxia Fault are responsible for the domainal structure of the
Chinese Western Tianshan (Figure 1). Kinematic and paleomagnetic studies show that
they are dextral ductile shear zone active between 280 to 250 Ma [Cai et al., 1996;
Bazhenov et al., 1999; Shu et al., 1999; Zhou et al., 2001; Laurent-Charvet et al.,
2002, 2003]. This Permian transcurrent faulting is also coeval with the development
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of pull-apart basins characterized by a chaotic sedimentation in which Carboniferous
limestone, sandstone and volcanic rocks are reworked as olistoliths enclosed in a
terrigeneous matrix [Allen et al., 1995; Shu et al., 2005]. The faults are also the feeder
zones for interstratified lava flows.

Early to Late Permian magmatic rocks distribute ubiquitously in the Tianshan
Belt, but most of them are located along the strike-slip faults (Figure 1). Along the
northern margin of the Yili Block, large elongated plutons of K-feldspar granite yield
zircon U-Pb ages of 280+5Ma, 266+6 Ma and 294+7Ma, a K-granite from north of
Yining yields zircon U-Pb age of 272+6 Ma (Table 1) [Wang et al., in preparation]. In
north of Kumux, undeformed granite intruding in the Proterozoic orthogneiss yields a
zircon U-Pb age of 252+4 Ma. An undeformed red granite from the Kekesu area is
dated at 277+3 Ma [Wang et al., in preparation]. In Bole area, igneous rocks yield
ages of 280~270 Ma by K-Ar and *Ar/’Ar methods [Chen et al., 1994; 2000]. A
tholeiite from Baiyanggou, southeast of Urumqi yield a zircon SHRIMP age of 245
Ma [Shu et al., 2005].

As a whole, the Permian magmatic rocks belong to bimodal suites. Numerous
geochemical studies indicate alkaline signatures [Allen et al., 1992; Chen et al., 1994,
1999, 2000; Shu et al., 2005; Wang et al., in preparation]. This alkaline magmatism
points to an important thermal input from the mantle at the end of the Paleozoic in the
Tianshan Belt that might be also responsible for partial or total resetting of the older
tectono-metamorphic events. For instance, it may account for the “young” Ar/Ar
biotite ages of 259+3.3 Ma and 245+0.3 Ma yielded by the quartz micaschists from
Kule and Changawuzi ophiolitic mélanges, respectively [Cai et al., 1995; Hao and
Liu, 1993].

Therefore, the available tectonic and magmatic data suggest that during the
Permian, the Tianshan Belt experienced a continental scale wrenching. In agreement
with previous studies [e. g. Bazhenov et al., 1999], our new paleomagnetic results
from the Yili Block comply with an anti-clockwise rotation of the Yili Block respect
to the Tarim Block that took place between Late Carboniferous and Late Permian.
Such a rotation is likely accommodated by the dextral strike-slip faults distributed
within the whole Tianshan orogen [ Wang et al., submitted].

8.3. Sutures and their ages

As outlined above, several ophiolitic mélange zones distribute from west to east
along the Tianshan range. These mélanges occur mainly in the Bayingou,
Gangou-Mishigou, Kekesu-Changawuzi, Aheqi, Heiyingshan, Kule, Wuwamen and
Kumux areas (Figure 1). Since the Bayingou and Gangou-Mishigou mélanges are
close to the NTF and MTSZ, respectively, and appear nearly aligned in a NW-SE
trend, they are often considered as belonging to the same North Tianshan Suture
formed by a southward subduction [e.g. Windley et al., 1990; Allen et al., 1992; Gao
etal., 1998; Zhou et al., 2001]. However, as shown in section 6, taking into account a]
the age difference between the Late Devonian-Early Carboniferous of Bayingou
mélange and the Late Ordovician-Silurian of Gangou-Mishigou mélange and, b) the
spatial relationships between the two mélange zones with respect to the adjacent
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volcanic arcs, namely Yili arc to the south of Bayingou mélange, and
Ordovician-Silurian Central Tianshan arc to the south of Gangou-Mishigou mélange,
we propose that these two mélange zones belong to two different sutures. The
Bayingou mélange and related subduction complex represent the North Tianshan
Suture. It is worth to note that due to the Cenozoic tectonics, the true ophiolitic suture
is not exposed. The mélange was formed during a southward subduction that was also
responsible for the genesis of the Yili magmatic arc as well as the Bogda volcanic arc.
To the East, the Bogda magmatic arc overthrusted the Meso-Cenozoic sedimentary
rocks of the Junggar basin, and consequently hides the Paleozoic suture zone. The
westward extension of the North Tianshan suture is offset by the Aibi Fault (fault 5 in
Figure 1), but it is likely that this suture zone extends in Kazakhstan. The final
suturing along the North Tianshan Suture occurred at the end of Carboniferous [e. g.
Zhou et al., 2001; Wang et al., 2006b]. In Figures 15-17, this cryptic suture is labelled
S3.
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Figure 15. Simplified tectonic map of the Chinese West Tianshan Belt showing the three sutures recognized in this study.
S1: Early Paleozoic Tianshan Suture along the Kekesu-Mishigou-Gangou lineament separates Central Tianshan to the
south from the Yili Block and North Tianshan to the north; S2: Late Devonian-Early Carboniferous Suture along the South
Tianshan Faults separates Central Tianshan from the Tarim; S3: Late Paleozoic North Tianshan Suture separates the Yili
Block and North Tianshan from Junggar.

Except the North Tianshan mélange, all other ophiolitic mélanges that develop in
the Tianshan belt are regarded by most of previous researchers as formed in one single
ophiolitic suture, i.e. the South Tianshan Suture or the Qingbulak Fault, and most of
mélange areas are tectonic slices thrust to the south from this suture. In fact, the
Kekesu HP metamorphic oceanic rocks, Changawuzi ophiolite and Gangou-Mishigou
ophiolitic mélange are suggested to form around 410-440 Ma, and the HP
metamorphism is proposed to take place around 350-330 Ma [e.g. Gao et al., 1998;
Klemd et al., 2005], thus the South Tianshan Suture previously defined as a northward
subduction producing the Carboniferous Yili magmatic arc is unlikely since the age of
the magmatic rocks in the Yili Block ranging from 360 Ma to 310 Ma [Li et al., 1998;
Zhu et al., 2005; Wang et al., 2006b] is younger than that of the HP metamorphism. In
addition, the top-to-the-North kinematics inferred from the HP metamorphic complex
[Gao et al., 1995; this study, section 4] and Gangou-Mishigou area (section 6)
indicates that these metamorphic oceanic rocks should be related to a southward
subduction. Ordovician to Silurian calc-alkaline volcanic and volcaniclastic rocks that
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develop to the south of the Kekesu - Nalati - Mishigou - Gangou ophiolites also agree
with a South-directed subduction. Thus, the Changawuzi, Kekesu, Mishigou, Gangou
ophiolites correspond to the Early Paleozoic Tianshan Ocean that closed before Late
Devonian by south-directed subduction. These ophiolites form the oldest suture in the
Chinese Tianshan Belt and are referred to as S1 suture (Figures 15-17).

Finally, the ophiolitic mélanges that crop out in Aheqi, Heiyingshan, Kule,
Wuwamen and Kumux areas consist of a Late Devonian to Early Carboniferous
matrix and enclosed various oceanic derived blocks including ca 400-380 Ma gabbros.
Conversely to previous studies, our kinematic analyses in both the mélange and its
underlying tectonic substratum, agree with the interpretation of thrusted slices
diplaced from South to North. The geochemistry of the Wuwamen ophiolite suggests
that it formed in a back arc basin setting [Dong et al., 2005], which is different from
the Kekesu-Mishigou-Gangou oceanic crust. Therefore, we propose that this mélange
zone may originate in a third suture, of Late Devonian-Early Carboniferous age. In
Figures 15-17, this suture is defined as S2. To the West, it partly corresponds to the
South Tianshan Fault, from Akesu to Korla, S2 is hidden below the Meso-Cenozoic
sedimentary deposits of the North Tarim basin. Presumably, S2 continues eastward to
north of the Proterozoic basement of the Tarim Block, and then to the South of
Kumux, but the exact pattern could not be verified as these places are impossible to
reach.
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Figure 16. Pre-Permian reconstruction of the Chinese West Tianshan Belt. In order to emphasize the primary
structure of the Tianshan Belt, the sedimentary and magmatic rocks yonger than Carboniferous have been
omitted. The three sutures identified in figure 15 separate four continental blocks, namely from South to North,
Tarim, Central Tianshan, Yili and Junggar.

8.4. Pre-Permian Tectonic divisions of the Chinese Tianshan Belt

In the Western Chinese Tianshan, the Permian and Cenozoic overprints severely
complicate the tectonic reconstruction of the Paleozoic Tianshan. The present-day
intracontinental subductions (Figure 14) do not represent the pre-Permian
relationships between the Tianshan Belt and adjacent Junggar and Tarim basins. For
instance, the true North Tianshan suture is a cryptic one, hidden below the Cenozoic
trust of the northern part of the Tianshan belt above the Mesozoic-Cenozoic
sedimentary series. In order to better understand the pre-Permian tectonics, it is also
necessary to compensate for the effect of Permian intracontinental wrenching.
However, the amount of belt-parallel displacement is presently unknown. Figure 15 is
a simple reconstruction of the pre-Permian structure of the Chinese Tianshan Belt
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showing the above defined three oceanic sutures and intervening continental blocks,
namely from North to South, Junggar, North Tianshan, Yili Block, Central Tianshan
and Tarim.

The North Tianshan represents the Middle to Late Carboniferous accretionay
complex located to the south of the true S3 ophiolitic suture formed by the southward
subduction of the Junggar basin below the Yili Block. The continental or oceanic
nature of the basement of the Junggar Block is controversial. On the basis of gravity
and seismic data, some authors [e.g. Yang et al., 1986; Sengor et al., 1993; Gao et al.,
1998] propose a continental craton, alternatively a remnant back-arc basin with an
oceanic crust is suggested [e.g. Caroll et al.,1990; Chen and Jahn, 2004; Jahn, 2004].
Although a general discussion on this problem is beyond the scope of this paper, the
large area (ca 130. 000 km?), and the 10-12 km of sediment thickness in the Junggar
basin argue for a continental crust.

The Yili Block is a Late Devonian-Carboniferous magmatic arc sitting on an
Early Paleozoic platform and a Proterozoic basement. The North Tianshan Fault (NTF,
Fault 1 in Figures 1 and 15) separates the Yili Block from the North Tianshan.
However, there is no evidence that the NTF existed before the Permian, and thus the
North Tianshan could have formed the northern margin of the Yili Block (Figure 16).

The Central Tianshan represents the domain located between the S1 and S2
sutures, with Ordovician to Silurian arc volcanites and sedimentary rocks deposited
on a Proterozoic basement. In the northern and central parts of the Central Tianshan,
the unmetamorphozed Silurian turbidites are sheared and folded with a northward
vergence. The deformed Early Paleozoic series are unconformably overlain by
Carboniferous terrigeneous rocks and carbonates. In the southern part of the Central
Tianshan, Silurian and Devonian marbles are ductilely deformed and are tectonically
overlain by a Late Devonian-Early Carboniferous ophiolitic mélange. The
interpretation proposed here for the Central Tianshan is different from previous
reconstructions, in which the Yili and Central Tianshan were considered as a single
microcontinent [Windley et al., 1990; Allen et al., 1992; Gao et al., 1998; Zhou et al.,
2001].

The southernmost part of the Tianshan range is dominanted by ophiolitic
mélanges, which are defined here as South Tianshan mélange zone rooted in the S2
suture. To the south of the S2 suture, a continuous series of weakly deformed
Paleozoic strata overlies a Proterozoic basement. These rocks, well exposed in the
Kepingtage and Kuluketage mountains, belong to the northern passive margin of the
Tarim Block (Figures 1, 16). The significant difference between the Devonian rocks
on both sides of the S2 suture agrees with this interpretation. To the North of the S2
suture, the Devonian rocks consist dominantly of platform carbonates and chert,
whereas to the South of S2 suture, red sandstone is widespread. Conversely, the
Carboniferous sandstone and limestone, that crop out from Aheqi to South of Kumux
and unconformably cover the Devonian and older rocks, are similar on both sides of
S2 suture.

8.5. Tectonic evolution of the Chinese West Tianshan
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Figure 17. Simplified geodynamic evolution of the Chinese West Chinese Tianshan Belt (modified from
Laurent-Charvet [2001]). In this model, the continental convergence between Junggar and Tarim is
accommodated by three diachronous and south-directed subduction zones. The Early Paleozoic closure
of the Tianshan Ocean is responsible for the collision of the Yili Block with Central Tianshan. This
microcontinent is the drifted northern part of the Tarim continent and rewelded again to Tarim at the end
of Devonian. Lastly, the Junggar continent collided with northern part of the Yili Block at the end of
Carboniferous.
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On the basis of the above presented data, a simple scenario is proposed as
evolutionary cross-sections in Figure 17. This model emphasizes the displacements at
high angle to the belt, orogen-parallel wrenching is not taken into account since
evidence for the pre-Permian strike-slip is not documented. During the
Ordovician-Early Silurian, an oceanic basin called the Tianshan Ocean existed
between the Yili Block and the Central Tianshan Block (Figure 17). This ocean began
to close by southward subduction beneath the Central Tianshan during Late
Ordovician and Silurian generating the Central Tianshan volcanic arc. At that time,
the Central Tianshan was a part of the Tarim Continent. From Middle Silurian to
Middle Devonian time, the Tianshan Ocean was progressively closing. The oceanic
subduction, followed by the continental subduction of the southern part of the Yili
Block was responsible for the development of the HP metamorphic complex.
Coevally with the closure of the Tianshan Ocean, a marginal sea opened to the South
of the Central Tianshan Block, as suggested by the ca 400-380 Ma gabbro blocks with
a back-arc-basin geochemical affinity found in the ophiolitic mélange. Moreover, the
evolution from a carbonate platform to banded cherts argue for a progressive
deepening of the southern margin of the Central Tianshan Block during the Early to
Middle Devonian. During the Early Paleozoic, the limestone and sandstone deposits
suggest that the northern margin of the Yili Block was a passive margin. A possible
ocean separating the south Junggar from the Yili Block is assumed in Figure 17.

From the Late Devonian to Early Carboniferous, due to the closure of the
Tianshan Ocean, the Yili and Central Tianshan Blocks are welded together to form a
single continental mass. At that time, the HP metamorphic rocks were exhumed. The
closure of the back arc basin was accommodated by a south-directed subduction
below the Tarim Block as suggested by the northward thrusting of the South Tianshan
ophiolitic mélange. At the same time, the existence of an oceanic basin, called the
North Tianshan Ocean [e.g. Xiao et al., 1992] can be documented. The Yili magmatic
arc and the North Tianshan accretionary prisme comply with a southward subduction
of the North Tianshan Ocean. The oceanic subduction ended in Late Carboniferous
when the continental collision occurred between Junggar Block and the Yili Block. At
the end of the Carboniferous, the submeridian convergence (with respect to the
present geographic coordinates) finished when all the continental blocks were
amalgamated.

The Permian intracontinental tectonics is characterized by dextral ductile
strike-slip associated with alkaline magmatism. The regional unconformity of the
Permian red beds deposits shows that the Paleozoic Tianshan orogeny definitely
ended. As discussed above, this mountain belt was reactivated by Cenozoic
intracontinental subductions due to the Indo-Asia collision.

9. Conclusions

The study of the Western part of the Chinese Tianshan, and particularly of the
South branch of the Yili Block in several key areas, has allowed us to offer new
structural and geochronological insights on the Paleozoic evolution of the belt. A
detailed survey along the Kekesu River documents three deformation events. The
most conspicuous one corresponds to a ductile dextral shearing along the Nalati Fault
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(or Nikolaiev Tectonic Zone) that agrees well with the Permian wrenching that was
previously described throughout the Tianshan Belt. An older event produced
structures such as low angle foliation and submeridian stretching lineation associated
to a top-to-the-North ductile shearing. This event is coeval with a blueschist-eclogite
facies metamorphism that is developed in mafic and sedimentary rocks formed in an
oceanic basin. The flat-lying ductile deformation is interpreted as the result of the
northward emplacement of an ophiolitic nappe upon the Yili Block. Lastly, evidence
for an extensional event, coeval with a greenschist facies metamorphism is recognized
in the high-pressure rocks.

YAr/°Ar laser probe dating of white mica in retrogressed blueschist facies
metapelites and in a greenschist facies quartzite provides 330-315 Ma ages that are
interpreted as the age of the final exhumation of the HP rocks. In agreement with
previous studies, the age of the HP metamorphic event cannot be younger than Early
Carboniferous. Moreover, the evidence of the Late Ordovician-Silurian volcanic arc
above the continental Central Tianshan Block, recognized to south of the HP rocks,
argues for the closure of the Tianshan Ocean as soon as Silurian.

Along the southern slope of the Tianshan range, a Late Devonian-Early
Carboniferous ophiolitic mélange including ca 400 Ma gabbro and Late
Devonian-Early Carboniferous (Fammenian-Tournaisian) chert blocks has been thrust
to the North over a Silurian-Devonian marble series. This ductile shearing occurred
before the deposition of the Early-Middle Carboniferous sandstone and limestone
series that unconformably covers the mélange and its tectonic substratum. The
geochemistry of the mafic rocks blocks included in the mélange suggests that these
rocks were formed in a marginal sea rather than in a wide oceanic basin.

In the Chinese Western Tianshan Belt, we distinguish three ophiolitic sutures.
The oldest one, of Early-Middle (?) Devonian age corresponds to the closure of the
Tianshan Ocean through a southward subduction and subsequent collision between
the Yili Block and Central Tianshan. The southern one, of Late Devonian-Early
Carboniferous age, is the root zone of the South Tianshan ophiolitic mélange. The
northern suture that separates the Yili Block with its Carboniferous magmatic arc from
the Junggar Block is actuallly represented only by the subduction complex and
ophiolitic mélange of the North Tianshan. This Late Carboniferous suture is widely
hidden by north-directed Cenozoic thrusts.
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Abstract

In order to better understand the tectonic role of the Yili Block on the Paleozoic evolution
of the Chinese Tianshan Belt, we performed a primary paleomagnetic study on Carboniferous
and Permian rocks from different areas in the Yili Block, NW of China. More than 320
sedimentary and volcanic samples were collected from 39 sites. Except for the Ordovician
samples from the Axi area showing a weak and unstable magnetic remanence, the majority of
this collection present characteristic remanent magnetization carried by magnetite and hematite.
Though positive fold test has been observed on the part of Early Carboniferous rocks, a general
remagnetisation of these rocks has been identified due to Late Carboniferous magmatism in this
area. Moreover, all Early and Late Carboniferous samples of Zhaosu and Xinyuan areas located
in the interior of the Yili Block yield stable and coherent magnetic directions with exhaustively
reversed magnetic polarity. The Late Carboniferous is considered as the remanent age since
these rocks are covered or intruded by synchronous magmatic rocks of the Yili arc, which lasted
until to —310 Ma. The C, paleomagnetic pole is therefore calculated at 68.6°N, 290.6°E with
Ags=6.4° and n=15. The Late Carboniferous rocks from Yuxi section located close to
deformation zone present a coherent magnetic inclination but significant different declination
with respect to other areas and are suspected to have probably experienced a local rotation.
Although no fold test can be performed due to the monoclinal bedding, stable magnetic
components are isolated from Late Permian (P,) red beds of the Gongliu area with also a solo
reversed magnetic polarity, and the P, paleomagnetic pole of the Yili Block has been, therefore,
calculated from the characteristic remanent magnetization: 79.7°N, 172.0°E with Ag¢s=11.3°
and n=5. Comparison of the C, and P, paleomagnetic poles of the Yili Block with coeval poles
of Junggar, Tarim and Siberia indicates (1) no significant relative motion between the Yili and
Junggar blocks since the Late Carboniferous, (2) no significant or weak latitudinal relative
motion occurred since the Late Carboniferous among these blocks, but (3) the 46.2°+15.1° and
the 31.6°+15.1° counterclockwise rotations of the Yili-Junggar blocks with respect to Tarim
and Siberia took place during C, to P,. These rotations are accommodated by the Permian
dextral strike-slip faults along the northern and southern sides of Tianshan Belt and sinistral
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strike-slip faulting along the Erqishi Fault of Altay Belt, resulting in about 1000 km and 600 km
lateral displacements in the Tianshan and Altay belts, respectively.

Keywords: Yili Block; Tianshan Belt; Paleozoic; paleomagnetism; rotation; lateral
displacement.

1. Introduction

The “Yili Block” represents a triangular shape sandwiched within the Tianshan Belt and
widening westwards into Kazakhstan and Kyrgyzstan (Fig. 1la modified after [1]). It is
considered as a microcontinent with a Precambrian basement separating the Tianshan Belt into
northern and southern branches [2-6]. The Yili Block, therefore, occupies an important position
for the understanding of the tectonic evolution of the Tianshan Belt. It is widely accepted that
the Tianshan Belt is a Paleozoic orogenic belt due to multiphase accretion and amalgamation of
various micro-continents, and magmatic arcs [7-10]. However, there are still controversies on
procedures of amalgamation and chronological constraints. Generally, the Tianshan Belt is
considered to be formed by subdution-collisional orogeny [2, 4, 11-15], i.e. the Yili Block and
the Central Tianshan microcontinent (Fig. 1b) were rifted from the Tarim Plate in the Cambrian,
and were re-accreted to Tarim during Ordovician to Early Carboniferous due to the multiphase
subduction of oceanic crust. A southward subduction of an oceanic crust beneath the Yili Block
during the Late Devonian to the Late Carboniferous terminated the convergent phases of
mountain building in the Tianshan Belt. Nevertheless, some authors considered the Tianshan
Belt as a part of Altaid orogenic collage, which was produced mainly by strike-slip faulting [16,
17]. Recently, some researchers suggested that an oceanic crust existed in the southern
Tianshan until the end of Permian on the basis of radiolarian microfossils found in South
Tianshan ophiolitic mélange [18, 19]. Besides, a Late Carboniferous to Early Permian
continental rifting is also proposed according to geochemical and isotopic studies on the
volcanic rocks in the Tianshan Belt [20, 21]. These results suggest a divergent tectonics and a
subsequent re-convergence in the Tianshan area during the Carboniferous and Permian, and
therefore arise a controversy on the final evolution of the Tianshan Belt. In addition, Permian
transcurrent faulting is widely observed, especially ductile strike-slip faults are geologically
well documented in the whole northern Xinjiang area [6, 22-25]. Two main dextral strike-slip
faults are recognised along the northern and the southern sides of the Tianshan Belt, and a
sinistral strike-slip fault is distinguished in the Altay Belt. However, the southern fault of the
Tianshan Belt was previously interpreted as a sinistral strike-slip fault [16, 26], which is also
suggested on the basis of a significant westward deflection of magnetic declination [27, 28], but
this is not consistent with the geological observation and kinematic results from Chinese
Tianshan area [29, 30], where no paleomagnetic data are available up to now to constrain this
event and consequent lateral displacement.

In order to test different evolutionary models for the Tianshan belt and to improve the
understanding of the final orogenic procedures, this paleomagnetic study was carried out on
Ordovician to Permian rocks in the Yili Block. The comparison of paleomagnetic data from this
study with the previous results from Junggar, Tarim and Siberia blocks will better constrain the
tectonic evolution of the Chinese Tianshan Belt during the Late Paleozoic time.

2. Geological setting and paleomagnetic sampling
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The Western Chinese Tianshan Belt is divided into five subunits, namely North Tianshan
domain, Bole Block, Yili Block, Central Tianshan domain and South Tianshan mélange zone
(Fig. 1b). The Precambrian basement exposed in the Yili Block, Central Tianshan areas is
composed of Meso- to Neoproterozoic carbonates, clastic rocks and amphibolite facies
metamorphic rocks, which are quite similar to the basement of Tarim Plate [6, 14, 31, 32]. In the
Yili block, Early Paleozoic rocks are of Cambrian to Ordovician carbonates and clastic rocks,
and Silurian flysch (e.g. north of Yining area in Fig. 2a). The Devonian is mainly represented by
granitoids. However, in Central Tianshan, Ordovician to Silurian volcano-sedimentary rocks
and lava argue for an Early Paleozoic volcanic arc. Whereas, in the southern Central Tianshan,
Silurian-Devonian shelf limestones are ductile deformed and tectonically overlain by an
ophiolitic mélange [12, 15, 30, 31]
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The Carboniferous is a key period for distinguishing different tectonic units and
understanding the evolution of the Western Chinese Tianshan. In this study, the Lower and
Upper Carboniferous subdivision (C; and C,) of the international stratigraphic chart system [33]
is used rather than the Lower, Middle and Upper Carboniferous (C;, C, and Cs) of the initial
stratigraphic subdivisions defined by [31]. The formation and facies of Carboniferous rocks are
highly variable depending on the different tectonic units and different sections. In the Yili
Block, the Lower Carboniferous is, ca. 3,500 m thick, predominantly composed of limestone,
sandstone and shale with subordinate volcanic rocks, and the Upper Carboniferous consists of
limestone intercalated with volcanoclastic sandstone and massive volcanic rocks (Fig. 2). Both
Lower and Upper Carboniferous rocks are associated with the contemporaneous granitoids.
Several geochronological studies on the volcanic and granitic rocks from the Axi, Yuxi,
Xinyuan and Zhaosu areas (Fig. 2a) provide Rb-Sr whole rock isochron, **Ar/*°Ar plateau and
zircon U-Pb (SHRIMP and ICPMS) ages ranging from 360 Ma to 309 Ma [6, 34, 35].
Geochemical and isotopic studies suggest that the Yili Block was an active continental margin
during the Late Devonian to Late Carboniferous [5, 14, 36].
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Contrarily, the Carboniferous rocks in southern Tianshan are exclusively composed of
conglomerate, carbonate, sandstone and pelite [31]. Early Carboniferous strata cover
unconformably pre-exiting lithotectonic units including Central Tianshan Silurian-Devonian
deformed rocks, South Tianshan ophiolitic mélange, and Early Paleozoic platform sedimentary
rocks of northern margin of Tarim [30]. In North Tianshan, the Carboniferous rocks are
represented by Upper Carboniferous turbiditic flysch and ophiolitic mélange, forming an
accretion complex due to the subduction of an oceanic basin [2, 6, 11, 13, 37].

In the whole Western Chinese Tianshan Belt, Permian terrestrial sandstone and
conglomerate unconformably overlie the older rocks (Fig. 2). Lower to Upper Permian bimodal
volcanic and plutonic rocks are widespread but sporadic (Fig. 2a; [22, 31, 37-40]). Lateral shear
zones overprinted the Paleozoic sutures during Permian and underwent multiphase reactivation
during the early Mesozoic [23-25, 28, 41]. The Tianshan Belt is reactivated again by the
Cenozoic intra-continental deformation and subsequently uplifted in response to the India-Asia
collision [41-46].

In the Yili Block, more than 320 cores of 39 sites are paleomagnetically sampled from 5
localities (Fig. 2a and Table 1). Ordovician sandstone and pelitic limestone are collected from
Axi, north of Yining County. Early to Late Carboniferous red sandstone, volcanoclastic
sandstone, basalt and andesite are collected from Zhaosu, Xinyuan and Yuxi areas. Basalt and
andesite are presented as massif blocks, their beddings are estimated from the underlaying or
overlaying sedimentary rocks. Late Permian red beds are collected from the Gongliu area.
Detailed sampling information may be found in Table 1. Depending on strata thickness, 6 to 12
cores were drilled from each site with a portable gasoline drill. Each core was orientated by
both magnetic and solar compasses, when it was possible. The average of differences between
these two azimuths is about 4.0° +=3.4°, and this value is used for the orientation corrections to
those samples measured only by magnetic compass as well as for the trends of bedding.

3. Laboratory methods

All core samples were cut into one or two standard cylinders with 2.2cm in length and
2.5cm in diameter for laboratory measurements. Several methods were applied to magnetic
mineralogical investigations: thermal magnetic (Curie point) experiment using an AGICO
KLY-3S kappabridge susceptibility-meter coupled with a CS3 furnace, the acquisition of
Isothermal Remanent Magnetization (IRM) using an IM30 pulse magnetizer and the
measurements of Anisotropy of Magnetic Susceptibility (AMS) by KLY3 kappabridge
susceptibility-meter were carried out in Laboratoire du Magnétisme des Roches d’Orléans
(LMRO). Magnetic hysteretic curves were performed in Laboratoire du Paléomagnétisme of
Institut de Physique du Globe de Paris (IPGP) at St Maur.

At least 6 cores were chosen from each site to carry out thermal and/or alternating magnetic
field (AF) demagnetization in LMRO and IPGP, with a laboratory built furnace and LDA-3
demagnetizer, respectively. About 15 steps have been applied to progressive magnetic
remanence cleaning with intervals varying from 20 to 150°C for thermal and 1 to 20 mT for AF
demagnetization. The magnetic remanence of specimens with relative weak Natural Remanent
Magnetization (NRM) was measured with 2G in-line three-axis AF demagnetizer (IPGP) and
that of specimens with high NRM was measured with JR-5 spinner magnetometer (LMRO and
IPGP).

The magnetic remanent directions were isolated by principal component analysis [47], the
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mean directions are computed by Fisher [48] spherical statistics using paleomagnetic software
packages offered by Cogné [49] and PMGSC (version 4.2), a PC windows based paleomagnetic
data analysis program by R. Enkin (unpublished).

4. Measurement results

Parallel to magnetic mineralogical study, a plot of remanence measurement has been
performed as well by thermal and AF demagnetization. The directions isolated from
characteristic magnetic components (ChrM) of both techniques are consistent, however, the
thermal one is more efficient due to magnetic remanent carriers (see following for the detail), so
the latter has been principally used to clean the magnetic remanence.
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Figure 3. Isothermal magnetization results of representative cores from each sampled locality.
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Table 1. Paleomagnetic sampling and measurement results from the Yili Block
Rocks Age Strike/dip n/N* P Dg Ig Ds Is k Olos

Site Coordinates
Zhaosu area

52343.3°N, 81.0°E  Andesitic sandstone C1ak(C2)# 110/12 6/8 R 185.1 -43.5 181.1 -55.0 140.7 6.5
52443.3°N, 81.0°E  Red sandstone Ciak(C,) 245/25 6/8 R 1904 -63.0 1740 -40.3 3549 3.2
52543.3°N, 81.0°E  Sandstone C,ak(C,) 255126 6/9 R 1840 -63.7 176.1 -384 324.7 3.7
526 43.3°N, 81.6°E  Yellow sandstone C,ak(C,) 230/78 7/10 R 2586 -41.8 188.6 -29.2 220.0 4.1
Mean 4 R 2073 -57.8 10.5 29.8
180.2 -40.9 469 13.6
51843.5°N, 81.1°E  Red sandstone Coy 270/18 6/8 R 153.1 -61.8 163.1 -453 197.6 48
51943.5°N, 81.1°E  Red sandstone Cyy 30522 6/8 R 1163 -57.5 1490 -54.0 66.7 6.0
52043.4°N, 81.1°E  Sandstone Cyy 270/20 6/10 R 169.1 -572 179.0 -39.1 43.1 9.3
52143.4°N, 81.1°E  Sandstone Cyy 280/15 6/8 R 171.6 -579 1764 -434 844 7.3
52243 .4°N, 81.1°E  Sandstone Cyy 250/12  6/9 R 1457 -63.5 149.7 -51.8 804 6.2
Mean 5 R 151.6 -61.2 48.0 11.2
164.7 474 50.7 10.9
Xinvyuan area
53243.3°N, 83.3°E  Tuffaceous sandstone C;aw 287/48 9/9 - - - - - - -
53343.3°N, 83.3°E Tuffaceous sandstone C,aw 285/51 8/8 - - - - - - -
53443.3°N, 83.3°E  Tuffaceous sandstone C;aw 292/52  8/9 - - - - - - -
53543.3°N, 83.3°E  Tuffaceous sandstone C,aw 268/45  8/8 - - - - - - -
53643.3°N, 83.3°E  Tuffaceous sandstone C,aw 272/48  9/9 - - - - - - -
53743.3°N, 83.3°E  Basalt Ciaw(C,) 240/47 7/9 R 1815 -24.0 179.9 16.9 6.1 21.2
53843.3°N, 83.3°E  Basaltic tuff Ciaw(C,) 237/49 88 R 1679 -274 166.6 18.9 359 7.7
53943.3°N, 83.3°E  Basalt Ciaw(C,) 237/49 8/8 R 1562 -30.5 1554 18.0 11.2 14.3
54043.3°N, 83.3°E  Basalt Ciaw(C,) 237/49 8/12 R 160.5 -36.6 216.7 -644 350 7.8
54143 .4°N, 83.3°E Rhyolitic sandstone  C,aw(C,) 38/48 6/7 R 149.0 -5.2 160.8 -48.7 289.7 3.9
54243 .4°N, 83.3°E Rhyolitic sandstone  C;aw(C,) 29/47 6/7 R 1455 95 1615 -492 187.6 49
Mean** 6 R 1653 -364 377 11.0
Gongliu area
52743 .4°N, 82.5°E Red sandstone Pyx 93/40 6/8 R 1865 -17.7 189.5 -59.3 11.0 14.1
52843.4°N, 82.5°E  Red sandstone Pox 93/45 6/8 R 1949 -6.2 201.6 -49.8 8.7 14.9
52943.4°N, 82.5°E Red sandstone Pox 95/48 6/7 R 1875 -14.6 1903 -62.5 387 10.9
53043.4°N, 82.5°E Red sandstone Pyx 92/49 6/8 R 1877 -25.6 2009 -739 743 7.8
53143.4°N, 82.5°E Red sandstone Pyx 100/41  6/9 R 1894 -16.6 1894 -57.6 1234 5.8
Mean 5 R 1893 -16.2 111.7 7.3
194.1 -60.7  76.1 8.8
Yuxi area
549 43 4°N, 84.4°E  Andesite Cot 54/15 6/7 R 2144 -357 2257 -393 380.6 34
55043.4°N, 84.4°E  Andesite Cot 54/15 6/7 R 212.0 -353 223.1 -39.6 411.8 33
55143.4°N, 84.4°E  Andesite Cot 54/15 6/7 R 2130 -375 2251 -414 64.7 8.4
55243.4°N, 84.4°E Colorful sandstone  C,t 54/15 6/9 R 2073 -39.1 2200 -444 60.0 8.7
55343.4°N, 84.4°E  Andesite Cot 54/15 6/7 R 2169 -32.6 2269 -357 1792 5.0
55443.4°N, 84.4°E  Andesite Cot 54/15 6/8 R 2049 -38.0 217.0 -44.0 1249 4.1
Mean 6 R 2115 -364 354.3 3.6
223.1  -40.8 350.1 3.6
Axi area
51044.2°N, 81.5°E  Grey pelite 0,1 290/40 9/9 - - - - - - -
511 44.2°N, 81.5°E  Grey pelite 0,1 260/77 10/10 - - - - - - -
51244.2°N, 81.5°E  Grey pelite 0,1 285/78  7/8 - - - - - - -
51344.2°N, 81.5°E  Grey pelite 0,1 80/72 78 - - - - - - -
51444.2°N, 81.5°E  Grey pelite 0,1 255/80 6/7 - - - - - - -
51544.2°N, 81.5°E Black limestone 0,1 320/58 77 - - - - - - -
51644.2°N, 81.5°E Black limestone 0,1 320/58 8/8 - - - - - - -
51744.2°N, 81.5°E  Red pelite 0,1 320/45  6/8 - - - - - - -

* n, measured sample number; N, collected sample number;

# Ages within the parentheses represent the age of remanence;

** locality mean direction calculated with 4 in situ directions of sites 537-540 and 2 tilt-corrected directions of sites 541 and
Abbreviations: P, polarity;, R, reversed; O2I, Ordovician Lelengeledaban Formation(Fm); Clak and Claw are Early
Carboniferous Akeshake Fm and Awulale Fm; C2y and C2t are Late Carboniferous Yishijilike Fm and Tuergong Fm; P2x, Late
Permian Xiaoshansayi Fm; Dg, Ig, Ds, Is are declination (D) and inclination (I) in geographic (g) and stratigraphic (s)
coordinates, k is the best estimate of the precision parameter, 095 is the radius that mean direction lies within 95%
confidence.4.1. Zhaosu area

4.1 Zhaosu section

Two Carboniferous formations are sampled: Early Carboniferous Akeshake Formation
(Ciak) exposed in the south and Late Carboniferous Yilishijilike Formation (C,y) [50] exposed
in the north of the Zhaosu area (Fig. 2b; Table 1).
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Figure 4. Results of thermomagnetic Curie temperature analyses on representative lithologies
of the Yili Block.

4.1.1. Cy Akeshake Formation

Its lithology is composed of red sandstone occasionally bearing andesitic volcanic clasts,
and yellow sandstone (Fig. 2b; Table 1). IRM measurement shows an abrupt increase with the
total saturation at about 200 mT (Figs. 3a-1 and 3a-2), indicating predominantly low-coercivity
magnetic minerals in rocks. Thermal magnetic measurements display a sharp drop of magnetic
susceptibility of sandstone and andesite at around 580°C (Fig. 4a), showing the existence of
titanium-poor magnetite. Two components are isolated from 22 out of 25 measured samples.
The low temperature components up to about 150°C show dispersed direction carried by
viscous minerals. High temperature component is usually isolated from 250-300 to 580°C in
Zijderveld [51] projection (Fig. 5a), indicating that the magnetic remanence in these rocks is
mainly carried by magnetite. In geographic coordinates (Fig. 5b), samples of sites 523 and 526
show a relative less steep inclination (<45°) with respect to the sites 524-525, and site 526
displays a westward deflection of declination due to the effect of asymmetric syncline. But all
samples show coherent directions with reversed polarity in stratigraphic coordinates (Fig. 5c).
Site-mean directions in geographic (g) and stratigraphic (s) coordinates are listed in Table 1 and
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an age-mean direction is therefore calculated for this locality: Dg=207.3°, Ig =-57.8°, k=10.5,
0losg=29.8° and Ds=180.2°, Is=-40.9°, k=46.9, a95,=13.6° with n=4 (Table 1). Enkin’s [52] DC
fold test gives a positive answer to this formation with the maximum k value at 74.4% + 49.7%.

N N
w W
Down Down
T 10 mA/m
(a) 523-194 10mA/m
Tilt-corrected (d) 518-150B
Tilt-corrected
N
0 w
+ DDwn‘l
+
¥
+ D=176.7°
T I=62.7°
()] T k=130,
In situ . Qos=14.8
2704 + + + + + 4+ + + + + + + + + + + +190
o +
o (e) 520-168B
Tilt-corrected

High temperature
components (HTC)

+ o+ o+

Mmax=17.6 mA/m

©
270 + + + + + + + +

Tilt corrected

+ 4+ + + + + + 490

D=172.0°
[=-44.8° 05 ®
A 520-168B

b+ + 4+ + + o+
+

T T T T T T T
180 g 100 200 300 400 500 600  700°C

Figure 5. Measurement results from Zhaosu area. (a-c) Orthogonal projection of sample
demagnetization (Zijderveld, 1967) in stratigraphic coordinates and (d) normalized intensity
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plans. (e) and (f) equal-area stereoplots for site-mean directions isolated from high
temperature components in geographic and stratigraphic coordinates, respectively. Grey
shadowed confidential circles represent the sites of Early Carboniferous (Ciu), and open
confidential circles correspond to the sites of Late Carboniferous (C»y,). Stars represent the
locality-mean directions.

4.1.2. Cy, Yilishijilike Formation

Five sites of red sandstones were sampled from a monoclinal section of about 200 m in
stratigraphic thickness. IRM measurement of C,, red sandstone (Fig. 3a-3) shows a rapid
increase to about 150 mT with 20% of maximum magnetization, and a linear increase of IRM
with 80% saturation at about 700 mT, then continue to increase gently without any saturation up
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to about 1500 mT, suggesting the association of low and high coercive magnetic minerals in the
rocks. This observation is confirmed by magnetic hysteresis measurements where “soft” and
“hard” magnetic minerals are well defined (Fig. 6a). Moreover, these rocks show two blocking
temperatures at around 580°C and 680°C (Figs. 5d-5f), implying the presence of both magnetite
and hematite. Thermal magnetic experiment also shows an evident drop of magnetic
susceptibility from 550-620°C during the heating process (Fig. 4b), however, an important
increase of the magnetic susceptibility has be observed during the cooling, indicating a mineral
oxidation happened during the thermal experiments (Fig. 4b). It seems that this mineral
transformation doesn’t influence the remanent measurements since the directions isolated from
both unblocking spectra are stable and consistent with only reversed polarity (Figs. 5d and Se).
The above observations suggest that magnetite and hematite are main paleomagnetic carriers in
Late Carboniferous sandstone, and both recorded the same paleomagnetic field. An age-mean
direction has been calculated for this locality: Dg=151.6°, 1g=-61.2°, kg=48.0, 095,=11.2°, and
Ds=164.7°, Is=-47.4°, ks=50.7, o955=10.9° with n=5 (Table 1). No fold test could be concluded
because of similar bedding, though the precision parameters (k) are improved after
tilt-corrections.
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Figure 6. Representative hysteresis loops of samples from the Yili Block

4.2. Xinyuan area

Volcanoclastic sandstone and basalt of Early Carboniferous Awulale Formation (Caw) [53]
were collected from 11 sites in the south of Xinyuan County (Fig. 2a). Low-coercivity magnetic
minerals (predominantly titanium-poor magnetite) are identified as the principal remanent
carrier for tuffaceous sandstone and basaltic rocks on the basis of (a) abrupt IRM increase with
a total magnetic saturation at about 200 mT (Figs. 3b-1 and 3b-2), (b) Curie temperature point
at around 580°C (Fig. 4c) and (c) narrow wasp-waisted hysteresis loops (Fig. 6b). But mixture
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of low and high coercivity magnetic minerals in rhyolitic sandstone are meanwhile identified
by gradually increasing IRM curve (Fig. 3b-3) and wasp-waisted hysteresis loops (Fig. 6¢).

Five sites of tuffaceous sandstone (Sites 532-536, Table 1) show very week NRM (usually
less than 1 mA/m). Demagnetisation on most of samples displays an important viscous
component that may be cleaned up to 350°C and close to Present Earth Field (PEF; Fig. 7a).
After the removal of the magnetic viscosity, most of specimens show random directions due to
weak remanent intensity and few specimens show “stable” directions, which are also not far
from PEF (Fig. 7b). So, no mean-site directions could be calculated.
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Figure 7. Measurement results from Xinyuan area. (a-d) and (g) Orthogonal projection
(Zijderveld, 1967) in geographic coordinates and (h) normalized intensity curves of
progressive demagnetization. White (black) circles represent vertical (horizontal) plans. (e)
and (f) equal-area stereoplots for high temperature and hard AF components. Grey shadowed
confidential circles represent the Sites 541 and 542, see text (4.2.2 and Discussion) for detailed
explication. Stars represent the locality-mean direction. White (black) circles in (e) and (f)
represent reversal (normal) polarities of site-mean direction.
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Four sites of basalts (Sites 537 to 540, Table 1) show relatively stable and coherent
magnetic behaviours. Magnetic remanence of these basalts is eliminated at about 90~110 mT or
580°C (Figs. 7c and 7d), both indicate that the poor-titanium magnetite is the main magnetic
remanent carrier. High temperature and AF components are isolated from all measured
specimens, showing more consistent paleomagnetic directions with reversed polarity in
geographic coordinates than in stratigraphic ones (Table 1). The bedding of basalts seems well
constrained by those of overlying sandstone and underlain limestone. Tilt corrected directions
are, however, much less clustered than in situ directions with a ratio of 0.06 for ks/kg, indicating
a negative fold test (Figs. 7e and 7f).

The remaining 2 sites of red rhyolitic sandstone (Sites 541 and 542) show two blocking
temperatures at around 580°C and 680°C (Figs. 7g and 7h), implying the presence of the
association of magnetite and hematite. A good consistency may be observed between high
temperature components isolated from magnetite and hematite. No fold test may applied as
their bedding is constant, however, the directions isolated from high temperature component
are more coherent with those of basalt in stratigraphic coordinates than in geographic ones
(Table 1), a locality-mean has been, therefore, calculated of these 2 sites in stratigraphic
coordinates with 4 basalt sites in geographic ones (see Discussion for detail explication; Table 1,
Fig. 7e).

4.3. Gongliu area

To the southeast of Gongliu County (Fig. 2a), an excellent exposure of Late Permian red
beds E-W extending with huge thickness more than 2000 m is referred to as Xiaoshansayi
Formation (P,,) on the basis of plant fossils [54]. At the bottom of this formation, red
conglomerate bearing pebbles of 1~100 cm in size are in unconformable contact with the
underlain Early Permian alkaline volcanic rocks. Red sandstones were collected from a
300m-long section across the beddings. Titanium-poor magnetite seems to be the main
remanent carrier with minor proportion of hematite according to rapid IRM saturation at about
200 mT (Fig. 3c¢), sharp drop of magnetic susceptibility at Curie point of about 580°C (Fig. 4d)
and typical narrow wasp-waisted magnetite hysteresis (Fig. 6d). A significant oxidation can be
observed during thermal magnetic experiment (Fig. 4d), however, this new formed and
magnetic mineral seems to have not severely disturbed the demagnetisation (Figs. 8a-8d). The
directions isolated from magnetite and hematite are well consistent (Figs. 8a, 8c and 8d). All
cores display two different remanence components, where the HTC yield a site-mean direction:
Dg=189.3°, Ig=-16.2°, kg=111.7, 0l95,=7.3° and Ds=194.1°, Is=-60.7°, ks=76.1, 0l95:=8.8° with
n=5 (Table 1; Figs. 8e and 8f). The fold test is inconclusive as the variation of bedding is not
important enough.

4.4. Yuxi area

Late Carboniferous Colourful sandstone developed as a 15-m-thick layer within the
andesite near the Yuxi pass (Fig. 2a). Six sites of andesite and sandstone were collected from
the Tuergong Formation (Cy [55], Table 1). Linear or sub-linear IRM curves show
characteristic high coercive minerals (Fig. 3d), thermal magnetic experiments identified
hematite as the corresponding ones (Fig. 4e). Stable high temperature components isolated
from magnetic demagnetisation yield a mean direction at: Dg=211.5°, Ig=-36.4°, kg=354.3,
0losg=3.6° and Ds=223.1°, I1s=-40.8°, ks=350.1, a95=3.6° with n=6 (Table 1).

4.5. Axi area
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Aiming at obtaining Pre-Carboniferous paleomagnetic data, Middle Ordovician pelitic
rocks of the Lelengeledaban Formation (Oy) [56] are sampled from Axi area (Fig. 2a).
Magnetite and hematite are suggested to be main magnetic minerals by IRM curves with very
weak remanent intensity (Fig. 3e). Thermal magnetic experiments show an obvious oxidation
and an important proportion of magnetite may be formed during the heating (Fig. 4f). The NRM
of pelitic rocks is very heterogeneous and varies from 0.096 to 6.98 mA/m with an average of
0.25 mA/m. No any stable component may be isolated after the removal of viscous

magnetisation.
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Figure 8. Measurement results from Gongliu area. (a) and (c-d) Orthogonal projection
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(Zijderveld, 1967) in stratigraphic coordinates and (b) normalized intensity curves of
progressive demagnetization. White (black) circles represent vertical (horizontal) plans. (e)
and (f) equal-area stereoplot for high temperature components in geographic and stratigraphic
coordinates, respectively. Stars represent the locality mean of directions.

5. Discussion

Except for the samples from the Axi section that yield no reliable magnetic component,
laboratory magnetic mineralogical analyses and thermal/AF demagnetisations have
successfully isolated two magnetic components, namely viscous and characteristic remanent
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magnetisations from 4 out of 5 Late Paleozoic sections. The former one clearly shows a record
of the recent geomagnetic field with a negative fold test (Dg=348.4°, Ig=67.1°, kg=15.9,
0losg=3.1° and Ds=350.2°, 1s=52.9°, ks=3.3, o9s5=7.9° with n=185). However, the stable
titanium-poor magnetite and hematite have been identified as principal magnetic remanent
carriers for the latter one. The following evidences may reinforce to argue that the ChrM may
be used to tectonic implications: (1) the positive fold test has been observed from Zhaosu area;
(2) the solo reversed polarity with significantly distinguishable mean directions from PEF and
other Mesozoic and Cenozoic one. However, as mentioned above, this area has experienced
multiphase tectonic and magmatic events. Before putting forward their tectonic implications of
these new paleomagnetic data, their reliability and remanent age should be discussed.
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Figure 9. Plots of anisotropy degree (P’) versus anisotropy shape (T) of magnetic susceptibility
for volcanic and sedimentary rocks in the Yili Block and its adjacent areas. P’ =
exp{2[(InK1-InKm)*+(InK2-InKm)*+(InK3-InKm)’]"?},  and — T=2In(K2/K3)/In(K1/K3)-1,
where K1, K2 and K3 are principal axes of the magnetic fabrics and Km is their average.

5.1. Reliability and remanent age of paleomagnetic data

It is well documented that the Tianshan belt has experienced multiphase tectonic events
since the Late Paleozoic. In order to make acknowledge on the degree of deformation for our
paleomagnetic collection, Anisotropy of Magnetic Susceptibility (AMS) measurements were
performed. Figure 9 reveals a relatively weak anisotropy degree with P’< 1.05 for most samples
though some from Yuxi and Axi seem to have higher and heterogeneous P’ values. This
observation may indicate that the sampling zones have not posterily suffered severe
deformation at least at sample-seized scale.

Table 1 shows rock ages of our collection ranging from Early Carboniferous to Late
Permian. The exclusive reversal polarity revealed from ChrM seems coherent with the
Permo-Carboniferous Reversed Superchron (PCRS), e.g. by [57]. However, as described in
Geological Setting, some volcanic rocks cover on Lower Carboniferous sediments, the folding
sometimes is younger that these volcanic events, and younger magmatic plutons are often
found near sampling sites, so we can’t simply say the remanence isolated from ChrM is primary
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or calculate age-mean directions and corresponding paleomagnetic poles.

For the Late Permian rocks of Gongliu area, their age is well constrained by abundant plant
fossils and unconformity of underlain Early Permian volcanic rocks. Though the statistic
precision parameter (k) slightly decreases, the fold test is not conclusive due to weak bedding
variation. Thus, the solo reversed polarity from about 300m-thick section may indicate that the
magnetic remanence has been acquired before —250 Ma (the upper limit of PCRS), i.e. similar
to the Late Permian rock age. So, a paleomagnetic pole has been calculated for P, period:
A=T79.7°N, $=172.0°E, A9s=11.3° with n=5 (Table 2).

Four sites from Early Carboniferous Akeshake formation (C,.) show also only reversed
polarity with a positive fold test. If the paleomagnetic collection is representative for this
geologic period, the normal polarity should be identified by demagnetisation as the C; and C,
limit is close to the lower limit of PCRS (~325 Ma). Geologically, Early Permian
intra-continental volcaniclastic rocks [22, 31, 40] overlay unconformably on the folded Late
Carboniferous volcano-sedimentary rocks in the Yili Block [31], indicating that folding
occurred before Early Permian magmatism. Moreover, the site-mean directions of the Early
Carboniferous are very close to those of the Late Carboniferous, and both of them are obviously
different from the direction of Late Permian red-beds (Table 1). This unconformity and positive
fold test exclude the possibility of Early Permian overprint. Additionally, since both C; and C,
sandstones are covered by homochronous volcanic rocks and intruded by granites, which are
dated by zircon U-Pb from 361+6 Ma to 309+3Ma [6, 35], suggesting that the thermal event
corresponding to the Yili magmatic arc lasted until the end of Late Carboniferous. This
prominent thermal event may make pre-existed rocks to be remagnetised. It is, therefore,
reasonable to suggest that both Early and Late Carboniferous rocks of Zhaosu area recorded an
identical paleomagnetic direction during Late Carboniferous magmatism in the Yili Block. An
overall mean direction is, thus, calculated for both Early and Late Carboniferous sites:
Dg=176.7°, 1g=-62.7°, kg=13.0, 095,=14.7° and Ds=172.0°, 1s=-44.8°, ks=40.4, 095~=8.2°
(Table 1; Figs. 5b-5¢).

Similar situation occurs for Early Carboniferous rocks from Xinyuan area. All reliable
directions of basalts from Sites 537-540 show a reversed polarity in geographic coordinate but
with a negative fold test (Table 1; Figs. 7e and 7f), indicating latter overprint instead of primary
magnetization for these Early Carboniferous samples. Due to the high occurrence of volcanic
rocks dated at 313+4 Ma [35]and granite at 31543 and 309+3 Ma in the sampling area [6] (Fig.
2a), it is reasonable to propose a Late Carboniferous (~310 Ma) age for the thermally
remagnetization. Concerning the two rhyolitic sandstones sites (Sites 541-542), although the
reversal polarity is identified in both coordinates, their directions in stratigraphic coordinates
with respect to those in geographic ones seem more consistent with either the in-situ directions
of 4 volcanic sites or the locality-mean direction of Zhaosu area. The age of the rhyolitic
sandstone is, in fact, questionable. No any direct age constraint has been obtained or
documented from this formation although referred to as Early Carboniferous [31, 53]. In the
point of view of regional tectonics and stratigraphic correlation [31, 53], it is clear that the
emplacement of the rhyolite is younger than the basalt dated at 354+5 Ma (zircon U-Pb
SHRIMP by Zhu et al. [35]). Moreover, no any direct contact between these two
lithostratigraphic units can be observed in the field, geological and stratigraphic knowledge
allow to exclude a syncline and to suggest an unconformity contact. According to the above
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arguments, it is not unreasonable to consider that the rhyolitic sandstone is of late of Early
Carboniferous or Late Carboniferous. Thus, 4 in-situ paleomagnetic directions of basalts and 2
tilt-corrected directions of rhyolitic sandstones are used to calculate an average direction at:
D=165.3°,1=-36.4°, k=37.7, a9s=11.0°for the Late Carboniferous magnetisation from Xinyuan
area (Table 1; Fig. 7e).

As to paleomagnetic results from Yuxi area, 6 Late Carboniferous sites present well
grouped reversal directions without fold test due to monoclinal bedding (Table 1). The
magnetic inclinations from this locality are consistent with those from Zhaosu and Xinyuan
areas, but this area shows a significant different declination with respect to other two. As this
sampling locality is situated in an active tectonic zone (Fig. 2a), the difference in declination
may be explained by a local rotation of the Yuxi sampling zone with respect to the Yili Block.

According to above direction analyses and geologic arguments, a C, paleomagnetic pole
may be calculated for the Yili Block from Zhaosu and Xinyuan areas: A=68.6°N, $=290.6°E,
Ags=6.1° with n=15 (Table 2).
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Figure 10. (a) Equal-area projections of Late Carboniferous and Late Permian poles of Yili
Block, Tarim (TRM), Junggar (JG) and Siberia (SIB), showing that little or no relative
latitudinal movement among these blocks, (b) small circle passing through Late Carboniferous
poles and grand circles from sampling site to each pole showing significant longitudinal
differences between different blocks, (c) no significant longitudinal differences between Yili,
Junggar and Tarim shown by small circles passing through Late Permian pole, but a significant
longitudinal difference exited between Siberia and the other blocks at Late Permian time. Rot
and Aplat stand for relative rotation and convergence with corresponding uncertainties. The
positive mean value stands for clockwise rotation and latitudinal shortening, respectively.

5.2. Comparisons of paleomagnetic data from Yili and other adjacent blocks
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Up to now, no paleomagnetic data were documented from the Yili Block, except some data
obtained from the western Tianshan of Kyrgyzstan [27, 28, 58]. Most of these data were derived
from the deformation belt, e.g. “North Tianshan tectonic zone” located in the extremely
northwestern part of the Tianshan Belt (Fig. 1a). These studied areas can’t be considered as a
part of a rigid block, some deflections of declination with respect to the reference blocks (e.g.
Tarim and Siberia) may be, therefore, interpreted as the result of strike-slip faulting within the
orogenic belt, rather than the representative rotation of a rigid body [28]. In fact, the Yili Block
is accepted as a microcontinent with the Precambrian basement [2-6, 14], it extends westwards
into Kazakhstan with an unclear boundary, and its eastern boundaries are the southern and
northern branches of the Tianshan range (Fig. 1). These boundaries were highly deformed
during the Tianshan orogeny, but the interior of the block is much less deformed. This may be
recognized by the good consistency between the C, paleomagnetic results from Zhaosu and
Xinyuan areas located near to the center of the Yili Block with about 200 km apart (Figs. 2a, 5f
and 7e). Thus, the paleomagnetic poles derived from these areas are representative for the
whole Yili block (Table 2).

In order to understand the kinematic relationships during the Late Paleozoic between the
Yili Block and adjacent blocks, previous paleomagnetic results on the Tarim, Junggar and
Siberia blocks are analysed and listed in Table 2. Late Carboniferous and Late Permian poles of
Tarim Block have been well documented by numerous studies [59-68], these data are very
consistent with each other within the relatively weak uncertainty (Table 2), the Late
Carboniferous and Late Permian mean poles are recalculated at 51.5°N, 169.1°E, Aygs=7.7° and
66.8°N, 184.1°E, Ag¢s=4.9, respectively. Van der Voo [69] presented Late Carboniferous and
Late Permian paleomagnetic poles of Siberia Block (Table 2). As for the Junggar Block, few
results have been reported from the Urumqi area and northwestern region of the Junggar Basin
(Fig. 1b; [70-73]), but the available data are quite dispersed, and the ages of magnetization are
often undetermined (Table 2). For example, the paleomagnetic results from the south and
northwest of the Junggar basin by Li et al. [71] are not consistent, an important second
overprinting is proposed, the ages of primary or secondary magnetization are roughly restricted
between Late Carboniferous and Permian, i.e. a long and variable interval from 20 to 75 Ma.
Such uncertainty in age and variability in paleomagnetic pole make them unfeasible to compare
with those from other blocks. Only one relatively reliable paleomagnetic pole derived from the
northwest of the Junggar basin [71] may be taken for the Late Carboniferous period (Table 2).
Concerning the Late Permian period, two paleomagnetic poles have been obtained from
Urumgqi [72] and Tianchi areas [73] (Table 2). However, the former study shows that only 26 (4
sites) out of 78 samples from Urumqi display directly observable directions, and the other
samples are analysed by the grand circle technique with an important uncertainty. In addition,
magnetic remanence of these Late Permian sediments is viscous, magnetic directions are
relatively dispersed within and among sites, the paleomagnetic pole is calculated with single
samples instead of by site-mean directions. Paleomagnetic directions derived from Tianchi
section seem to be relatively stable, and passed a positive fold test, therefore, these latter results
are accepted for the Late Permian paleomagnetic pole of the Junggar block (Table 2).

Figure 10a shows paleomagnetic poles of each block for each geologic epoch. Late
Carboniferous pole of the Yili Block is very close to that of Junggar with an angular difference
of 7.7°+6.6°, but far away from coeval poles of Tarim (120.5°+7.0°) and Siberia (119.0°+5.1°;
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Fig. 10b). Small circles centred at the sampling site show no significant latitudinal differences
of 4.2°1+6.9° between Yili and Junggar, and relatively weak latitudinal differences of 12.8° &
7.1° between Yili and Tarim, and of 7.0° +=5.5° between Yili and Siberia (Fig. 10b). The case
will be changed when looking at relative rotations. The Yili Block has no significantly rotation
of 2.2°49.3° with respect to Junggar, but significantly counterclockwise (CCW) rotations of
60.0°+10.6° and 70.0° +=7.4° with respect to Tarim and Siberia, respectively (Fig. 10b). Late
Permian poles of Yili Block, Junggar and Tarim become almost consistent within uncertainty
(<12.1°£9.9°), but they are significantly different from the pole of Siberia (>24.1°+6.8°; Fig.
10c). All latitudinal differences of the Yili Block become no significant of 4.8°+7.7°, 7.4° &+
7.7° and 3.3°*8.6° with respect to Junggar, Tarim and Siberia, respectively (Fig. 10c). The
counterclockwise rotation of Yili keeps the same of 1.5°415.6° with Junggar, becomes no
significant of 13.8° 4= 15.6° with Tarim and remains still important of 38.4°+ 17.3° with Siberia
(Fig. 10c).

Table 2. Synthesis of Late Carboniferous and Late Permian paleomagnetic poles from the Yili,

Junggar, Tarim and Siberia blocks

Areas Site n/N _ Polarity Ages Dg Ig Ds Is k 095
Zhaosu 523 6/6 c2(C1y 185.1 -43.5 181.1 -55.0 140.7 6.5

R

524 6/6 R C2(C1) 190.4 -63.0 174.0 -40.3 3549 32
525 6/6 R C2(C1) 184.0 -63.7 176.1 -38.4 3247 3.7
526 6/6 R C2(C1) 258.6 -41.8 188.6 -29.2 220.0 4.1
Mean 4 R C2(C1) 207.3 -57.8 10.5  29.8
180.2 -409 469 13.6

518 6/6 R C2 153.1 -61.8 163.1 -453  197.6 4.8
519 6/6 R C2 116.3 -57.5 149.0 -54.0 66.7 6.0
520 6/6 R C2 169.1 -57.2 179.0 -39.1 43.1 9.3
521 6/6 R C2 171.6 -57.9 176.4 -43.4 84.4 73
522 6/6 R C2 145.7 -63.5 149.7 -51.8 80.4 6.2
Mean 5 R C2 151.6 -61.2 48.0 112
164.7 -47.4 50.7 109

Mean 9 R 176.7 -62.7 13.0 147
172.0 -44.8 40.4 8.2

Xinyuan 537 7/8 R C2(C1) 181.5 -24.0 179.9 16.9 6.1 212
538 8/8 R C2(C1) 167.9 -27.4 166.6 18.9 35.9 7.7
539 8/8 R C2(C1) 156.2 -30.5 155.4 18.0 11.2 143
540 8/8 R C2(C1) 160.5 -36.6 216.7 -64.4 35.0 7.8
541 8/8 R C2(C1) 149.0 -5.2 160.8 -48.7  289.7 3.9
542 8/8 R C2(C1) 145.5 -9.5 161.5 -49.2  187.6 4.9
Mean* 6 R C2(C1) 165.3 -36.4 37.7  11.0
Mean** 15 R Cc2 169.1 -41.5 36.6 6.4
Yuxi 549 6/6 R C2 2144 -35.7 225.7 -39.3  380.6 34
550 6/6 R C2 212.0 -35.3 223.1 -39.6  411.8 33
551 6/6 R C2 213.0 -37.5 225.1 -41.4 64.7 8.4
552 6/6 R C2 207.3 -39.1 220.0 -44.4 60.0 8.7
553 6/6 R C2 216.9 -32.6 226.9 -35.7  179.2 5.0
554 6/6 R C2 204.9 -38.0 217.0 -44.0 1249 4.1
Mean 6 211.5 -36.4 3543 3.6
223.1 -40.8  350.1 3.6

Gongliu 527 6/6 R P2 186.5 -17.7 189.5 -59.3 11.0 141
528 6/6 R P2 194.9 -6.2 201.6 -49.8 87 149
529 6/6 R P2 187.5 -14.6 190.3 -62.5 38.7 109
530 6/6 R P2 187.7 -25.6 200.9 -73.9 74.3 7.8
531 6/6 R P2 189.4 -16.6 189.4 -57.6 1234 5.8
Mean 5 R P2 189.3 -16.2 111.7 7.3

194.1 -60.7  76.1 8.8

# Ages within the parentheses represent the age of rocks;
*, site mean direction calculated with 4 in situ directions of basalts (sites 537-540) and 2 tilt-corrected
** locality mean direction from Zhaosu and Xinyuan Late Carboniferous directions.
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5.3. Tectonic implications

According to the above paleomagnetic data analyses, relatively slight latitudinal
differences (if any) of Yili with respect to Junggar, Tarim and Siberia have been obtained which
are often less than uncertainty, indicating that no important relative latitudinal movement
between the Yili Block and the other blocks took place since the Late Carboniferous. This
observation is quite consistent with geological evidences, from which, the principal orogeny of
the Tianshan Belt due to the convergences among Junggar, Yili and Tarim is considered to have
been completed at the end of the Late Carboniferous [2, 6, 11, 14]. The remaining small
convergent latitudinal differences of the Yili Block relative to the other blocks since Late
Permian should correspond to the Cenozoic intra-continental subduction of Tarim and Junggar
beneath the Tianshan Belt, and consequent N-S crustal shortening [40, 42-46, 74].
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Figure 11. Microscopic kinematic indicators from ductile strike-slip shear zones, (a) feldspar

clasts with biotite pressure shadow showing dextral signature of the North Tianshan shear zone;
(b) mica-fish and oblique quartz sub-grain textures indicating dextral shearing along the Nalati
Fault; (c) sigmoidal feldspar clast with pressure shadows of quartz and biotite showing
sinistral movement of the Erqishi shear zone in the Altay Belt.

The good consistency between the poles from Yili and Junggar may indicate that these two
blocks were welded since the Late Carboniferous and they might be paleomagnetically
considered as a single block since that time. In another word, if there is any relative motion
between them, it should be under the paleomagnetic uncertainty. As described above, the
significant polar differences of the Yili Block with respect to Tarim and Siberia essentially
reveal the CCW rotations of Yili-Junggar related to Tarim and Siberia. These CCW rotations
are estimated of 60.0°+10.6° and 70.0°+7.4° since the C2 period, and of 13.8°+15.6° and
38.4°£17.3° since the P2 period (Fig. 10). These observations allow us to estimate the relative
rotation from Late Carboniferous to Late Permian by subtracting the relative motion since P2
from that since C2. Consequently, during the C2-P2 interval, the CCW rotation of the
Yili-Junggar Block attained about 46.2°+15.1° with respect to Tarim, and 31.6°+15.1° to
Siberia. Since Late Permian, this CCW rotation of Yili-Junggar with respect to Tarim becomes
not significant within uncertainty (13.8° % 15.6°), but remains still significant of 38.4°+17.3°
with respect to Siberia. Since all four blocks were amalgamated at the end of Late
Carboniferous, the relative rotations between blocks were accommodated by strike-slip faulting
along their boundaries and therefore resulted in lateral displacements. The northern and
southern boundaries of the Yili Block correspond to two ductile shear zones (Fig. 1b). To the
north, the North Tianshan Fault (NTF) [6, 17, 37, 75] extends eastward merging in the Main
Tianshan Shear Zone (MTSZ) [23-25]. The kinematics of the ductile shearing along the MTSZ
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Figure 12. Simplified reconstruction maps showing the relative rotations of major blocks and
consequent lateral displacements along their boundaries by fixing Siberia at its present
position. Late Carboniferous (a), Late Permain (b) and Present (c) states are compared.
Shadowed zones around the Tarim indicate the subducted margins of Tarim during Cenozoic
intra-continental deformation. K, U and O stand for Korla, Urumgi and Olgij (Mongolian).

and NTF is dextral [6, 24, 25] (Figs. 1b, 2a and 11a). To the south, the Nalati Fault (NF) [75]
and Qingbulak Fault [2, 11, 15] (QF) extend sub-parallelly to the NTF and MTSZ. The Nalati
Fault, also regarded as the Nikolaev Tectonic Line [26, 76], is the most significant structure.
Previous studies proposed a left- lateral slip [14, 16, 22, 28], but field structural analyses based
on kinematic indicators suggest a right-lateral strike-slip faulting [29, 30] (Fig. 11b). In order to
account for the paleomagnetic and structural data, simplified paleogeographic reconstructions
of these rotation patterns are proposed in Figure 12a, 12b and 12¢ at C2, P2 and Present periods,
respectively. The quantitative estimation of the lateral displacements corresponding to the
CCW rotation of Yili-Junggar with respect to Tarim, requires the definition of an Euler pole of
relative motion, around which, one crustal block rotates with respect to another along a major
fault. In the Tianshan Range, two strike-slip shear zones form an arcuate belt separating
Junggar to the north from Tarim to the south (Fig. 12¢). The best fitting small circle passing
through this belt allows us to estimate the Euler pole position at about 55°N, 92°E with a radius
of about 13° (distance between the pole and the belt; Fig. 12c). The 46.2°£15.1° CCW rotation
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of Junggar-Yili with respect to Tarim, therefore, corresponds to a right-lateral displacement of
1160+ 380 km along these strike-slip faults (Figs. 12a and 12b). This sum of motion may be
explained by two opposite displacements of Yili-Junggar and Tarim along the Tianshan
shearing zones from C2 to P2. During this period, Yili-Junggar experienced an eastward
movement of 670+320 km, and Tarim went westwards of 360+270 km, with respect to Siberia,
respectively (Figs. 12a and 12b). It is worth to note that the Central Tianshan located between
the Yili Block and Tarim is not involved in our simplified reconstruction.

Similarly, the CCW rotation of Yili-Junggar relative to Siberia is accommodated by a
sinistral shearing along the Erqishi ductile shear zone in the Altay Belt (Figs. 1b, 12a, 12b and
12¢). A sinistral kinematics has been widely recognized by structural analyses [22-25] (Fig.
11c). On the basis of the curved shape of the shear zone (Fig. 12), an Euler pole is estimated at
56°N, 101°E with a radius of about 11° (Fig. 12¢). The 31.6°+15.1° anticlockwise rotation of
Junggar-Yili with respect to Siberia observed in this study corresponds to a displacement of 670
+320 km along the Erqishi Fault during Late Carboniferous to Late Permian (Fig. 12b), and
the remaining 38.4°+17.3° anticlockwise rotation implies a continuous displacement of 820+
370 km occurred in post-Permian time (Fig. 12b). This may indicate that Yili-Junggar
continued its eastward movement together with Tarim after the Permian (Figs. 12b and 12c).
This motion essentially ended up before the Cretaceous because Cretaceous paleomagnetic data
from Junggar, Mongolia as well as Siberia do not show significant differences among them [77,
78].

Ar-Ar geochronological studies on the ductile deformed rocks from shear zones indicate
that Tianshan dextral strike-slip faultings took place during 290~240 Ma [24, 25, 29, 37, 79].
Erqishi sinistral strike-slip faulting is proposed to occur from 290 Ma to 240 Ma [25], and
continued through Triassic to Early Jurassic [22]. Such large-scale and contemporaneous
displacements along the southern right-lateral and northern left-lateral boundaries of
Yili-Junggar blocks enable us to suggest a eastward wedging of Yili-Junggar between Tarim
and Siberia. Meanwhile, further paleomagnetic and geological studies on Early Permian of the
Yili and Junggar blocks is needed to better constrain the timing of relative motions as well as to
better understand the mechanism of such tectonics.

6. Conclusions

This first paleomagnetic study is performed on sedimentary and volcanic rocks from the
Yili Block. Magnetic mineralogical analyses show titanium-poor magnetite and hematite as the
principal remanence carriers. Except the samples from the Axi area showing weak and unstable
magnetic remanence, most samples demagnetised by thermal and AF techniques demonstrate
both viscous and stable components, the former gives a magnetic direction close to PEF and the
latter presents characteristic remanent magnetisation. The reversal polarity is exhaustively
obtained from these Early and Late Carboniferous rocks and Late Permian red beds. A general
remagnetisation of Early Carboniferous rocks has been observed due to the Late Carboniferous
Yili arc magmatism. Two paleomagnetic poles of Late Carboniferous and Late Permian for the
Yili Block are calculated from stable directions. Comparisons of both poles to the coeval poles
of Tarim, Junggar and Siberia indicate that (1) The consistence of poles from Yili and Junggar
implies no or weak relative motion between them since the Late Carboniferous; (2) no
significant or weak relative latitudinal movement occurred between these 4 blocks since Late
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Carboniferous; (3) 46.2°+15.1° and 31.6°+15.1° counterclockwise rotations of the Yili-Junggar
blocks with respect to Tarim and Siberia, respectively, took place from Late Carboniferous to
Late Permian. These rotations correspond to the eastward motions of Yili-Junggar with respect
to Tarim (1160380 km) along the dextral strike-slip faults in the Tianshan Belt and to Siberia
(6701320 Km) along the left-lateral Erqishi Fault in the Altay belt. These conclusions are
supported by both field structural and kinematic observations as well as geochronologic studies
in these tectonic zones.
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SRR EE AT, R R I R A R 2 35T T g . A S N AL R e
Mo 5 AL e i B R LRI A O — A B AR s R A ORI, PRz R il i
AL, AETR IANET R Z (W3 AZE At Ay F e TR R LR [ ARSE A, 5 28 R LA B PR A 3
LSS e
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FBOE PR HABX XM RE R

H— R &R 5 HE A E

KU TR, AW EERZ —. AR EHIR-Fras . R PG [
SEAIE NS B sw TR R 5 TR s Y, AR 3000 km, 9849 250~350 km (1] 2-1).
RSB, K8 1700 km (R L RS BB R 4E R E AR RS, K
DAL HEES SR 0, DA S FEOR 7 (8] 2-1, 2-2, 2-3). WA, R EARIKE
(RIS s, Hoh R i ——FE AR IE R IL 7435m, ~FIHEAIE 3000 m (8] 2-4), 55 {0
T b 7R 2000m, PRI HA) F NS SR 7o RS LK 2 i ) — 1 R AR Bk . S L,
R LA EARTE A T ARG R, ARAEVE 5 B 1 050 AL, 254
DRSS LAS R 1, i A TR L R b S 2 ) (B 2-2, 2-3). i
FEF B AR AN AR, RIS A T S TR, AU 50000 km® (& 2-3,
2-6), I FRRZ A “URAL (T ZHh”,

Bl 2-1 s X B3R (GTOPO30, NASA)

PR — b B AR, 7 ROk B A ol AR AR R R R P A,
XL R R A AR L& L i B S WA A P& 1L (CAOB:  Burtman,
1975; Coleman, 1989; Zonenshain et al., 1990; Sengor et al., 1993; Jahn et al., 2000, 2004;
Brookfield, 2000; Khain et al., 2003; Dobretsov and Buslov, 2004; Buslov et al., 2004; Buckman
and Aitchison, 2004; Zhang et al., 2005) [WEZA GRS (B 2-2), 8RO KR 1% R 74
o, RAE T EEAEH . PG LAl TR A, S R AR B AR P AR AT ) A St AH
TERIMEE R, XL REEHAR 2 VIR P57 se W . ARRCKRE . /K SR, 4
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Jb SRIEARIPYRAE (B 2-1, 2-2). # KElibZ [ LU Ay AR R, 0 28 MR- oy 4 R -
W% S r EE 2 TR AR 5 L oty oAb B pa AR ARSI 2 8] 19 52 0t -S04 Y. (Okhotsk) AR A <
VEACURINE AN UERES JR 2 R B 2 -AE 48 (Sayan) 3 thiis . PEi-5 35 TR S SR AR Z A B
gy, R ey WAL TR IR B BUR KR A2 A (8] 2-2)

p—
REkHE v : -
ad
60°F
40°N 74

/ S e, i

E-3
- %‘)ﬁﬁy@ /

e ra R R

2-2 FRAV B T Ay E R R (4 Enkin et al., 1991 F4&5 20

B KR T R

AR L 1Ly 2 BB AR AR RISk, T BN R A S R A B AR, g R MR
AR R AL ) 74551 774 (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1979;
Nelson et al., 1987; Avouac et al., 1993; Hendrix et al., 1994; Allen et al., 1999; Burchfiel, et al.,
1999; Poupinet et al., 2002; Shu et al., 2003; Charreau et al., 2005). BT [IHLFEZORNE R, HENE
JRANEE AR M B ZE 4 B8 49 5 1) R Ll 2 R A (#12-45 Poupinet et al., 2002; Zhao et al., 2003),
L YRR JR ML 5% 1) R LU b $1146~50-60 kmIK [ (Bump et al., 1998; Wang et al., 2003), 1M
B AR M 5E U i) KL P 270 kmigRFE (Vinnik et al.,, 2004). 4550, fER A Ib4 5 WAL
alt, BT XU PR, WA (B12-5; &F RMAE, 2004). Ji4h, MBS (E2-3)
AT (E2-6, 2-7) ATRUE H, RibdE iy ok 40— RVURVT ) R, AT
T, SRR L 3 H K ALE R BY D)3 (Allen et al., 1995; Bazhenov et al., 1999; Shu et
al., 1999; Laurent-Charvet et al., 2002; 2003; Zhao et al., 2003). i ¥ RIEA TEAE X Kl
ARG R R T 3R ZU SN 0d (Shuetal., 2003; FEAASE, 2006).

AN L HERWTST, ATEE T A R g AR R AR B Gl Hb s 3¢
Ryt e i, SEAAERDE S A& 147 (Coleman, 1989; Shi et al., 1994; Shu et
al., 2000, 2002). i A H ARG UE LRI AR F R R 1 R AT X 70 A 4 T KA Foc,
B 1] B2 g B AR BRI, R AL JETR I ANAEIE R o 0] I e 3 B T i S
ZRIR AR I JE R AIATR, W R g s oy AR AR TE A R SR B AT AT o

1. IERLEE
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1.1. BEAREHEEMR

P& BUR 7 i Ay b [ A — Kb, THIFHS560000 km?, d6BLR A5, Bk B LRI /R 4
WrEd PR (B12-2)0 T HILJEPETT, BRI (Hsu, 1988) TAh H T & A 9IS 25 LLAH,
— AR A SR AT HE AL 4l - A R LA I R R I, XS S el s R
A i 2, QB v 75 X e e AR 2, RS s B X - rh o A RS R RE L
gk KE (B2-1). HL, Guos (2005) 7EHE HLAZLHI70002 K (1)4L £L 3R 15 14 B T
KA AR 41790.0422.1~744.049.3 Ma, HAAH2: HAT By 4 R AE, DRI A
HS RS I R ARG, IR — AT IR Rl 7 (Nakajima et al., 19900, 534k,
LA T MR R RS IR PR R, B HUR G R 5L A RAE I 2 5 TR A AN —
P o LA (] AN I — R ILAEAS [ X IS A AT AN RIS . AN R PR, 2% A) b ) )
AN — AR DLAE L P S5 8 (45 IR S8 )2, A L o v R B g . bk
JRINZES (ZEHREE, 1999),
1.2. MR E KR

HENE SR o (T R Rl 48 2 1), O — AN SEM A, TR 13000 km®, . Bk
AUTHHLE JE38 10 km (Liu et al., 1990). &4 N1k,  ATE HENE 7R 2 Hh 8 2% A I T 7€ Al
b2, DR VIR JR 7 M I A TR AR AR AR R I il e 238k, HERS IR AR AR AR IR —
MRS PG (Caroll et al.,1990). %54h, Chen 25 (2004) F1 Jahn (2004) i i iff 5% ks
IR JE G JE WA 0 T8 A P ena(TYE,  TA K HEME K I WL A AR e i s . 4R,
BRI X E ) kg MRS ORM A HT, A A e R TR AR LA
T (MRAo2, 1986; B 2%, 1992; Sengoretal., 1993), ZE4H4%4E (1999,2000) it X %<
THENES SRR 7 22 FL o GG 2R e b7 B A0 oy AR A M 2 ORI DX AR 43T A R YRS JR 2 b Y i JeG
(S INAEA R N AR | SE
1.3. RBELUFHEERERHERK

WE2-77R, ol AR R AR P R L a3 A ok, R ORFL R ER RIS S B2 A 0 K L
i R R AT R A R GIgE e ey, 1993) . ALK R B MG /R el
BIARFUREFIEY a5, R 4TIk, IRBRIRE S a M B K RS LR A4t
PRI A . —aRHC T RRA VR AR T BRIR Bh 2 LA S A R S 5 5 o IS B i v 0 r 2
50 A, EEAE A INRH T BRS B BK A R SRR s IR D B A A
AT 2 RS o R RS (20000 N6 HE 5 - 28 1 g 0 ) AR For $ FRE A I o 2R
HEAT T U-Pb[AIf7 25I04E TAF, 1931882 £33Malf4Eis . i Fe e i ok LUV iR R BB T ooy
Ft CHrashar Jy, 1993), I EFRAKHLS . ik Batbaihs, FHRH AN
o BABRKA S BaREAER S Aabba st s LA B KREEA S, Sm-NdFEAR
EWFFUR LT B RS 91700~ 1800Ma (HHSEZ4E, 1998). Ji4k, FEFEA RGN X #5775
VKT AR b v —1F, BT FE R4S A R URb-Sr4s 5 25 I 2R AR08 O 729Ma (W% 1, 1985),
X AR AR 5 Sm-NAAERS A 1570Ma (CERHSE, 1994), #TE 5545 (1998, 2000) lit
S R Lty s e i AR AN R B A FE, A IR SIS A i T 1800Ma I, 2
JEAR J T 2 I BEE ) FOR YR T K B g g5 D, HEW e A 14 T BN G M B, JF S
B AR Ib SR B AR AR AT

2. ARk GRREHRERNA

A L HERTI, B#iE R DX RIL T KR ISR« KT IR apiR s
HIE IR IS mERGR, RS0 AR IR INIEERAE Z I HEER,
WAFAEA RN HAT, AAEEAR BN, AEPER L SR = A aaeca iy, REi ey
Wi PR R vE Ll b Sk - FEOR AT A R R R L -UR B L e i
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2.1. BEAGAREREET

BB S A A T L 7 R A30kmAk, [ VE S SRV D RIvA e Ak (BRAETRAE, 1994)
FIE, A EMRE 0 BIF (PR, 1992). iZBiwat sl BEACER — M IRER (M
JPHAE, 19925 ZRAEIRAE, 1994), A iis & Wl 2 -t O Btk A, Rk
ZIE S O R IR I 42 A CH P45, 1992; Windley et al., 1990; Allen
etal, 1992; Gaoetal, 1998). fEARKIALE, Mats FE M AR ILRPER, EH b
FRE IR, (HEATAT BEARER M 2B ARSI I i (Hh %155, 1993, 1997; Shu et al.,
2000, 2002), 5 EERRSCE A IEA A
22. BRELGSG-RTaEB-ERTRERETSSETRET

e Sk B AR VG R LG R vl L AR AR B 7 B AT K7, R ARG bR
WY, JEA R VE KAV A7, sk i A R I R A Ay (PR A, 1992).
EMG /RSN AGRE, BRECE BB AN e HR R IE 2o A, I e AR L I - Ak
Fr gy A R AR U TR AEAR A IE IR W, gk T AR 3R (9 58 T BE A7 AE T420Ma/if7,
T 1 P /6 o s A2 A FH U &% 2B A 350MaZe A (e 25, 1994 I RA, 19955 Gao et al., 1995,
1998, 2000, 2003; Klemd et al., 2005). 7EKATA, JRAHER S i A IE D 25 F0 A B4tk AR
TARERE A A AR AR T, HERR 27 FOME K A Rb-SrAE s 468Ma (4= H 5%, 1994).,
Gao etal. (1995, 2003) MM IREE (1995) $2H, RI5g AR K LS R TV 4 sl (LR
Bio M B AR LT RE S R S A, fERW Ay, BRECA KA T RRLE L (BT R
45, 20000, HAPRHATHEA+42 55 Sm-NAEE I 2R 4RI 4 538 +24Ma, i AT B AR i T
F 0 £ IR A O A ArEFAE R 47432 4 1Ma (Shu et al., 2004) . BRKLA HER Ak 22 RE A 22 W HL 5
IR TVE SRS (Shu et al., 2004).
23. BR-SIRELEERE-PAXRTRRGET

TER s B AR e 2 2E A A ARG R Sl s R Ly 2 Ll H s AR s i A
WURTEINY FOT T M PERAT B IX . FAEIZE (1990) Ak, S EUT X ik 5 FER AT M X b
G TTREE T AAFBARIIGE S . M7 H (1992) SRR vE R 1L ma e et s (R AR U4
R EI, Ak, I, RS Ak R KA A 1L A e S R TS R
Fa A - B R A RO A A REIREE, 1995; Gao et al, 1998; Liu Y et al, 2001;
Laurent-Charvet, 2001 ) o [ 8/l 4 5 7 55 F 5L 57 b 28 25 RFOAT ArdFE s 41370 £4.8Ma (2%
IRTFEE S 1996) o MTARVE] e Hs AR Ji BRRE 25 s A U-PbAE#E 41392 4+ 7Ma (Zhou DW et al., 2004).
A ) AR B AT B8 55 AR Ll ZEM e S AR, Lo S 1B A U-Ph AR A 425.5+£2.3
Ma CFARASE, 20060, Mm% (1995) FIE2A#I%E (1995) A, EHLl-FUR s l—ir
Mok E T IRVEZL 999 Ik RS, 3 855 (2005) Al ST Me st A AR YR YT
SKIIG Z k. 3 4h, RIbA AR Bk S HAAMORBHIOIBE 2k E (FE =855, 2001), wf
RETE IS VE B 3A5E (Shu et al., 2004).

=9 Rl ARG E AL A R

B A 30 A%, AR T A BT R BE  “Rligsh” S, IRkl A
AR R AN AT BAE R P A& L2 Bl LIk, TR by A AR Ay 3 55 Ry s A s o b AR b i
FWTICII R SR T 1954 41 1984 4F 55 FLPE H 22 Jig [M13E 11 B - £4158h (Wang et al.,
1988) AR B IE R ®, $eh 7 oRINTF XM Ll e, 2T, &5 2 henliEihsE
AR, Eh2S 90 SRR, AR AN B2 SO0 Rl e oy ZEAR A i AL 4t T
ZRANR B Sy 2o, IR W A 2 A, (HB A W] 20 .

1. F#SRELLER
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[Jcraton [ sAYKALIDES &PRE-URALIDES

:I ORDOVICIAN-CARBONIFEROUS ACCRETIONARY
PRISM IN THE URALIDES

ALTAIDS:

[ PRE-ALTAID CONTINENTAL CRUST

[ venoian-EarLY camsriaN i|SUBDUCTl0N

[\? PRE-URALIDES

RUSSIAN
CRATON

|:| MEDIAL CAMBRIAN-SILURIAN |-ACCRETION

COMPLEX
[ oevonian-cARBONIFEROUS

[ cAMBRIAN-ORDOVICIAN MAGMATIC ARCS

[ stReTGHED GONTINENTAL GRUST

MANCHURIDES

Solonker suture
L

Turkestan suture TARIM

0 1000 km
[ 2-8 FilshZ2 By Ui Ay i & (8 1 (P Sengdr and Natal'in, 1996)
Sengor etal. (1993, 19960 A2y, Kiliid 1Ly @ TR #2238 (LAl il —&8 7y, 52l
M X AN B AR 22 i FTERAR SR G R L I (B 2-8D 0 20 22N R S R 32 B b A T K
FUERTE R, 8 Ja X e 8 Wi 2 PR IR PG B o PP f I 2 2 B AR A oy R AR
] o 1A AR T DXIE g F A LV E T R e, eI 2 g, DRI W 1R T P o i
r AT G, IR R AEREN AR TE .

2-9 PR DX AR ACRR R A R A (U A5 R A, 19825 1, KRRt pR A4k 2,3t KR4 Aty 3, b vty

2. AARFFE BB N

Shietal. (1994) F1 Shuetal. (2000) WFFTHEH, AP A AR 1A =3k P K Bl b
CPEAR R AR B AN R -rh iR b ) 2 () e — Ky CRILKRYE), 7L T 404 2 A H ik

104



eyid, FAYIEHESE S B4 VG R EPEAT R+ AR ClnlEl 2-9). PRIk, JRudiid o —A4
W oty A AR 2 AR A B, P A 7R LD e PR R SR AR I . MR B L i L R KL L b
WM Z IR /NEAE, 2R il R, S5 e A B LR - B 20T A RN 28 DY A R AR e
PG HUR- R sl A (16 2%, O SOREIHER ], M0 2 0 7e W Bl 4 6 0 A 2y
ATAER g iy

3. ZRFE-BE (B fiRFApE-fh (8 RiEERN

KPR IE ARG, E 2R E 3 T 2 W-Rh . -5 00 DL R B i ) -
i« S K-k 22 1) (s 14X, (Windley et al., 1990; Allent et al., 1992; Gao et al., 1998;
Chen CM et al., 1999; Laurent-Charvet, 2001; Guo J. et al., 2002; Xiao et al., 2004) (& 2-10,
2-11, 2-12), XGRS, AR R AR 1488 0, R s (o R DR il i
h A, R A — A = ZERRVE, 0y 78 1) Pl 5 5 SR b 4 FE T Bl 1) B 5RO
W /8 5 I [RGB (P 5E s I s S PR pp e e g 28 A R AR 450, BT A 1A Kt R B 5
SR I — R RS — 1K R e

2 N ®
Early-Middle Paleozoic Main structural zones in Mid Carboniferous

Central *Tiahshan
+ + + 5

Tianshan \ \

Late Devonian (?) !
South Tianshan

Northern Tarim ~ Suture
Ophiolite §,__ =_/

s { .} Late Permian crustal block rotation
@ 2km isopach for Late Permian mudrock

~ // Buried Late Permian rift, interoir of Junggar basin

_~ Trend of basement structure

Late Permian:
Formation of basin during
regional sinistral shearing

Alakol Basin
// Altay

/ O/ -~
=
) gg;\\\\
@
~100km Tianshan
=)

Late Carboniferous-Early Permian
North Tianshan Suture

\

Foreland basin

Junggar basin
? (unknown basement)

- Tu-Ha Basin

Bl2-10 (A PRI ARG E L (3 Allen etal., 1992);
(B) P Ze 8y & JboR L -vEmg /R ot AR A4 (F Allen et al., 1995)

SR, AP 2 (M AFAE B R I 22 57, 2 BEERINAE Y 52 OARE IR 7 el RHARE oo A0 P B
LR . Windley Il Allen 45 (Windley et al., 1990; Allen et al., 1992) i\, KILIVEA F.-
S ke Y R [ B |t RV A A b N T L e 1 i 3 s | o N U o d S e S22 1 N T A
M AR R IR IE S K2k, M kiR = B E R OCH (18] 2-10). Chen et al.
(1999) W T BRI BB LA, TA A2 o T I 5 G- B Pl 20 A AL b b A I L
BRI FE TR Y e F R L 2 4k A0 & B - rh e I 1) iy b e R A R 2 R
TE R R L b A AR I B R L 2 8 ) U OC PR, AR PR R T F R L R ARV 4L
AR AE M 2 - A i T TR 4k s i Ab AR, TR B AL o AR AR B R Rl & . AR

105



(100T 10ATRYD-URINET fE D 6661 T8 12 USYD i € ‘8661 “T8 10 08D i V) MY =, H T 11-T [

xa|duiod E uownd omuess e puejs| ’A
Areuonainoy
Isnio
$30UB2IOA IS0 2luessn ——

uBYSUBIL YUON ueysuel] yinog

ole QWENQ_O> oIUBSI0A
epbo eH-n -
poog HnL nsueweA LL-ed

¥12q axrjorydo wseq
UBYSUBLL YINOS  puefaioj [esoydriad ‘_m@gjj >

3wef
WIIBT, UIYLON] i

1J-2D

oIg onjpwSew
WLe], YHoN

~ ueago-osjed
Jebbunp

o_cﬂwom_o uiseq “2Je_OlUBDJOA Hol Udo eAlspn S
epbogl_/ oJe-eiju; NSUBWeA iwzo\ot:oﬂmo Em.TAth [0

ueysbuenH

UIseq oTuB200
JuaWRI § TS

w,,
44
UISIBUI [BJUSUTIUOD
QAOBIIX 'S

cmmn%w.ow_wa
Jebbunp Q AlB
DIUBOIOA 1o-ed p
ueysUer] YpoN
!
1129 eomdo
UBYSUBT T, YINOS

N // was
ueaoo-oajed o
‘egounr noBusIN [uBiuona ejppmn-uennys oseq ;
UISIB U [BIUAUTIUOD
aATRR TTIX 'S
1966y 3¢ suue] s

= \ ) 0-€3 Z— \
Jebbun cﬂmmo_m.__nwmw___.ma = :mcmwﬁ%‘ow_ﬂnw S @.ﬁ:mmg JTUBOOO)
r : OJE OJUBD|OA ysuell yinog ; !

N ueago-osjed
uetstell Ehued) eunis_eIppIN-uBIIAOPIO PRI

flicliilitve)
WHBL

JULUNUOO0IITUL
HIZS

500|9 ueysuell [esus:

/

// -’ : UBIOIAOPIQ) SPPUA- UeLIquIE) Sje]
uesoQ-osfed uBysuEl| cmﬂmwmﬂoﬂmmvw s B N S

uelqued 917

106



CHHRM R B $00T 745 HE D' *$00T “18 30 OBIX HiE V) W IREXBAN T HITICY TI-T

: YA e
$UUTHGYF \

rEmrE-yey WEZY
Ap«# A &«W

R
O SN

Aoy &

B
B

R
&
&
T YT 6
WY B
- T D REU
T CF S T I oy \,\)l|\< A
) ¥R B ﬂQ FEY -
WE ¥ F Y

NS

TFgo G Y Ry #HG - S
N FEUE - REY

®

e

|
i
T
|

2 BV ES

T Ul B T B

T ™=

=

-
o
TTTT e Pl
1N~ I}
AT AT
111 \,ﬂﬁ ”\
el I
d T
g T
Semmmmsse =
z 7
WY E

S

VB R - BHESE

T

1
W i FaFa

GEHY ERGEYE %

S
HUE T Y (T Ry

(s18pra1 SpIEma) ‘ol Aeme) ney dis-oqs [68)
oy [T yooioquein [F+ useq ooyl E5

puaba

ouojoiydo 1o Jsnuo aluBscy [T obpom Asevonoscoy [l oy [T
soyewenin
202 yeysbuent
nsuewes o

LY eaeBuy
LLCTCT N S ——"
/o / ujseq e

uegsuey) [enus)
/. uiseq ose-enuioieaio)
aunyns adKin

:.mmzn
[S] rzuenbeysynpropiiby IO @ N

UZ-Gd-BY ‘ON-M 4N

4 74

ueiwdd AlIET 0) SN0JOJIUOQIED 1SDIET O

upbiew
WiEL WIBYLION

8]

v
A ole A usea om K
2487018010} /

¥o0jq VAR TR TTTTTRAN eseBuy
ueysuel] |euad ReuRlIey ose ndoex
OWND nyueueq
ny

ujseq uesvo

wsiuny auoz aimins

noweay

N

snosajluogie) aje 'p

74 /4

useq ueado 61TV uise pyapang” eeo
uibiew sty ¥00lq Em,aiwa_\ o " gupgulV 2990 Seray uiBaew aayoe
wiel wsyloN ueysuelL [enueD nsuewex nyueURa ndosry. e uesebuy UIANOG
uiseq 2e-e5u) inBBuey AMEH N
s
snoJayuogJed-pIN o1 Ae o
,
4
/ 7N A
g R
oy - o L&/HM
R Vs .
uiseq ueooo xajdwioa Kieuonaiooe wawejoy
uibiew ysiwny| #0019 Juiseq 21ealo) InBBuRy b wibJew sAoe

uibiow
wie] uIdYHON

S

ueysuel [exue P

uesebuy uieyinos

m

snoJajiuogien Ae3 o) ueiuoAsq 'q

AN
Ry
== S s = =
uIseq ueado D ‘ Rl - ueadso
ysiwny 218 ojewebew o Inowejoy

ueysue!] [enuag nyueuea-yIEH

]
ueluoASQ-ApeT 0} UBLN|IS-UBIDINOPIQ Bl ‘&

107



B R AE e A e - St R 2R b ke, R S 80EW B UIMER (& 2-11B).

Gao etal. (1998) F Laurent-Charvet (2001) $4J1A kg R VEAE R L3 L f bl 3
SYEM . BUFIAA, T I JR VA G SR - v S T T I g R A, B R R L R AR AR
SRR R R e GUZIRE), Al R - A b A BS BLURHR B4 oK o m R LR AR I
W - FA R IR TR aG i AE T, AR R B G S sh kS 15 MR, HENES RV
kel g, I RBALR R B 9K, W AE R I X I T — RSN (E
2-11A) o IXEEE A3 ) il AL -rp R LRI AR R AR, 76 H - i TS 485G DAL L RS I 1
52 A2, Laurent-Charvet (2001) 7EIZ8l2#WF LA b, X AR L A A 4
WER AT o RS RV St B R LR AR M S T B AR, VR SR AR B P - v A R A
16 B AR R AR AR AR R B 5K, AR R L bR ” IAAERES IR AR ok o B i B -
PeEtt, RIS IR R A, R R et ) B R b R OCHT, Amdb Rl FrR
RS R OB A4 Sy — Ak, fEdr-Wp e 7 sy, FUF s R pE gk S ) p i, e bR g
B SR, Ak . LR 5 B R (] 2-11C) . e Il ke A 7E W A e -
A W T B R L X AR A T .

SRR IR AL, Xiao etal. (2004). &F KB (2004 P9 #FH5AR A 4R H T4
R, AR 38 DA MBS 7R RN R L ) R T ARE P R REAE TR LB R e B G (]
2-12A) AT G FH PSSR ot A (& 2-12B-C). WASKYE, X seisitb iR AE i ih )y
SORAR_ AT EAR 2 4 Bt Ty, T HAE AR PER I b, i h oy =08 2 22 S B K
R, G OR WL A AR AL I B, W 75 22— 2D A R0, AR Ze— A A

BIUFT NS

Lo Ry o7 T HEmS R S 8 HUR Bz 8], R 3 ot ) 5 4L 73, A RRIE
KB ST RE b A% T AR PABBUANE PR LR B2 0], HA i w5 b
Bah AR B R Ll A D RE R R R

2. B LRI RE SN TS AL S - AR e 28, O R I X R Rl AR Bz
B EARRBE AL IR AR 22 8] 3 A5 L AP AEANES) Vo D& T IR Z AL I R R A I
H AT M AAAE S BORANREHERR & 8 Lot it e M e, (HIERY)PERETER B, AERB I
WAERTRZ PEFHE R BRI ARHE . R, AR SCEERFFTHER R AL L 06 R
ety A A AL B SRS I, A5 LA — AN KRR A . A€ s AL 2 AR 2 /0 A E R
31X, EATTH T B SEEANIR AE R 73 R A 3 e MR PO 3 e P A BE A K
o

3. PERIBX A E ZAbtesiRas, EAUE T =& ARG AR IEE ML i s R
Acit, AT AER I B ORI AEGORAT A - RS L A RE S PEAT R AR R
PRI FERAT . EE eI A Tt A, AR IMT IR KA
T AW Ao P ey A A e S AV S RS o I QLR R ES S T PNIL (e sleb i o
(RO =Bty AR BN HIB T 559 5K INVE BB Z AN . Xl ariR o
WAEMIET 5B AR L, SRR ISR R Y R R H AT 48— AR,

4. BUATIR IR AR T, R h 2 A b ] BB e A AU I et 2
o0 I A R R, ARG (AR R IR A T IXEGE T B DI . (EAS TR e A
b KPR 1 A=A AR AT e 534h, Rl A& AR AR
PER AR B AR bt AESALL A il L
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=5 REMEERTES) KR %

TER R I 2, |2 A AR LM B LKL CHrBiy R, 1993), Xt
LA R T ER B AR OR 1L 1L R B B S A B B e 1 30 493k, AT A i
DX AR THT R K AT T 5 A 2 R R 2E A5, Rl AN B ERBE (K L EE R
—RONAESINE By, 53— RS KL BRI, XA R e R R Kl 5 (T
J AR I 735 ST AE i3, B R AL K e o By A I B 20 KL s I (225 L
%, 1995; Gao et al., 1998; R/KIESE, 2005; 2455, 2006), o AR4l- &4 Kil
H IR (FEEH K, 1994, 1996; Xia et al., 2003; 2004; HAHFHFSE, 2005).
X IK G K 1L 5 R SR PR AR I 22 5, S 80 db R 1 S AP AL ik B o A= AR R I S AL 58 AN [H] 1
filE ke Jah, BT E D O TR AL X LA FURE A AR A, DRIt DA PR 5 T8 DL i
DX AN [i] LA Rt 5 P Ay M B A i e T 2 PR o BT, A T 90 T o o (P A R 3 s A R & K
IS A U-Pb SHRIMP JE KN, 28K L MAER TR AL I IRAERS (A4S, 2006),
A N A R GE KL AR RS et CRaKIESE, 2005, 2006, [RIH$E H A4 2045
NI CRIKIESE, 20060, &4 M1k, RAGIFE XX KIS SR NE LGk
WL, D A A hakib 2 A7 22 U ERAL 22 REEAR 25 AT RS, TRt AR
DN R A A TR E BT A M9 o A8 SR T R ALIX 6 4 SRR T, X A
AT KIE AR NG AT TEM % SRS TRy 281 T RSO PEAEAR 2
WL, BN KBS FIPTRIE SIS IR EE . 25 2858 T U AR DL R O A 12 3 S

BT ARDLKLERKETRFS

1. BlE#R

AR SCPTEFER NI TPl 0. e rd-Fibn, EA-IRhie. IR, 5
SERFAH I (B 3-10

| 84°E | 86°E

HENES JR A

B R GREIN) K EFNIE 2 X

| | mrukussngs RAA-REZ  —— HRBE

|| Bremms =ELZET *  RAFHE
P 3-1 AP AL XA e 2 2 A 18] B ] vy R

NTF, JbRIEE: NF, BREWE: MTSZ, RiiEWE: QF, HAuhrhi

ey
=
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1.1. ATrFEET HE

ZHIAL A B 30km &b, VEBTA SN AR, METERIRKRE, SRAHEZ L
Wi Rl TSR EOA— R, AN B R-E W R EACE . TR A R TS
BRI EER D P ARG KR E LA (Cd) ERRG R4 (Con) FIBAR S A5 47 7i 41
(Cr0) 4lE CHTERHLTN ™5, 19935 ZWeESE, 2002), JLFENIAH FAKS Cd, |
FRGEHK . Cid FEH LERIBEKIR A 2 TR A5 R S - KO
HH IR E A Con kR -FRME K L S 5 JE D R AR« Coo N8 A2 B2 0 R R PR 5
KRS 2 BT s R TR 2K (B 3-2a). A4l KI-UiBUE 74
JE3i5 3000m. {E Coo 5 A0S (Fusulinella sp.) FAIIHEY (Timania) b4 . #H4b,
LTS (1998) {E Cid 2 1lE h 135 345.949Ma (¥ 47 Rb-Sr F#E A1 325.120.6 Ma
OAr P Ar PEAERY . BT LU, AR AHUEAES T WS AA IR (0sh) KE 2 b,
W ST RAL MR E A LR (Q)y #IER (Jx) AE LRI et (ZkD 224
KILEW R (B 3-2a). BN, —SL0RE. ERI A NS A RA

Axn74 REEAASS
8= RN BATIRG

ANBE A HAUE
#AEREHR

o A ARITAR

=& A TEARIAR

] =& FEXKLE

Z&% (EEWE) BAE
BRBIS B

LB RGN E B
TEREIGLE B

& Hge (EET ) BAE
A A

Ras CGEGFH) BNE

. .
X388 @ /

389 2
!

XI390

iwz  EEH wmz
AKX A KAz
T4 AR

B 32 5 (ad. JE#ISE (b) RURHER (o) X Hb R A
1.2. R¥im-EHhEm
VT 43 )6 80 v BOFI AT hr B o WU A7 T8 3y v Bk 55 e B R 65 2 TR 1R 315 A A
T 2 h 4 & LLAE AR 20km &b (&l 3-2b) o A 20102 0 53 R AL (Cym) - B4 #hif 41 (Cra)
AR (Cod)o Cym BB TR IS . KRS DA D B Bt n Ak, EER
AN b0 & LU SRS L 3. Cra 2 thrh-IR 1 JO LR g G R R I 0
SRR AL, AR S K S AR PR (Calamites sp.) 284k A7 CHraEtia /&, 1980). Cod
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M FZEAFRENCE - BOKFURS A W05 B, F2E0 A7 )e B v EL LV B BT 5hr
AIRES B A A KPR, Cd HIiE. HAE AT ZEARE. Ca LUKHRS
AEST Cm 2 b, 5 Cod MRS RIEET AN S M5 I, N A ge 2 T2 1% 1K 3000m,
ARG 1000m A

FEA B B T JE #h v EL AR 90km WG A4S (B 3-1), R ARG E R 14l (Claw) #
FARRGM IR (Cot) AHEGE S, Ara B Lia . 2lis. PHEKCE . st
o TEABEA . WIS KA RIS I RS TR, R ) S A K B A
Rz hBya s MR KL ATRE R TR IR S CRrsdnJ5, 19750, 3%
KIW R 20 2R 7 o
1.3. EF-IHZFE

ZHI Ao P B, SR —BOARREBUE T 217 18 2 KA A, hKRE AR /R
PEAl (Cot) WEME B LEE . SFRMBEA . JLBA . A KBS & i o 55
R KRB A DA ERK NS, A AHF RS AT R X A — S 425 L, 52
JEREZ) 2500me KELL AL ALK INCERAZIK LS H o 55— Bl 218 [EE A1 T8
PRI TBOH 2 ], A N ARSGHEHE B (Cy), AHETFEHEREE (>4000m) %
s R s DEZRDERNT-IRERE . AR KA, BKCE T
S MR R CHrEht™ &y, 1993) (B 3-2¢). ARKEESE (2005) M Cot (JRLHG
Cid) M2 1 5 345345 47 U-Pb SHRIMP F# 4 312.8+4.2 Ma. fHFEHAIE, Cot #1 Cry
(1125 AH 2EREAE 5 Y B A ISR IR B I k4 (Cy) MU SE AT, J5# FZ RN
It MBS . KAA WA WO S . Mba S, S, KAk
W gy e —F Z I LORR WA 5 (& 3-1, 18] 3-2¢),
1.4. B7AEIE

TER AL, LAy TSR EL L 10-60km JEEIY, oG JEA (& 3-1), Tl
FRAEZA . W -BR AR, ARRERE =AEYL: NARSGRBRZE LD (Cd).
B e yb e gl (Cra) R EATRGPHAT LR Wil (Coy)o Cid FEARAE LMY, FEsh
JERR A BRI R BRI A 2 YA AN, ARzl
NP HUSDBREUS . TS TELBS . B IR TS . Cla FE K AR
ERAEVIREE K EER UK S RE O IRE ROy, /e kB .
Coy EEHFEA LML . H R RO RS ERE B S A SE ST
FORGIEDVEE A 2 b X —AIEA NG AT LUAERR 5 B b2 S 5 REA SO 82 2 . 7ERD IR
wz b, REFREEZNREKS . s BaOamass . mEBEs LU L s b,

PO A S (1993), Cia BIEAT Cd 2 F. ZeibxtiZz sl A 10— R i e 2 % 52,
VEZ R IVEEAFITH 1 2 AN TUR-WEAR TR E, RN MIEAS - DU AR S A Kt g
FRUK A IR BT K A (] 3-3a). EHIT 1) rg i, RUBA R ELL 3-Skm JEE Y, B
WK AR AR Cd KILPiBUE S, RHIE AN B A BRI, e 1 A )
RO AR, EHE FNEEAN TR A AT (B 3-3a). =i (1993) MR
= RHER A 3R 345.6Ma A1 334.4Ma [ Ar-Ar F#8 . BRTFEE (20060 Ak, MEFRILES Cd
KA TE T B 7ot AR 5 3 13 2 K ka2 s by ik R G

AR 2 f5 AR, KEE —RAAFE R IWZ, Wee & R IAR, £
ZORVE M EALER WE A (B0 IERNZVIEINCE . mhE AR (B 3-32), BEE
IHE T b B BRR = o S T IR LB W 2 RN IR TABAE G EARRZ LN E =S
Geel ke, eIV IS AR S, ReaTseS NWW-SEE [4]f1)e #)) v b
2 (Zhao etal., 2003) [FlJE— MR R, fELSTIRFAI R AL, 8536 A & 10 b i 2
(Kl 3-32), mIRESHERRENZEA G,
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1.5. FeirElm

A F A B LB TR T BRI S, JE TR R AE, Fdls
S PERRE S I S T A 1 L — B0 . (HORF R, Fa Rt i S A e, A
A 1% B r AT 23 50 B B2 A5 55 1000m AT 300m (RIS Wb . a2, Hp=RBESL, 5
BN ACBEEARTR 3 (o lis W2, LR R RATE (K 3-3b). A SITH AL b ,
KA R AR S RENAEDA, EERE S22 IR A K s#%
filis, 2l B ILEE B YIS T ACEIRHS, —H MBS Wit g, R OLER
IR T DIRE A . kil FEAAE Lz . Lt ilis . R mscs
KBRS 5 o PR aCE R WA (R 8ok it Kl s e PR I sl A it DA R g A
s, R RCTWOR B Ak, HREE RS KER N AR KL (E 3-3b).

A T P B A TR 5 0 B B R se LG, AR Al Z R S ] R EE o B b
w4l (Cia) W WIRE MR A ARG E G TR ke b, FHEHERLR
FEi il (Zo)~ PEAT R (Zgo) FIRMEHRE (Zns) 4IHG, HATEAREAKE . K
FRA S (B 3-3b), T AL B b 48 BRI L IX 7% HUR YR e 31 (Zy) (B 3-DD
LEFITH P FEM, 78 R LA 52 E IWRIE MR, e R 2 b4l (Cd) kil
Z o Cd B EEIRECE . AR R g b Rl <AL
RERLUCE AR WEBCH ITWEERAT — AL, H P HPRIRSCs, T AR T
KUZER KL A E (B 3-3b). T kiliam. AL ph b ZHR, I HAES:
T Fy N IRBUS AR RAE AT WS (R DX, DRI AN 5 18I v i 4 S 300 1) SRy s e 3 e
[T
1.6. FiE&ImE

WOHTIR EL DU B B i S Wi, s b R B LA R A FEM 4L (Cs) AR A
RGP ER L (Claw) HUE G J5,1993) . VEANE SN AT L 0], %350 M M FE b
WU BRI T 2 T B KA KLTEE 5 R XA HRBERE 20
o RS SRS . MSURRD % HIHE 30km, HZEREZ) 2000m. 7
I LU S 25 R0 25 T AT PS4 PR K 3200 2500, A 22 L R SOTD 4 12 FR IR
MW, A 130°250° (B 3-3¢). 3 Z [l S PR i 2 il ) 2 b o 7 o, DA T i LA
P o IBEA TR - & BT KL -2 L TR L - S0 K L S 23 (R F2 AT E s Ak
K, X—JPHINAZARR — A2 SR Em], Rzl WaCsE NIA T ZBm Kk i #i
AR, B PR 2 0] e R T A (] BRI R A I 1S i AN, BT
S S R AR 5 R R 2 Ak R K EESE (2005) iz X R A TR 3RS EE 4T U-Pb
SHRIMP 4Fi§% 4 353.7+4.5Ma. Kk, 1% %A DA N AR B e A NE A S Ao ge it Ak
ARG SR AL . EFIEAC, A RERHCATE R AR B L iR, R
G R MA (B 3-3¢),

2. XA R-TRAFIITLL

1 LB FIT A2 S 8] 3-4 oy DUREL, fRAZHLIX AR 28 Kl ea STTRVE BB R kil
H AR, BRI, FEPEACHE BUAEA T Al R AL DUORR A S B KA s
QAR A Wa FRE A, R ILIRI AR S Wi ivs . Kiles S TR
HARTIL, RER M BAREA R IR O AR A AL, HERTTE, B
D MNRATR M TFG, B 2 RGO - KL A - PR IORR- R LA R e ], 42 B A
RS, U3 DB AOLBER k. Ah, Kl SRS BT () I1ER T
RN, FSRSEE IR R -DIRGE TP A o
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(] J& #y e F im IR P $8 &) 1 R 4 T 7 R G
P1 P Mz
i ) m——— . oo g
C20 e Cad : /\
5 I <N C2y CZS .V\'.‘/-
/N
Z <
£ A .//A~//- N
Czn 4' SR N\ \\\2\/.//{
Vv v N
Clak == Z= =
R \:;V/: Cilak - \\\:////
Ciak 5 R Nz
T A, [0 [ D ] 1] S
Cid 5 v — :
— o Cim =Y
Pz1 \> .//\
vV _ VvV _V
S I
B e, Gyfvsv cu Ciaw
mnz F=) XV XV
[ o -] WhEkE
Yz —
[ ] BRE sk Pz1
%ﬁjﬁg = B e <7
RS £ e gk —So 7
IR ol o e
% A BUK RN S TN ‘:'
= mms T BRI A S 2000 A
A VoA
N 1 ZiE == vV
E=] Bs RARLRE A _
. w a VvV A
=] "
e o 0 m
T FAE ERVAET
e o
K 3-4 GHALHLIX A R R MR
e Ly MAy 1y 1y PLINIS 97
BN AREEREERA HERILEERFE

EHA T VEME A2, L E 6 AT R AL T E0A Rk s FAE s A e Kl
TR REEYOR, R RRR, DECYRDRLR, AT WA A B B, AR AL (Chy)
LAF A UKL R BE GO REIE, TP RATRIARIE 2~5 emo. ZECA A NI A (sl K 4%
. feiE R RIRL, SERIgE ), AR . AR RAEH R A B IR HURT i . AR 52 Xk
ZABUR R DA A AR FE 5 R AT BE AR AR A, 6hF 008 o 38 A= it AR (KR i, AEREAT 3 N Ak
HEET, e UIBR T A2 AR s AN S (15
1. BAFFHE

SR AR RO, RIS AR A B R O g s KR AT B A L
TR R a4 R TR (B 3-5a~g), KABLEAEAY-AE (B 3-5ade,g); 7E45
m s, KAZNEPIR (B 3-5c.e,g), DEEA BIERHE (Bl 3-5¢,g). LKA HAH
s (B 3-5d) BB XU (B 3-5a,e,g), KA P o IS8 7 A s KA (18
3-5d). TEA LR ] WAL FIA A, AL S S T A B e I (]
3-5e). TRy ZE Al (LA AR b o] WREA T DB i (8] 3-5¢), JLrhAN AT J s e ot
NG A A (K 3-5b), B AR IEY) (K 3-5d).

MARHEN S FE R AT, A MINAS BBk, KA2 R, Bab
fREURE, fAdeinEoelt (B 3-5h). fia K2 AR A e s W EZ 5 AW
Koty Ao, BWER SRR Y, 2SR, ERA TSR 5% A MAE R
Yy, SIS, XEAFE NN Y BRI RR S . SRR B A L
A, BT R PR UX S A AR (AR 19D,
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[l 3-5 HHALHLIX f7 R A0 K AU
Bi, BafE; Cpx,A1; Fds,KA1; HbLAMAINAT; Oxd, %444 PL, #HA, Qtz, fd
h T AR B R R R, AR E SO S AT T R EREE T BT A I E o R AR )
SO A, AR R AR R AT AL i B 5K T AUSE 56 % 1) JEOL JXA-8800 M U i 1
BREFACR AT o MRS 20 KV HUERAT 2 x 10°A B TR, FREl WafE ARy
G Y. RTEE R (R 3-1) RW, MM KAT P O A s A A, X
W T i WIS A N R E S e o et el WL, BRAR A8 K 22 BORE b 7 MR O R 38 R
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U] A A TR, (AN ) T — R LRI AL By F TR AR
R 3-1 PHEATRA KNG Py TR AT AR (%)

S XJ325 XJ-354 XJ-388 XJ-390

xR 2 3 4 5 6 7 8 9 10 11 12 13
W Ab(C) Ab(C) Sx(R) Ab(C) Ab(C) Ab(C) Hb(C) Cal(C) Hb(C) Cal(R) Ab(C) Ab(C)
Na,O  11.67 0.08 0.02 0.01 10.11 11.67 1024 041 0.08 031 004 1035 9.37
K,0 0.12 0.02 1.83 0.03 024 0.07 027  0.02 0.00 - 0.02 0.58 0.69
MnO 0.00 0.30 - - 0.02 - 0.01 0.09 2.18 0.15 145 0.09 -
MgO 091 1.76 8.89 0.15 1.53 0.00 0.06 1339 0.39 1469 041 0.06 0.08
TiO, 0.04 0.14 092 0.08 0.04 0.0l - 078 001 048 - 0.09 0.02
FeO 046 080 5.58 3.65 0.63 0.06 031 7.88 045 720 033 0.63 0.71
ALO;  22.09 0.62 31.18 0.44 2091 20.55 21.54 599 0.16 4.14  0.15 21.83 22.22
Ca0 0.44 52.54 0.28 - 348 220 034 2201 5658 21.74 5674 0.59 0.62

SiO, 6548 3.24 41.61 93.36 62.84 66.63 67.13 4870 132 49.72 038 66.70 66.00
Total 1012 59.5 903 97.7 99.8 1012 999 993 61.2 984  59.5 100.9 99.7
HE: Ab, #iKAT: Sx, #4s Hb, fANAG Cal, Jifitfi: C A74Ps R, 0MIL%

2. HUER{LF4FHE
TEWFFUE A B3R b, N 6 AN Tk Bl A 155 « HATARRMEM 49 S klis (R
3-2)F1 10 ME K (R 3-3)FEM T T XRF E8 021 ICP-MS(PE-Elan 6000 ICP-MS
RO TG T A TR AR IR T SE P, IR SERE S A S, BIAE R R
PN HER AL 22 ATF T B RN p B S 0 AR . B TR NTRZE N 1%~1.5%, 4R
TCE M HTIRZEN 0.7%-5%, NHIFES U F Th R % #:08 10%.
2.1. RIEHBERL FAFE
211 £EBE
M 3-2 ATLLAE I, KUEERE R4y (LOD &84 0.61%~10.84%, HA 46 Kk
(38/49) /T 5%, A (7/49) KT 7%, UK 2 800 a3 & 52 s AL Ay . 45K %
HHFE SO, T BT 43.4%~69.1%2 8] (BT XJI358 Jy 36.6% % 7 AMFEf Si0>70%), Jf
BI5) 50 Ao 4Bl (AK=Na,O+K,0) &8k 1.45%~10.2% (XJ358 K 0.32%), H KZHkER
1 K,0<Na,O. i SiO,-AK #5218 (Le Bas et al., 1986; Le Maitre et al., 1989; Irvine et al., 1971)
(B 3-6a) TTLAE H, FHALHLIX 6 ANFITHI) KL B B I o A o B R 1) 52 28 7 471,
M2l M2 S Ra. mxs. Z@lis. 20l 2l
I M2 s 2les s WECh G RN 255 %. 54, B, k.
R e W RUE RS T ) O 5 ¥ 4 TS it R UG, 1T & 880 v - ATz ) PR KLU A TN
B 2R A BB 2R A DX 3, 1T A - R A X () s WA B R A1) (8] 3-6a),
Bi] 25 AR I K L DA K. 8710 R st K il i« 3/4 Bk s . 4/8 JE B va- A b K il 4
H3/11 B KLE I AR 23850 (0=AK?/(Si0,-43)) /NT- 3.3, J& T45I &R 7; 4/8 Je#vi-
JEATRL KL 511 BA-IBRe K L 1/10 R va i Kl & 1/4 5K s 1) o 4k 3.3~9
2], hRJERS; 311 EA-IR R R KSR 110 85 5a i KA1 o KT 9, @ T bt
A K KPR SHBEN ALO; (64%IFEN ALO>10%), MM FERHIAIE ASI
(=AL03/mol,) /(NaO/moly,+K,0/molg+CaO/mole,)) 4 0.74~1.25, XLk iliE MgO &
K (<10%, FR XI522 0 11.7%), [, EATEAK CaO e s (T FEs Ca0<10%,
Forh 39/49 FE L) CaO T/ T 5%). TiO, & AWK, (REKK LA (4/8 Je#mi-k il
v 811 B KIUEERBIA Kl ) TiO, Ky 0.38~2.22%, wdk kil (4/8 Bt kil
3/11 Ay Kla AR IR . R ki) 18 Tio, A 11.6~20.3%.
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%32 P AR ALK S BT TR (%)

FEAS  SiO, TiO, ALO; Fe,0; MnO MgO  CaO Na,0 K0 P,0s  LOI Total
Je ) 7 - S AT

XJ174 4970 0.99 19.60 1026  0.40 433 4.92 4.80 0.99 0.25 4.52 100.75
XJ174-1 5061  0.93 19.02 974 0.22 3.94 7.19 4.12 1.22 0.24 2.72 99.95
XJ174-2 4652 191 1795 1046 024 6.69 8.89 3.38 0.24 0.36 427 100.90
XJ174-6  66.54  0.71 15.86 430 0.14 1.29 1.16 5.36 4.01 0.16 121 100.72
XJ572 77.06 1250 174 0.04 0.26 0.27 0.93 4.09 0.20 0.04 2.06 99.18
XJ575 6328 1545 586 0.11 1.61 3.24 435 2.69 0.59 0.19 2.06 99.43
XJ575A  73.33 1346 236 0.04 0.48 2.64 3.13 2.05 0.18 0.05 2.38 100.08
XJ577 5778  16.14 1002  0.29 3.06 2.73 4.65 0.96 0.77 0.28 4.06 100.73
i 35 T

XJ325 5342 0.84 16,54 821 0.12 3.13 6.83 3.05 0.60 0.16 8.39 101.29
X1326 5404  0.85 16,78  7.21 0.13 3.40 7.99 2.80 0.52 0.16 7.79 101.67
X1327 53.18  0.94 1720  7.94 0.13 5.98 3.32 521 0.22 0.18 5.96 100.26
XJ328 5519  1.21 1655  7.52 0.12 443 6.97 3.21 2.24 0.25 223 99.91
XJ1329 5921 0.90 1632 5.58 0.10 3.30 3.51 3.32 297 0.18 442 99.79
XJ335 68.81  0.44 1571 3.12 0.13 0.36 1.46 3.88 4.12 0.12 2.09 100.23
XJ335-1 6742 038 1415 191 0.19 0.41 5.06 1.55 3.49 0.11 5.98 100.64
XJ336 68.83 043 1562 252 0.11 0.36 1.75 424 3.16 0.10 2.51 99.63
F AP 1

XJ363 5743 0.98 1751 733 0.19 1.56 2.63 3.68 6.53 0.60 1.45 99.88
XJ365 68.71 0.89 13.00 4.18 0.13 0.69 1.12 2.82 6.58 0.19 0.89 99.20
XJ388 46.63  0.94 1844 832 0.70 3.57 8.83 2.81 3.77 0.28 5.88 100.18
XJ389 46.56  0.90 1728  8.96 1.18 2.67 6.55 2.66 6.27 0.23 6.45 99.69
XJ390 50.05 1.11 18.60  9.65 0.30 2.94 4.52 6.13 1.59 0.22 5.36 100.46
XJ354 56.15  0.85 17.63  8.49 0.20 1.95 1.81 3.11 7.05 0.54 1.73 99.50
X1357 5593 222 13.86 1048  0.36 2.82 3.97 443 3.40 0.92 1.41 99.80
XJ358 36.55 1.80 2661 2462  0.15 0.02 0.26 0.10 0.22 0.58 9.44 100.36
XJ580 53.86 2032  5.90 0.11 1.78 6.81 3.48 4.64 0.71 0.47 2.41 100.50
XJ582 46.17 16.00 11.40 025 7.48 6.62 1.54 5.00 1.62 0.47 3.99 100.54
XJ585-1 4847 17.86  9.43 0.19 4.94 6.48 277 1.62 1.01 0.23 7.49 100.48
IEpisa)

XJ495-3  50.69 18.47 1035  0.19 4.85 8.89 3.11 0.98 0.95 0.20 1.75 100.43
XJ495-4  76.65 1230 239 0.03 0.14 0.72 5.42 1.16 0.29 0.06 0.83 99.98
XJ496 51.07 16,70  11.82  0.20 461 8.76 3.15 1.32 1.45 0.44 1.10 100.61
XJ497 49.52 18.70 1043  0.19 3.66 7.78 4.24 1.56 1.28 0.37 257 100.30
XJ500 53.10 1543 12.81 027 457 2.92 492 0.42 1.68 0.56 4.19 100.88
XJ502 48.81 19.02 1130 029 3.48 9.50 3.43 0.74 1.63 0.30 2.38 100.88
XJ512 72.38 1333 225 0.03 0.38 1.44 2.83 5.30 0.29 0.03 2.16 100.43
XJ516-2  50.11 16.01  7.89 0.12 498 7.89 1.87 2.90 0.85 0.26 7.85 100.72
5 I

XJ517-1  61.02 18.10  5.16 0.11 1.55 2.40 5.20 2.95 0.67 0.27 2.08 99.51
XJ517-3  65.65 15.61  4.19 0.10 1.45 2.28 4.62 2.12 0.48 0.17 3.49 100.16
XJ517-2  64.40 1633  5.12 0.11 1.49 1.64 5.53 1.96 0.62 0.24 232 99.75
XJ520-1 54.88 1582 8.63 0.16 5.09 8.91 236 0.58 1.09 0.25 2.75 100.51
XJ520-2 5421 1571 935 0.18 5.94 8.17 234 1.43 1.10 0.24 1.94 100.61
XJ521 57.06 1591  7.62 0.18 4.55 7.78 2.62 0.68 0.93 0.23 3.25 100.79
XJ522 43.41 1570  8.65 0.15 5.36 11.73 276 0.94 1.09 0.22 10.84  100.86
XJ530 79.55 11.60 123 0.02 0.21 0.17 225 3.61 0.10 <L.D. 153 100.25
XJ537 71.02 13.99 3.4 0.05 0.39 1.68 3.19 4.59 0.45 0.10 1.40 100.11
XJ538 4522 1561 10.16 0.1 3.81 10.01  3.04 2.11 1.25 0.47 7.89 99.68
GRS Ni|

XJ553-1 4839 16.05 1054  0.19 7.62 6.98 371 1.43 1.40 0.53 3.67 100.50
XJ553-2 4771 16,70  10.03 025 8.35 6.61 3.70 1.20 131 0.45 4.40 100.69
XJ555 72.50 1150  4.86 0.07 0.25 1.02 2.09 6.39 0.26 0.04 0.61 99.59
XJ554 46.47 16.61 1158 023 6.28 9.29 2.98 1.81 1.64 0.72 2.64 100.25

LOL: keskfm (¥ RASr, loss of ignition)
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Na20+K20 (%)
o0

S

0

Si0: (%) ' "~ Nb/Y
o ZE AR O RMA EAE W EBH AR e MAN O FMA

Kl 3-6 P R4 K1 Si0,-AK (TAS) Efi# 5 Nb/Y-Zo/Ti FElfi
(a ' AB 22 FRBRIE RS, 2 F iR RS

2.1.2 METLRIFE

B B SCATR AT LA H, R i BLAR B 4052 W & TR A sl A, (HEVR AR TR 4
PRI SIS . TAh, SRS A R AR R Ay, R EAT R ITE K
YA TE G RE TP BRCE 2 R AT RER AL T IR AL, 42 /D305y M AN BE IE A S i L2 AR iE
TE RS o AN T R ICE kUL, MR HREA K ET B REE A TE LG, # e EtE e,
AN 5y 5% BIK i b 5 TR B R0 S B AR (5%, it DA R SE YRR Aff b S e R R A B . A
Nb/Y-Zr/Ti FEfi# (Winchester et al., 1976) (& 3-6b) H1, 6 AN K Ll 32 Bk v Pk - R 1
22 1lia s WMBCH s Bz AR I 2 1Ls, DU R IR E 2 iUz s
Bl 3-6b FTUL, Kl A SR k- TR R T - M SR N £ MR Ak i 3, LA R (s ik
KE RIVRRFE . WA K LA KA, R RAT s s, AR ET 2
) AN e L 22 B0 5 B 1 5 v R A1) 1) 22 5

M 3-3 0TI, 6 ANEIHN Kl BAARINH foogE S E. KA oo s R
M 46~153 ppm, JE#vo- AR K LA N 66~184 ppm,  EA-FRFr i K1l k) 63~202 ppm
(B XJ388 24 517 ppm), Hsidli K il A 82~215 ppm, Fil 75 K 1L Ay 85~218 ppm, Hrifi -k
54 101~152 ppm. IXLE K AR T A5 5 ZEE s P s R E . BT Jalis s
it ocEH L ER HocE w4, JLREE/SHREE (L/H) >3. 46, (La/Yb)n 1 A 2.66~12.6,
HRZHKILA (38/49) HI(La/Yb)n<6, FBHIXLEE K 55 18 170 25 7 oA X E A E5 B ok
WA BIRFAE o BT KL IR BRORL B A b HEA AR T T 3B o ih 83 A gl (& 3-7), Jorp
Wi 5 R e 44 T L PR G 2 BB AR BE o A5 BRSBTS, KL i C 73 i 2 K 22
P il —3, HEBCh &, KA e E A T4r B o Bl ik Lea # 5 XI555
BA 50 FEL s 8 ReE, RUER & mbf b =l nmigm, B, SR tSEt
WAL (L/H=3), RBITH%s (boninite) FFAE. BT I AHEARKBFFIEAZL I,
Rk 2 ZE v LR, WA IR NI IR LA

BT /DBRES (2 ANBEITE. 2 ANHEIRAT 1 AN R alis) BAT99 Eu 1IE R
5 (8Eu=1.04~1.1), LALEANNKILZ TG Bu S LAAN, Foh L B S 3 3R 04 rh A5 555 11
Eu 7% (8Eu=0.54~0.99), KL T ALK 753K T R A 45 b o A i R . #
i XTI530 BRI Bu f5 % (8Eu=0.09), 5 [El—fH HAB K s W AR, X—B%
AR AT BE N Rl 5 2 2 ik ns B () &5 & o3 e AV I BT H RS Ko P 350, AR AR AN BEHE BRI K3
ZEII AT REPE S
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% 3-3 AU AR A KA i TR ER A T 4R (ppm)

FEfhS La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu g L/H SEu
JB ) 5~ At ] T

XJ174 1023 2299 3.11 1396 324 1.19 3.76 057 344 070 1.90 028 1.87 031 67.54 427 1.04
XJ174-1 10.18 2228 298 1348 326 1.13 3.65 056 335 0.67 1.86 029 1.90 031 6591 423 1.00
XJ174-2 10.67 3130 4.69 21.97 535 198 631 095 546 1.10 2.83 043 2.87 046 9637 3.73 1.04
XJ174-6 3672 73.64 831 32.66 6.59 152 690 1.05 6.18 127 3.62 0.57 3.88 0.66 183.57 6.61 0.68
XJ572  22.65 4835 545 1959 3.83 0.65 320 054 345 073 232 039 2.88 047 11448 7.20 055
XJ575 1677 3532 429 17.06 3.73 1.08 3.53 0.58 3.59 0.76 2.21 035 246 039 9211 5.65 0.89
XJ575A 1439 2597 267 9.67 1.90 047 1.85 030 1.89 041 125 021 1.53 026 6275 7.16 0.76
XJ577 1477 3131 407 17.19 400 1.11 402 0.63 398 078 226 034 230 038 87.15 4.93 0.84
i 755 F5 T

XJ325 1473 3235 394 1599 3.70 0.99 3.87 0.62 3.55 0.71 2.04 032 2.11 034 8525 529 0.79
XJ326 1517 34.03 420 17.42 3.88 1.05 4.00 0.64 3.77 075 2.09 032 221 037 89.89 536 0.81
XJ327  18.67 4136 5.08 20.14 439 123 464 071 4.18 086 2.34 036 240 039 10675 572 0.83
XJ328 2311 5095 622 2538 551 131 568 090 527 1.06 292 044 295 048 13218 571 0.71
XJ329  27.55 5806 6.76 2629 557 1.17 527 084 4.88 099 2.69 042 2.64 0.43 14353 691 0.65
XJ335 4949 93.61 10.19 3551 6.02 1.18 4.92 081 4.62 092 2.61 040 2.81 048 213.57 11.16 0.64
XJ335-1 4137 81.05 894 3135 584 142 516 082 431 082 234 035 239 0.39 186.55 1025 0.77
XJ336 5025 95.04 10.63 36.66 623 1.16 513 0.83 4.69 095 2.69 043 2.94 0.49 218.13 11.01 0.61
ERCEIEvE SNl

XJ363  29.06 68.60 859 3445 741 146 6.58 096 520 1.03 2.84 045 2.89 049 170.01 7.32 0.63
XJ365 2629 6248 856 39.06 9.73 2.72 11.17 1.66 9.90 197 542 0.80 531 0.86 18593 4.01 0.80
XJ388  38.68 164.60 39.01 213.20 36.19 521 7.62 0.78 3.87 0.84 2.63 0.46 3.42 0.57 517.08 24.61 0.66
XJ389  37.54 79.44 1051 42.66 847 1.72 7.15 1.03 548 1.09 3.07 045 3.07 0.50 202.18 826 0.66
XJ390  25.54 62.73 894 3934 9.88 232 11.03 1.73 1037 2.12 6.18 095 632 1.04 18847 3.74 0.68
XJ354 1929 37.59 479 20.68 4.86 130 4.89 0.72 4.11 0.82 2.18 034 222 036 10414 5.66 0.80
XJ357 1260 2694 3.53 16.06 3.84 095 420 0.61 3.56 0.73 2.01 030 2.00 033 77.66 4.65 0.72
XJ358 1073 25.06 3.54 15.63 4.05 134 492 078 4.79 1.00 2.80 0.45 290 048 7844 333 091
XJ580  25.52 54.69 6.57 26.14 517 142 439 0.64 355 0.68 1.90 028 1.99 032 13326 8.69 0.89
XJ582 1445 3597 499 2216 534 176 527 081 496 097 2.71 040 2.64 0.41 102.84 4.66 1.00
XJ585-1  9.83 2220 293 1271 3.16 095 3.13 049 3.03 0.61 1.75 026 1.69 026 63.00 4.62 092
EpiRIT]

XJ495-3 694 1644 224 1025 2.86 1.05 3.10 052 327 0.67 1.94 029 1.98 031 51.84 330 1.07
XJ495-4 659 1556 2.01 840 2.07 043 2.12 042 2.82 0.64 2.06 035 2.60 043 4649 3.07 0.61
XJ496 1976 4329 546 2343 564 164 562 091 562 1.12 321 047 324 051 11993 479 088
XJ497 1698 3721 470 2034 4.87 146 4.87 0.79 470 096 2.71 040 2.70 043 103.11 4.88 0.90
XJ500  17.57 4594 629 28.00 695 190 691 1.11 6.80 141 4.09 0.60 411 0.64 13230 4.16 0.83
XJ502  11.65 26.07 3.50 15.64 4.07 150 424 0.69 429 0.88 2.57 037 249 039 7835 3.92 1.10
XJ512 3121 66.14 751 27.94 538 092 424 0.63 3.63 070 2.07 031 222 036 15326 9.82 0.57
XJ516-2 1445 2972 3.68 1506 3.42 1.14 332 053 3.07 0.62 1.74 026 1.77 027 79.04 583 1.02
Ll

XJ517-1 35.83 7885 9.06 34.56 6.86 1.62 6.10 094 564 1.12 325 049 335 053 18821 7.79 0.75
XJ517-3 47.17 89.25 10.16 37.92 7.31 184 6.18 094 559 1.09 320 048 3.30 0.52 21496 9.09 0.82
XJ517-2 3943 8142 9.40 3574 7.00 146 6.00 092 544 1.09 323 051 3.46 054 19564 823 0.67
XJ520-1 2223 47.18 5.60 22.63 5.06 134 4.89 0.77 4.60 092 2.67 040 2.71 043 12143 598 081
XJ520-2 21.52 4726 573 2298 5.11 140 502 0.78 4.64 094 275 041 273 044 121.71 5.87 0.83
XJ521 2232 4824 574 2276 5.05 125 449 070 436 0.85 240 036 241 039 12132 6.60 0.78
XJ522 1335 2998 3.85 1620 4.06 120 4.11 068 4.13 082 241 036 241 039 8394 449 088
XJ530 2722 6034 692 2558 5.82 0.17 512 0.85 518 1.05 3.13 049 3.44 054 14585 6.37 0.09
XJ537  29.90 62.14 7.06 26.16 5.09 1.06 4.05 0.62 3.62 072 2.14 035 237 038 14566 9.22 0.69
XJ538  12.89 29.09 3.79 16.65 4.19 146 422 065 3.92 076 2.08 031 2.00 031 8233 478 1.05
R

XJ553-1 19.22 44.46 578 2470 5.66 1.78 538 0.82 4.88 097 2.72 040 2.67 040 119.84 5.57 0.97
XJ553-2 1541 36.81 4.82 2097 487 156 4.64 071 438 0.85 240 036 2.33 0.36 10047 527 0.99
XJ555 1937 46.56 571 2357 627 111 6.09 122 861 190 620 1.07 7.89 124 136.81 3.00 0.54
XJ554  24.83 5884 7.68 3236 674 2.09 591 0.89 523 1.02 278 041 2.72 042 15192 6.84 0.99
EREE: #iticsad; LH: Bl tioi L 5EM T IoE SR HE:

SEu (Bu ¥ {H) =Eun X2/ (Smy+Gdy), N FEERRLRA bR AL .
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P 3-7 BHALMIX A R AL IOl BB B A B EA RS e L 7 2. (BrHEAL (4 Sun et al., 1989)

K33 AT KB E TR T R . Nl UE Y, BT KiliE B —A4 9
WL FERE, RUEATE NS TR t#E (LILE), Wi Rb, Th #l Ba %6, fEIEHTR X
7 (N-MORB) Ar#fEAb s e Rk (K 3-8) I, K, Rb, Th Al Ba %0 £ EP AL A
gl Kl b it & B B T e 14E N-MORB W& . [FIN, X880l AN E R
BFsEc#E (HFSE), Wl Nb, Ta, Zr, Hf 55, HIE 3-8 Wl ., HFSE fEHALf 4l kil
SRS N-MORB 0 & = LT BRI, 4558, 7EKl 3-8 o, i KIS /E Nb
F1 Ta AR — B BRI S, AR B8 W I3 R T 1R RS040 Kl 5 R 43
v i KA AE Ze A1 HE AERBN 5140 — MRA X8 SR1M, Zey HE 1 MBS A H A
KUE TR IR BRI s, A, EATTAS FAHARI Py Ti fIA% 1703 Sm R ILH s
b X — B IR SERS b i T P AT T DU I AT AT B IR Py T 5 45 o 1)
TiAh, 20 AN KRR Nb S 2K T 3 ppm (BRIF IR K LZ X1495-3 LAAM),  Hak Kf
Byl Z A Nb &8 (3.3£1.6 ppm), MR KT R EINZEAT Nb & (1.5£1.0
ppm), KT MORB 1 Nb 4% (2.841.6 ppm) (McCulluch and Gamble, 1991).
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X 3-4 PRBBXCA R K SR TR B T4 - (ppm)
P Sc V C Co Ni Cu Zn Ga Ge Rb Sr Y Zr Nb Ba Hf Ta Th U
2 v - FE A T
XJ-174 312 254 33.8 28.5 184 22.6 255 17.4 098 21.9 457 18.8 62.8 3.16 197 1.67 0.18 127 039
XJ-174-1 305 243 305 269 19 84.6 903 184 125 27.5 613 19.6 78.1 3.16 340 1.95 0.19 122 034
XJ-174-2 268 183 120 469 108 473 104 17.6 125 4.14 575 308 193 53 125 4.18 028 0.5 0.26
XJ-174-6 128 455 542 594 347 113 154 156 1.16 118 105 347 262 133 933 7.01 0.87 11.1 2.85
XJ572 37.7 217 463 45 247 105 465 15.1 1.76 127 457 22.6 174 873 637 5.07 095 157 4.42
XJ575 482 873 1715 192 555 24 50.8 169 148 744 435 227 155 598 656 3.96 0.49 6.26 1.74
XI575A 246 165 694 736 360 10.7 173 14 1.13 78.1 602 12.8 963 3.63 542 253 045 6.7 2.02
X1577 431 120 228 23.6 118 821 91.4 182 143 426 254 232 133 52 140 3.34 042 3.73 0.89
o] 25
XJ-325 235 130 62 18.7 21.5 20.8 64.5 17.1 0.88 24.1 195 193 125 598 576 3.44 0.44 4.02 1.04
XJ-326  24.1 180 65.1 20.5 22.8 71.5 56.9 183 0.96 22.9 202 21.1 135 64 180 3.52 0.45 4.13 1.14
XJ-327 273 230 953 262 33.1 174 69.1 23 127 5.84 124 233 165 8.12 264 4.16 057 59 156
XJ-328 226 197 622 21.6 41 603 712 19.1 125 86.8 463 30.8 220 10.4 354 541 0.7 7.99 1.99
XJ-329 16.7 130 741 17 32.1 704 57.6 19 097 126 194 262 209 11.1 538 5.74 0.87 109 3.12
XJ-335 3.55 18.6 3.01 4.17 2.52 542 70.7 18.8 1.09 142 146 26.9 209 344 638 5.83 234 239 4.15
XJ-335-1 2.98 213 2.76 222 4.62 16.1 747 174 147 141 86.7 253 190 31.5 99.7 5.01 2.09 20.7 4.92
XJ-336  3.02 15.8 5.73 3.54 475 5.83 110 18.8 126 111 129 292 211 32.5 442 558 2.19 222 451
T A - B
XJ-363 139 102 10.6 12.7 7.68 157 135 17.7 143 263 222 284 222 103 928 481 0.67 161 3
XJ-365 265 170 2.7 173 295 9.1 173 185 1.68 163 338 545 238 942 772 596 0.61 6.43 1.98
XJ-388 247 573 509 13 17 224 464 329 22 9.57 4382 229 212 983 142 5 0.56 10.8 3.06
XJ-389 16.6 105 5.48 23.5 13.7 296 102 17.8 1.17 253 344 309 198 11 683 4.99 0.69 17.6 4.3
XJ-390 113 122 108 2.12 6.64 536 148 13.8 125 196 20 59.8 353 13.5 183 9.17 0.85 10.1 2.81
XJ-354 278 279 857 28.6 592 22 667 18.7 131 145 487 22.1 79.2 3.52 884 2.07 02 435 1.12
XJ-357 284 242 169 145 114 50 398 16 1.39 295 509 19.8 61.5 2.45 2235 1.69 0.15 2.88 1.06
XJ-358 223 231 10.8 329 21.7 348 159 17.7 0.86 84.6 307 27.8 113 43 108 2.8 026 197 055
XJ580 40.8 120 233 13.5 13.5 38.1 90.9 212 134 175 648 20.1 146 6.11 498 3.57 0.52 11.7 3.26
XJ582 624 226 235 404 131 199 170 18.6 1.56 179 986 28 159 5.66 1564 3.44 0.42 127 039
XJ585-1 545 251 94.6 30.8 363 21.6 123 21.1 1.13 59.5 241 17.1 82.8 3.02 265 22 024 23 053
HA S5
XJ495-3 559 299 292 32.1 160 12.4 109 209 1.62 156 465 193 57.6 1.97 389 1.65 0.14 1.1 034
XJ495-4 494 274 694 6.17 371 17.7 157 7.13 1.13 224 311 19 216 728 605 5.54 0.63 9.67 2.8
XJ496 69.7 281 122 315 68 20.1 113 21.1 1.65 25.6 429 32.7 157 7.65 314 3.69 0.59 3.37 0.97
X497 589 248 144 28.8 78.1 19.5 123 22.1 1.65 30.5 690 27.8 135 6.55 435 3.17 051 298 0.8
XJ500 773 277 734 297 479 173 203 229 1.92 697 261 40.6 200 833 173 4.97 0.64 5.75 1.89
XJ502 545 318 543 312 349 524 969 202 137 496 543 24.6 92.7 4.84 208 222 037 139 038
XJ512 509 123 761 6.63 419 12.1 754 13.6 14 151 144 219 241 102 1041 6.6 093 17.3 3.82
XJ516-2  43.6 169 138 29.7 984 673 90 18.8 1.45 138 316 182 98.6 7.1 456 245 0.52 1.66 0.48
LR i}
XJ517-1 675 34.6 396 88 216 742 183 20.7 143 102 432 32.6 330 233 835 7.61 176 11 2.55
XJ517-3 632 208 174 6.12 94.8 454 102 23.8 1.44 102 174 30.6 293 20.6 172 7.13 156 112 2.68
XJ517-2 682 25.6 493 8.81 261 829 119 17.2 1.79 558 307 31.6 316 223 695 7.6 1.72 109 2.52
XJ520-1 629 206 834 28.7 383 39 106 20.5 1.53 10.7 721 26.8 162 725 318 431 0.56 7.25 1.26
XJ520-2  63.6 214 497 293 197 303 106 21.1 1.68 292 407 27.1 164 7.23 426 434 055 7.08 1.16
XJ521 63.6 186 292 222 105 382 113 212 1.66 8.44 1014 24.6 180 7.79 708 4.68 0.64 8.89 1.85
XJ522 64.5 254 412 355 985 25.1 86.1 193 1.54 199 259 24 112 546 135 3 0.42 332 0.79
XJ530 31.1 559 202 22 106 119 39 173 15 171 14.1 332 144 213 108 529 2.12 20.6 4.23

XJ537 57 349 1150 11.5 599 192 40 16 1.64 155 205 22.6 265 991 752 6.53 0.89 133 3.21
XJ538 60.5 285 219 334 822 164 928 212 135 40 543 22 117 63 411 293 049 2.02 0.76
Bl

XJ553-1 642 239 267 37 126 229 168 182 135 63.4 587 287 141 6.75 716 3.13 044 1.06 0.43
XJ553-2 575 234 226 38.6 132 229 126 17 1.18 488 666 244 115 6.19 416 2.69 04 095 031
XJ555 108 34.4 1249 119 686 379 236 103 1.4 207 151 472 567 16.5 1014 133 1.45 172 3.93
XJ554 62.7 261 768 37.2 832 12.1 129 20.7 1.36 40.8 828 28.8 165 8.47 1596 3.7 0.57 1.68 0.54
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B 3-8 PHALHILX A7 Al K L i T 2R Ik R

2.2. TEREHERIL FHFAE

TEARICHEFTIR 6 58T, fE5d BUa A 5 K les B A o fEE A TARSAT ARV
BUF, 7R S AR RAE T 5kl FRARRAE R BUE A 114, R SR b7 T sk
2z i, HAE R E MR TR A s LK 3-5,

P iR NF 1) Si02 f 54 52.3~75.2%, M-JEtk . rh k2R AR 1k, (LR R 3.
FEFASFIT A, WPV SRR AN RN AEAE o T FF i 205 U, AK=2.67~7.42%,
Hor 10 AMFERH ) AK<6% . 5341, AR K,0<<Na,O, #14H LA 4 0.03~0.42. 7F Si0,-AK
(TAS) KElfi# (] 3-9) (Coxetal., 1979; Wilson, 1989) 1, A5 EA5 I THI Y XI581 A i A ik
P GERINEKSS), HRFEM AT, A aiaNEs . WK AENEs
MER . KEB AT ALOs L E S, — Rl 1.2~5.3%, DHECKT 7%. CaO I &2
3~4.3%, BEEIE 2, Prafta AR RAEE (ASI=0.09~0.74), XLZ N
i FINHE L 55 Feo Mg Mn, FeO+MgO+MnO=1~7.3%, Milliis 10%, HIER4kn
LLE /N, FeO,/ (FeO+Mg0)=0.02~0.07. LA, AALARAR N AN EEICRFHES
SR R S B A AT ES BT E e (ACG) HIUSAE+43—%L (Barbarin, 1999).
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% 3-5 PR RAR N AR E T 421

i EA- IR 5 FEve i Bl A5 Je )y vi- ST

FERE XU581 XJ583 XJ701-1 XJ701-2 XJ515 XJ516-1  XU535-2 XJ620  XJ693-1  XJ694  XJ695
SiON%) 57.37 59.98 7279  69.39 68.99  75.20 5225 63.70 7067 7140 7135
TiO, 16.80 1642 1406 13.93 1507 1242 1569  16.54 1430  14.01 13.78
ALO; 746 743 177 390 342 118 944 526 2.40 2.66 2.54
Fe,05 014 0.3 005 008 008 004 015  0.13 0.08 0.05 0.06
MnO 172 309 051 049 126 020 397 175 0.59 0.10 0.09
MgeO 359 661 209 203 325 096 590 540 1.36 0.88 0.80
Ca0 433 333 372 402 353 312 419 3.06 3.88 3.90 3.78
Na;0 644 187 330 372 353 49 287 298 3.96 575 5.65
K.0 099 079 024 047 043 013 094 046 0.25 023 0.22
P,0s 061 016 008 012 011 002 045 020 0.09 0.04 0.05
LOI 141 090 078 066 087 114 419 067 113 0.29 0.33
Total 100.8 100.7 994 988 100.5  99.3 100.0  100.1 98.7 99.3 98.6
AK 742 267 353 419 397 505 381 344 422 5.98 5.87
ASI 038 074 0.4 028 027 0.9 071 048 0.17 0.16 0.15
o 383 042 042 067 060 891 157 0.57 0.64 1.26 1.22
La(ppm) 37.62 1534 1835  33.00 27.99  24.04 2319 18.69 2608 5207 5477
Ce 82.86 3393 3736 71.59 54.81  45.86 51.62 3643 49.85  103.60  106.20
Pr 1001 417 422 893 590  4.60 6.64  4.04 516 11.69 12.11
Nd 39.82 17.56 1548 3596 2025  14.68 2796 1524 1720 4258 4349
Sm 820 4.11 336 830 389 275 6.17 291 3.04 6.42 6.32
Eu 165 1.11 064 232 083 032 1.80  0.88 0.77 0.47 0.47
Gd 673 429 305 765 331 226 513 245 2.53 437 4.10
Tb 099 071 050 124 055 040 072 038 0.41 0.65 0.57
Dy 565 443 291 754 329 247 399 225 248 3.59 3.17
Ho 1.08 090 057 148 063 049 073 045 0.51 0.68 0.59
Er 3.09 263 167 422 191 156 196 135 1.57 1.99 1.73
Tm 047 041 026 062 030 028 030 021 0.25 0.31 0.26
Yb 334 285 184 416 207  2.10 194 147 1.87 2.22 1.88
Lu 054 045 028 064 034 034 030 025 0.31 0.38 0.32
SREE 2020 929 905 187.6 1261  102.1 1324 870 1120 2310 236.0
L/H 823 457 716 581 9.8 932 780  8.87 1028 1529  17.69
SEu 066 080 060 088 069 038 095 098 0.83 0.26 0.27
Sc(ppm)  74.33 62.03 y - 3696 1822 5599 3722 y y y
v 121.8 1745 180 149 485 8.5 2899 807 16.9 1.6 1.9
Cr 936 27.12 1065 722  8.90 - 22610 835 8.57 5.86 9.21
Co 13.81 22,61 282 326 1212 1092 2462 1173 2.88 0.73 0.80
Ni 673 1255 438 348 643 . 128.10  5.00 3.54 y 373
Cu 8934 4516 696 634 613  14.46 172.60  10.76 - - -
Zn 8933 71.12 4096 7243 6156  23.05 90.67  66.49 51.15 3614 52.38
Ga 19.19 1885 17.68 18.56 17.89 1433 1913 16.19 16.14  18.04 18.41
Ge 133 154 137 143 149 166 159 1.60 127 1.18 L1
Rb 2375 69.7  162.0 1202 1414 2204 796 868 161.6 73.0 673
Sr 2982 2615 2316 2518 2150 522 5470 4152 2249 40.4 19.8
Y 3234 2670  18.06 4330 20.04 1524 2149 1356 1526  18.13 15.93
Zr 296.8 1929  110.7 533.8 157.1 853 1040 124.0 1363 4107 4145
Nb 1176 498 813 11.58 1476  25.55 382 529 14.09 8.56 8.77
Ba 5934 319.0 3303 11520 3902  353.0 5582 1010.0 5501 1343 124.6
Hf 693 488 321 1056 4.16  3.18 263 311 3.71 9.49 9.55
Ta 096 050 145 121 136  4.06 028 045 1.56 0.85 0.61
Th 2167 656 12.19 1154 1501  33.06 398 9.17 13.29 7.68 7.50
U 467 204 252 267 288 925 122 097 2.83 1.97 1.30

AK(Z#)= Na,0+ K,0; ASI(EHATF5 20)=A1,05/mol o /(Na,O/moly,+K,0/molg+CaO/molc,); c(HLAF 2 F5
B)=AK*/(Si0,-43); SREE: Wil t#ms; LH: BE L oERESER R RERY; SEu (Eu
S =Eux X2/ (Smy+Gdy), N FEERR A FRHELAE .
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Bl 3-9 tRALH IREAE R TUA A Si0,-AK (TAS) Efif
CESEZez PR RS, 2N A8k 251D

35 AN TRANANRHEICE (B T0E) 8. NP aTCUEE, Fraremnm
B TooRBER iR ES (SLREE/CHREE >4.5), #fibooR& LS ERE (LREE=
87~236 ppm). XLEIZ N A HATH R I51 Eu 753 (SEu=0.60~0.98), /b AT HE 3 1) Ft
S (8Eu=0.26~0.38) . MERRLBA AR EAAHE TR 1k (B 3-10a) L, XEERA
5% AN I Kl s AL (B 3-7)0 [EINE, AR TR N A e 4y B2 b
-, HEWR S, X R BT 28 ) LA oy th &R ik . J3 4k,
XL N B AT 5 KLea JEE AL IE 78 X el brE i E o sk 9 18 (18] 3-10b),
T Taw Nb Al Zr. HE (UM E SN Ky Rby Th 20 £ E£ W], X862 N 5\ HTH
(17 K LA AT A R R 08, HAERIE T B0 5 A e g, (R 2)0) 7 b se R 4

1000, 1000
toa ~ 2 f b T
o~ 4§ AN [ -o- 45 M ]
5 = éi—ﬂﬁm& 100 | . R = ;z—ﬂwﬂf{ .
'2100 * RN EA | 3 g E * R A-ERE| ]
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9 A z E AWV .
2ol SN Z AN
2 E = Q FE) [\ N/
L S Y WAASRA i
%ol §/ ‘g/ %‘\‘*, N
1 o‘l 1 1 1 1 1 1 1 1 1 1 1 1 : 1 1
Sr K RbBaThTaNbCe P ZrHf SmTi Y Yb

Il,a Clle 1;r I\'Id Slm léu (Iid 'Il‘b 15y I-IIo Ellr 'Il'm\lfb II,u
Kl 3-10 A X AR ZUZ NS (a) BRI A bR T o R e o) ks
(b) IEHHA KA b A ok B o F ik M ]

=T ARDERKEWIEAS S5 KR B
M LSRRI AT ATt A TR DAL L IX KL MR B 2 TUE A B A AR 3 ABL
HERAL SR DL T R L D RIEME BRI A, SRBUGESERE R4 X
WA MR N e EAT AR R R LG58 0 o0 I AR o ATl . B AN S R I, X8k
Wia SAe R e A e 2 o) B AR, AR LRI . D, ) AT HEWTARAT T B T 1)
—AMEIAEL, ORI IREURA I, HRX SR 2P
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1. EREWERE

FRALH X A R 28 K LA & 45 LILE AUAHXS 77 450 HFSE (M ERAL 22 R AL, [F R T 00ih i
f ka4 AE (McCulloch and Gamble, 1991) AH24—%(, o Nb, Ta i) 5 v HE H s
I TR s L M e ARE AR e, T Ba, Rb AT Th AR & 42 0 AT 2 Trax a
FRAE EI I R R A T s 2 b e TR B B

Hi/3 o AR Hf/3

O R¥) A
W 35 A Fik
o M LM O A

% FHE B RF (1996)
® 2 AREEE (2009

Th

Ta Th
B 3-11 AL X A R 40 KA 7 HE/3-Th-Ta B i@
AR LR B—EErE LR A RN 2R s; C—R AR % s
D—H it Z s E— R L s

10

10

0.01 A AT L L 0.01 A AR L L
0.1 100 0.1 100
* EA-ARIEAR O R¥) % -FAf ® 1A RAEE (2009)
BE5 A#FE &AM O A * FEE G RF (1996)

K 3-12 AL IX A R 40 K ils Th/Yb-Nb/Yb B figk

7t Hf/3-Th-Ta = Ef# (Wood et al., 1979) (&l 3-11a) 1, Frfg kil a8 45
PEZC A X3, I FLARRANFITH R K L 53570 A S R oy B 25 Qo 1) A ok 2 A R 2
W, IIXIE T, FEA AL I DA [R50 T ) kL B R s f e 35, 1o FLX a4
AT 2 AR B R 2200 . DL ERRIESR B, X8 KOLEA PRI T IR ik, LM
PR A o AEAHIZR T ER Yb ARvEALTY Th-Nb A4FR R (Pearce and Peate, 1995) (4]
3-12a) H, RZHEFEN (41/49) FALKM S IKLEE X, Hrh, 2T 50%8 K LA
dn AR T AR S IO i i IR L DX 3, /D O ol SO A KB 5 I Ko S Ik L () o
B XA, A E S 1) R S X A, WX e ks B B KRR K SRS . 4,
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Bl I THI PR 3 A K Ll il T3 s () Th & R m B T 3 e D, AR 1) Pt S Ik Ll
3 ANHRIETIE ) Kz 1 AR K S B 1 AR s ST 6 KL TR Th
S BT O B KG9k Ll e X 8 (18] 3-12a) . Th 5 H (AR AL AT 52 SIS [F) R M 524
JRVB YL 45 5 (Pearce and Peate, 1995), [A]IS AR 0] fE th il &% 22 T 8

A —HE 2, BT AFTIFR I FIR LI K s CRKEESE, 2005) FEE e, 1Ak
s (EAREE, 1996) HAE HE/3-Th-Ta = FMEEHME 2 ila Xk (K 3-11b), X
Seo il B LR ) Th i, A Lh e rp, S 9IRS R B 2 i 1) A e 2 ik
PN EEAAN T . 7 Th/Yb-Nb/Yb #52 K E (K 3-12b), X =AM Akl
FH, 2T 80%IKIHFE b ME— ML B A KR Bk L X 3. X — 25 5 RS (2005) (1)
IR, HAE T4 B (1994, 1996) FIEMITEE (2003, 2004, 2005) [HINIH. fib
AR, PRELHL X AR AL (R B4 KA TE ST KRR IS, FE0T g5 Mg 415 5))
P

5T, PR X AT R AL K L ) 2 R A AR AR I TCE AT BT R Bk Ak
FRHIE. 7E Y-Nb [Elfi## (Pearce et al., 1984) 1, BT N #3370 K Ll By 9L I 25 0[] il
Tebd A X3 (B 3-13a). 45T I03 Rb 76K L B IAE i s Al R R AL i B ANk
Y+Nb-Rb Klfi# (Pearce et al., 1984) 1] LAHISKRX /X PRAL KA - 7EK] 3-13b i, B 1 AN
AL A A 1A A A A B R b o X 3 AR, JL A6 5 I A 3478 K iy e
BRI RS R T AR AR I K LS R IS BB, RT DAHEWTIX A B T A ST K
Tl By RIREE, ANAAE A T RETE T R TG S R e ], BRE 1 FH Y Bt

PA B 43 BT 9 K LLEE 38 5 TR R K AR B IR TR s AR A AR B 2 o anar i, Kl
WHE TSN, SR TUiRE 2 b, SRR E=FUiRa 2 W I, e T kil
WAES: . Z R IR RIS, AR U A R AR R I s S ITRRE . X e
b TR R A M BR Ak 2% 2 b 45 SR — SR I, AP AL M DX A R 20 KL R B T A TE BT
i A NN NIPN UL S781

] 1000

1000E E
- a © B C b
- o #%v%;ﬂfr C
- n EA-FRER
N WPG A A B
100 L x REMA-EAE 100 &
’g 8 - f =
s g r
& ™ & -
B P= L
z 10 | % 0k
- u VAG ORG
10 1 |||||l|| L 1 Ll | [ R 1.0 Lol | L1 Lol | (R
1.0 10 100 1000 1.0 10 100 1000
Y (ppm) Y+Nb (ppm)

] 3-13 DAL I X A ¢ 2098 I T A R A g R 5 340 ) PR i
VAG, KIlBi{ekss, syn-COLG, [FMHEIA{ER S, WPG, WAL, ORG, FHEHHEMLNE

2.Nd. Sr B ERER

LT Rb-Sr 717 28 R LR WM RN h (0 AS [V, DS B A THE S TR 5 3 S35
AR R KR AT K, St (AR 2250 5 T M BR AL, 2 RS B 5T s Tk,
Rb 70 St 47 Se/*0Sr WA LA AT AR B 3R . 5940, F £ % Sm-Nd REHE
EATIE IR R I AT 2 OB AR ARAN , DRI RS S S A7 T M SR 5% 5
IR ARE AR [ A . ZESEBRETI, Nd I St R 20 2 SRR AT o AT SCFE AT HuER
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A 2E 5 BT B BERE b, D SCBERTI B T AR ME B K L FIAE e, 03k [ R 5 2 56 =5 33k
1TT Sm-Nd. Rb-Sr [RIf7 Z Mz, e 2R INE 3-6.

R 3-6 AL KA SRR A R AL HERAL 22 70 A 45 2R

B JLE T (ppm) ¥Sr  *Rb Sr . esn "Nd Sm 'Nd L eNd
Rb Sr Sm  Nd s gy 86Sr "Nd 'Nd 'Nd

MR klEE 516 % (T=359Ma)

XJ497  30.52 690.10 4.87 2034 0.7056 0.0442 0.7054 187854 05127 02393 05122  -0.3165

XJ515 141.40 21500 3.89 20.15 0.7188 0.6577 0.7154 161.0806  0.5128 0.1930  0.5123 3.0503

Bk il (T=340~359Ma)

XJ522  19.91 25920 4.06 1620 0.7075 0.0768 0.7071 429009 05126 02509 05121  -2.9057

XJ537 155.00 20480 5.09 26.16 0.7267 0.7568 0.7228 266.3099  0.5127 0.1946  0.5123 1.7399

PR ks 516K (T=300Ma)

XJ572 12730 45.66 3.83 19.59 0.7393 2.7880 0.7271 3257127 05126 0.1953 05122  -0.4915

XJ694  73.00 4044 642 4258 0.7145 1.8051 0.7069 39.4307 0.5126 0.1507  0.5123 1.6025

FAs KL S A (T=310~315Ma)

XJ582 179.00 985.90 534 22.16 0.7075 0.1816 0.7067 36.2548 0.5128 02412  0.5123 1.0800

XJ583  69.69 261.70 4.11 17.56 0.7081 0.2663 0.7070 40.1718 05126 02341 05122  -1.6141

& Ndr=[("“*Nd/"*Nd)soexcry (“*Nd/"™Nd)cruren-11X 10%, H A PN *Nd)oerr= (PN Nd)roergpreseny= (N Nd)rock(preseny X

©"-1), (“*Nd/M™Nd)erurery= (PN *Nd)enurpreseny- (NI “Nd)cnurgreseny X (€7-1); (“*Nd/"**Nd)crurpreseny= 0.512638,

(YNA/*Nd)crurgreseny= 0.1967, Ig=6.54X10"2, T M AR, & Sre HHE R, H A (MSr/*Sr) cur preseny=0.7065 5

(*"Rb/**St)crurpresent=0.0827

MF 3-6 ATLIAFH, &I K LS I B A ) Sm/Nd BUE R 0.15~0.24, S, RYES
WIRAE—%L. Rb/Sr LLAE N 0.04~2.8, KW Rb Fl Sr B0 524 K 7 s ma LL i i i,
X BB RIAE KIS SRS Ry Al Sr S EZES B 5—J5if, Kl Sr [[fr
MKk 0.7054~0.7071 F1 0.7228~0.7271, W1 K TIEW R X0 (N-MORB) AI'E&HH
2l (E-MORB) ) Sr [A47 Z 4 (0.7024~0.7033) (Saunders et al., 1988), [&]NH T
VER Z i (OIB) ) ¥ Sr/*Sr A (0.7027~0.7065) (Saunders et al., 1988; Chaffey et al., 1989;
Gerlach et al., 1988; Cliff et al., 1991; White and Hofman, 1982; Storey et al., 1988; Stille et al.,
19830, HARAEX 52 2z S A=Ak (0.7057~0.7095) 143> FHiE

(Hawkesworth et al., 1982),
FIBA A YSe%Se LAl 0.7067~0.7070, HHBAKT S B4k e ¥7Se/*oSr Lo
(0.7094~0.8793), 145 1 AL A1 ¥'Se/*°Sr Hfl (0.7045~0.7301) LA #HEiE (McCulloch
and Chappell, 1982; Liew and McCulloch, 1985). A5 —MER %4 (XI515) (VSr/*Sr=0.7154)
FIN B S BA T ALK SRR, 5340, KA FITER A St R 28 41 e X 1)
(0.7154~0.7271) 5 B SEY RN Sr [RIA7 =41 R (0.7033~0.8405) AR JE PR 1) St [A]
P Z4l % (0.7114~0.7892) Jk# —3L (Davies et al., 1985; Allegre and Ben Othman, 1980).

ZF Nd FRLZEA, Kl "Nd/MNd EAEER D 0.5126~0.5127,8 /T N-MORB
M E-MORB [#] "“Nd/'"**Nd Al (0.5130~0.5133) (Saunders et al., 1988), {H5 OIB [f]
'INA/MNd B (0.5123~0.5130) HLEi 3% (Saunders et al., 1988; Chaffey et al., 1989; Gerlach
et al.,, 1988; Cliff etal., 1991; White and Hofman, 1982; Storey et al., 1988; Stille et al., 1983),
7 SE P T PO s S A e i 22 1l s " Nd/ N Eufl (0.51266~0.51284) (Norman and
Leeman, 1990). &% "N/ Nd LA IR 0.5126~0.5127, 15 K1l 3eA—5,

M 3-6 WL H, R ALHE DA JEE i ena (E TG -2.91~3.05, 1 HAEREASHII, %
Ftrena HEEFE, WAL, RUDXES AP TR ] B8 — MER W OBl 5w K
BT R RS A A (B 3-14), ARSI BF. AHgt Beimek i i, R 3 T L
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M 5T ST S DR RVR G o AR il eng fHA%IT CHUR MH (55 3-6, K 3-14), KB
AR VST ) SR AR TR I P RS R 25 3 (Rollison, 1993; Wilson, 1989). Horf —/NFE
(B 3-14) BA B S = 1 St [RIAE 25 FUAE, A AT Rg R B 7 HiHE 125 K52 2052 3 T & Ba,
Sr & K BRA S TR G CRKEESE, 20060, BRE A J 5 1M A e i IR D U )
V45 (Rollison, 1993; Wilson, 1989). #%REFIH AL Kil1E . 16 a1 B TR S
SR, RIS — PO S A T IR e R = St R 25 LU A

S5t DA LB T RN R 2R BB ER AL 22 AE , P AL DX R a0 K e 5 LA AR 1 RN
BATRRE N T B A R S, th RS o e BV, AR R, SVEFRDURRY)
— SR T A K, RERY 2 L2 B T _EHSE Y R ITR  (Hawkesworth et al.,
19930, Ak, AR S IR AE K —ME KB A S 5T

+10
MORB
+5 A8 (THZ)
¥ XJ515 s3
o
0 — O
)\ K% R XJ572
z | )
| |
B =5 | & XI582
| * XJ693-1
\ A XJ497
-10= | %} W XJ583
. ® XJ522
|
|
15— : KA
|
|
| £ =
| T Ehs
55 \ ! ! | |
0.700 0705 0710 0715 0720 0725  0.730
8751/30sr

K 3-14 AL E 92 YSt/Sr-eng FHIEIE (4% Depaoto and Wasserburg, 1979)

BT “ARD” ARAEEO U-Pb ERETH

FRALHB X A R 28 N b E M, ek 2 A 12 R 5 Kl s pE AR DR
FP O AEYRE SRR CHrastn™ 5, 1993). fill, Y823 (BHEEEAE, 1998, KK
2, 2005; 2006; AREFEE, 20065 EARZE, 20060 [ MXLL KA IR T —REFER L
Wi, IR LR b ALK LA AR EE LA R 40 T IR B, g s R4 4l
KlENE T Bk G. Bk, GH0E R, RGP A F B CRKEBESE, 20060,
PG TT AL, ASCAOM I J227 A P8 A 24 TR AP A DX DA e 20 22 ) I AR R I e AN 1, 17 7 2K
ST EII . VEE A 8 5 R 28 KOs FUR N i, ORI, R
AL T BT IR B TUA A FF o ZERIFFU L 32 B0 3R B JC R R 2R ML BR Ak 25 R AE 1) 3t I,
Lk R T BE A AR . Zr S8 KT 100ppm LUK 45 U RE S EAT 85 47 U-Pb JI4E
BN AR B SRR A A SR T AR, B AR T A TSI (0
fiF B ) AR K
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* 3-7 HHALILAAE K #5854 U-Pb ICPMS WI4E £

Ratios Ages (Ma) Disc.
2pp/U 16 °Pb/APU 1o 2Pb/Pb 1o PPb/APU 1o Pb/A*U 1o *Pb/*Pb 1o (%)
XJ626-1, Mean =301+7 Ma e Ay AR I T

Plots

JA19E1 034 0.03 0.045 0.001 0.058 0.005 296 22 281 5 547 184 5
JAI9EI2 035 0.09 0.046 0.002 0.068 0.017 302 69 293 12 877 522 13
JA19ES 033  0.03 0.046 0.001 0.059 0.006 292 23 290 6 572 212 7
JA19E6 034 0.02 0.046 0.001 0.056 0.003 295 14 291 4 445 116 4
JAI9EI1 031 0.02 0.047 0.001 0.052 0.003 276 14 298 5 288 130 5
JA19E4 0.30 0.02 0.047 0.001 0.048 0.002 266 13 298 5 119 120 5
JA19E3 029 0.02 0.048 0.001 0.046 0.003 256 15 301 5 2 158 5
JAI9EIO 036 0.02 0.049 0.001 0.058 0.004 311 17 307 5 528 149 5
JA19E5 033 0.04 0.049 0.001 0.055 0.007 287 27 311 7 405 278 8
JAI9E7 033 0.02 0.049 0.001 0.053 0.004 289 19 310 6 330 185 6
JA19E9 039 0.03 0.051 0.001 0.061 0.005 334 24 318 6 638 191 6
JA19E2 034 0.03 0.050 0.001 0.052 0.004 299 23 315 6 269 194 6
XJ581, Mean = 315+Ma A5 IR Y

MA23C2  0.1044 0.01 0.0167 0.000 0.0480 0.0054 101 10 107 2.1 99 264 2.1
MA23C5 0.1541 0.00 0.0245 0.000 0.0449 0.0029 145 9 156 1.9 61 159 1.9
MA23CI1 0.1794 0.00 0.0247 0.000 0.0520 0.0029 168 8 157 24 284 126 24
MA23C7 03593 0.01 0.0482 0.000 0.0531 0.0016 312 8 303 2.4 332 69 2.4
MA23C8 0.3708 0.01 0.0482 0.000 0.0533 0.0027 320 14 303 5.4 342 115 5.4
MA23CI12 0.3861 0.01 0.0489 0.000 0.0565 0.0016 332 8 306 3.4 471 61 3.4
MA23C9  0.3592 0.01 0.0490 0.000 0.0526 0.0019 312 9 309 26 311 83 26
MA23C3 03647 0.00 0.0494 0.000 0.0523 0.0013 316 6 311 2.1 300 57 2.1
MA23C6 0.3685 0.01 0.0502 0.000 0.0528 0.0014 319 8 316 24 320 62 24
MA23C10 0.3646 0.00 0.0510 0.000 0.0515 0.0014 316 7 321 24 263 61 24
MA23C4 03707 0.01 0.0515 0.000 0.0514 0.0021 320 11 324 32 261 93 3.2
MA23C1  0.3907 0.01 0.0532 0.000 0.0520 0.0021 335 11 334 3.5 285 93 35
XJ583, Mean =309 + Ma AR rE 3

MA23M1 0.3494 0.02 0.0483 0.000 0.0537 0.0033 304 16 304 5.3 357 138 5.3
MA23M9 0.3560 0.02 0.0486 0.000 0.0540 0.0033 309 16 306 4.7 373 138 4.7
MA23M7 0.3673 0.02 0.0488 0.000 0.0558 0.0040 318 20 306 5.4 445 157 5.4
MA23M8 0.3342 0.02 0.0487 0.001 0.0530 0.0039 293 18 306 6.6 329 168 6.6
MA23M1 03612 0.02 0.0490 0.001 0.0551 0.0044 313 2 307 6.2 417 179 6.2
MA23M3 0.3588 0.02 0.0492 0.000 0.0565 0.0035 311 17 308 5.5 473 136 5.5
MA23M4 0.3832 0.02 0.0495 0.000 0.0578 0.0038 329 18 309 5.0 521 144 5.0
MA23M1 0.3306 0.02 0.0491 0.000 0.0513 0.0039 290 19 310 5.4 256 174 5.4
MA23M6 03662 0.02 0.0495 0.000 0.0560 0.0040 317 19 310 53 453 160 53
MA23M2  0.3953 0.02 0.0500 0.000 0.0594 0.0034 338 17 312 5.7 583 123 5.7
MA23M5 0.3250 0.02 0.0504 0.001 0.0502 0.0040 286 19 318 6.2 202 187 6.2
MA23M1 03705 0.02 0.0511 0.001 0.0574 0.0045 320 21 319 6.6 508 173 6.6
XJ693-1, Mean = 389+6 Ma KPR

JAI9HIO  0.45 0.02 0.058 0.001 0.059 0.003 380 17 362 7 582 126 7
JAI9HI1  0.44 0.04 0.060 0.001 0.054 0.005 368 27 374 8 387 204 9
JA19H5 0.50 0.06 0.061 0.002 0.066 0.009 415 43 382 13 812 286 14
JA19HS 047 0.03 0.061 0.001 0.058 0.003 392 19 379 6 530 114 6
JA19H3 043  0.02 0.061 0.001 0.053 0.002 366 14 380 5 322 105 5
JAI9HI2  0.46 0.03 0.061 0.001 0.057 0.003 381 19 383 6 503 133 7
JA19H2 0.44 0.02 0.062 0.001 0.053 0.003 369 14 390 5 308 109 5
JA19H6 045 0.02 0.063 0.001 0.053 0.002 379 13 392 5 349 93 5
JA19H7 0.47 0.02 0.063 0.001 0.056 0.002 388 12 39 5 439 87 5
JA19H9 0.46 0.02 0.063 0.001 0.054 0.003 387 17 395 5 382 121 6
JA19H4 049 0.02 0.065 0.001 0.058 0.002 402 12 403 5 531 86 5
JAI9HI 0.48  0.02  0.065 0.001 0.056  0.003 401 15 409 6 471 104 6

Disc. (%) NI 53 L

KU (KA B e R WA S, Gl B ik, B S AEXUH 8 F Bk 41
WAL 30 L, T U-Pb [RIAZ 3R 04T B ROREK 2 52 AT Tt (I 2 t) .
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B DEOBURL AN, — BT 70 il IR B, R IR e 2N

s
HK

JEIA o EREASFE P IE B

ORI ATBLF B R B A R 10 0, ZESRCRI RS 5 JE . (Tasmania) K2#
] LA-ICPMS (Hewlett Packard HP 4500) 75 72:3£4T U-Pb 5 MK o FTREAITRCIHOEA 213nm
NewWave Merchantek UP213 Nd-YAG, T4 FIIACEFE 2 I Meffre et al. (2004) . 73 #74h
R 3-7, 3-8 MK 3-15, 3-16 JIi7,

0.16

common Pb

XJ581(calc-alkaline microdiorite)

0.04
B85/ 26 pp,
251
XJ581
201
= n=120
g
-
Z 10
5
250 300 350 400 450 560 5‘50 660 650
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0.12
R XJ626-1
=¥
&
010F &
=
- R
S
oosr
i ——
0.06 F + _ﬁ_
— 2 !
0.04 1
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320
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i =
S
L
=
<
Age=301£7Ma(95% conf.) |
0 of11 rejected, MSWD=2.8 [-
= T \Probability=0.002

0.0

7

XJ583(calc-alkaline granodiorite)

309+3Ma
MSWD=0.63

19 20 21 22
238 U/ 206 Pb
35| XJ583
L n=120
525
'Q —
E
Zz 15
sk
100 200 300 400 500 500
Age (Ma)
L = N
0.09 o XJ693-1
o
r <
N\
0.08F o
_—C
[=1
007F
L —o——
0.06 1L %
F—+ .‘F Al .
< b T
005p ¥ F g 2
ES g
0.04 1 1 1 1 1 1 1 1 1
14 15 16 238 17206 18 19
U/"Pb
420
410F - ] -
4001 — U|: ) )
390k M —l_ 5
380k 1 HH
370} .
Age=38916Ma (95% conf)
360 0 of 10 rejected, MSWD=2.3
| | Probability=0.014
350

& 3-15 HHALALIBAL b 45 8540 U-Pb MIAE Y 228U0/2%Pb 5 A0 &) 5 AR 40 A1
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3-8 AL ERAE KA B A U-Pb ICPMS Wl AE %4

PIOtS 207 235 206 Ziatios 207 206 207 235 206 A2\398es (Ma) 207 206 Disc.
Pb/” U 1o Pb/” U 15 *Pb/ "Pb 1o Pb/~ U 1o *Pb/”*U 1o Pb/”"Pb  lo (%)
XJ515, Mean =359+2.4 Ma LEDIN
MA23L5 093 0.06 0057 0.001 0.128  0.009 669 35 360 7.4 2071 122 8.5
MA23L9 052 0.02 0.056 0.000 0.068 0.002 424 11 353 25 863 66 2.7
MA23L10 051 0.01 0.057 0.000 0.066  0.002 421 10 358 26 811 61 2.8
MA23L4 041 0.02 0056 0.001 0056 0.003 352 15 354 3.6 465 109 3.7
MA23L8 0.44 0.03 0.057 0.001 0.058  0.004 371 20 355 5.4 515 137 5.6
MA23L11 044 0.01 0.057 0.000 0.057  0.002 369 9 355 26 478 63 2.7
MA23L12 045 0.01 0.058 0.000 0.056  0.002 376 10 364 2.7 466 68 2.8
MA23L3 0.45 0.01 0.058 0.000 0.056  0.002 374 9 365 24 454 62 25
MA23L1 0.48 0.01 0.060 0.000 0.059  0.002 396 10 373 25 577 71 2.6
MA23L7 046 0.02 0.060 0.001 0057  0.002 386 11 373 3.8 505 80 3.9
MA23L2 045 0.2 0.060 0.001 0058  0.003 377 15 375 3.9 545 98 4.1
MA23L6 045 0.02 0.061 0.001 0055 0.002 378 13 380 3.9 402 91 4.0
XJ516, Mean = 357+6 Ma £
MA2316 0.61 0.04 0036 0.000 0121  0.007 485 24 229 1.8 1965 101 32
MA23111 040 0.01 0.035 0.000 0.083  0.002 345 9 221 3.0 1275 46 3.1
MA23I8 051 0.2 0056 0.001 0066 0.003 417 16 350 44 791 91 4.6
MA2319 043 0.01 0.055 0.000 0.057  0.001 362 7 348 29 474 51 3.0
MA2312 042 0.02 0056 0.001 0057 0.002 360 13 350 3.7 500 86 3.8
MA23I12 050 0.03 0.056 0.002 0.067  0.003 409 17 353 9.7 823 101 9.7
MA23I5 0.46 0.02 0.057 0.001 0.059  0.002 387 11 356 3.4 576 74 3.5
MA2314 0.44 0.02 0057 0.001 0056 0.002 368 12 358 4.0 451 90 42
MA2317 3.84 025 0082 0.002 0318 0014 1602 54 509 9.7 3562 67 20.4
MA23I1 044 0.01 0.060 0.001 0054 0.002 372 11 374 3.3 355 75 34
MA23I10 046 0.01 0.061 0.001 0.055  0.002 384 9 382 3.8 406 65 3.9
MA2313 053 0.02 0064 0.001 0060 0.002 429 11 398 3.4 609 68 3.6
XJ604, Mean = 341+£6 Ma ESTDI
MA23K9 0.89 0.05 0.054 0.001 0118  0.007 647 30 341 5.5 1921 104 6.4
MA23K3 052  0.04 0052 0.001 0.074 0.006 422 26 324 5.7 1029 153 6.0
MA23K11 037 0.02 0052 0.001 0051 0.003 317 16 327 4.1 250 135 43
MA23K5 039 0.02 0.053 0.001 0.055 0.004 332 18 334 4.4 409 148 4.6
MA23K12 045 0.02 0054 0.001 0061  0.003 378 17 339 42 624 113 43
MA23K2 040 0.03 0.054 0.001 0.056  0.004 345 19 342 47 437 143 5.0
MA23K10 042 0.02 0055 0.001 0055 0.003 354 17 343 52 422 137 5.4
MA23K4 0.40  0.03 0.055 0.001 0.053  0.004 340 22 342 438 315 171 5.1
MA23K6 041 0.03 0.055 0.001 0.055  0.004 346 20 346 49 400 146 5.1
MA23K8 042 0.02 0056 0.001 0056 0.003 356 15 350 3.8 454 120 4.0
MA23K1 0.50 0.02 0.056 0.001 0.064  0.003 412 17 354 42 757 104 4.4
MA23K7 6.76 037 0.117 0.004 0471  0.029 2080 49 716 23.6 4153 93 47.9
XJ676, Mean = 338+8 Ma PSP
DEI0HI2 034 0.2 0.041 0.001 0.057  0.002 295 12 257 6 510 87 6
DE10H2 037 0.01 0042 0.001 0063  0.002 317 7 263 3 702 56 3
DE10H6 0.46 0.04 0.046 0.001 0.070  0.007 381 29 292 9 939 194 9
DE10HS 043 0.03 0.048 0.001 0.062  0.004 367 19 301 8 677 129 8
DE10H5 034 0.04 0048 0.002 0.050  0.007 296 34 300 13 212 315 14
DE10H3 041 005 0053 0.002 0.068  0.009 350 36 334 11 864 268 12
DEI0H10  0.49 0.02 0.054 0.001 0.066  0.003 406 16 338 8 821 94 8
DEI10H]1 0.44 0.04 0.054 0.001 0.058  0.006 370 30 340 8 515 216 8
DEI0HIl 053 0.06 0.055 0.002 0.064  0.007 432 42 345 13 739 241 13
DE10H9 052 0.03 0056 0.001 0068 0.003 428 17 351 8 862 92 8
DE10H7 0.48 0.02 0061 0.001 0054 0.002 396 16 385 6 388 102
DE10H4 051 0.04 0.063 0.002 0.058  0.004 422 25 394 12 546 161 12
XJ620, Mean = 313+4 Ma FFEAK
MA23J9 039 0.04 0048 0.001 0.064  0.007 337 33 300 8.1 742 233 8.4
MA23J8 032 0.04 0.049 0.001 0.053  0.006 283 28 307 6.9 334 264 72
MA23J11 032 0.3 0.049 0.001 0.050  0.005 280 23 307 6.4 204 231 6.7
MA23J2 033 0.03 0.049 0.001 0.050  0.004 286 21 309 6.0 217 200 6.2
MA23JN3 037 0.03 0.050 0.001 0.056  0.004 322 20 312 5.0 438 160 52
MA23)7 033  0.03 0049 0.001 0052  0.005 287 26 311 5.7 274 242 6.1
MA23J3 0.40 0.03 0.050 0.001 0.060  0.004 340 22 316 5.0 588 160 5.3
MA23J10 035 0.02 0.050 0.001 0.053  0.004 306 18 314 4.6 326 160 438
MA23J6 037 0.02 0.050 0.001 0.057  0.004 320 18 315 438 485 152 5.0
MA23J12 040 0.03 0.051 0.001 0.060  0.005 345 23 319 5.6 607 168 5.9
MA23J5 030 0.06 0.051 0.001 0.050  0.009 269 44 318 8.9 194 410 9.5
MA23J4 030 0.03  0.051 0.001 0.044  0.004 267 21 323 5.6 -105 215 5.9

Disc. (%) AAFIH 5 L.
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250
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FAFER AWML, 3K 3-7 FIE 3-15 TR A ARLAGIIE A AR . BR TR AR T
VEIRE S XT693-1 AR LAAE, Jofh = AR B R ZE 2 s R A I SRR A5 AR A i — iy (1) 4E
B AEWS A A Rt AERD XTS81 o, AN BT s S AR s E Y, LA T R
TEUE IR 400 Ma 2t , PTREARRARES A IAERS, LR BT AR LU — 80, I RIAES
315+ 3Ma AR A H 45 IR RS o FE b XT626 1 — N A AR IS BH 5N T oA I 5 R AR
AT AEARER ST IR AR P P IR &5 B T PR B A TR A%, 1 LAl 2RI AR S 4 301 4 TMa,
EFE il XT583 FEA—3. FEdh XJ693-1 I— NIl SRS 4 408 £6Ma, W] ek H i3k I
BEA, S9N A S 3604+ 7Ma L5 AR AU AERE AR ZE 0 F AR, AL AR 10 AN A
(P FIAERS S 389+ 6Ma, fRIFA I A A AR

# 3-8 FIEl 3-16 Wor 1AL B B IE JoFIRE v R X A6 i R AR E o Ferh B 95 T PR =
RHE X 75 XI516-1 [RERISER k) 357£6Ma, MR AL KA L & T FIGER A 359
+2.4Ma. 7i4b, 15 XI516-1 11, H—HH T sl R FIME N 396+ 3.6Ma, %40 E T4
KA A ER, 5RFARITE RS XT693-1 FIERBIL, AR R AR/ . M
JERERL XT516-1 JLARI S R 4E RS WAL R AR 360Ma A4y, S KATE A AR —8, Alfig
AR WA G T PR S RS . Ak, B o X 2 K AT < XT604 [ 10
AN = E— AR RS N 341+ 6Ma, S AN /NI AU SRR AR B AR, 230l 317
+6Ma fil 317+£6.4Ma, 55 A RKHLIX B2 B R 7 X1620 FIE R 313 £4Ma bhish:
o RARE A AN R A XT676 F= R TEAR LA R AR e s (A (L2
HED, A S HEER A EANR, HRARAEPHZIE. WS U-Pb &R
RS T UE 2 D R s e, B RIS A TR T 385~390Ma, A A A
TEWS T 338 8Ma. & T A U B4 AEES UM 250 F 300Ma, 1 G55 kG . St
R Pb ERA K.

g LTk, PRI AL A BT 360~300 Ma HIIH], M2 HORE S AR A 390Ma
Aoy o oI TT CAHERT, DAL 55 05 b 4 AT O R JE Bl e i Tl g A ZEAE 390Ma 2y (rf
PeAE R, T AT F 0 S A R AL . XA A NERIHT, b m A S
AL XY A7 LE o

BRI PG

1 RSB 2 A A R A KICE SRS . Kilea b e g o, BRYER
LUAIRIRL, DEPIENMA AT RNEIRIERIE N A8 T, AP EEEESE . hrE K
HAF XA A YRR B R, a2 DA R R 8 OB RAAE , AT IRIEAH TR S
KB KilaZ2 5TRa 2 HREI, KREE SRR T, ARZ WA RBU-DURE .

2. ARICHTWE IR PR AL D ONAS T2 ol s BAT S K 854, A Rl T
SRR A R o JE MR AP T A PR AR PR L5 A R AL A A 25 il A A
TR ERSAE . KE2HCKIIE R E Na, ALK Mg, Ca (4 5. ERICEAMECERY
i BERW], XLk ls & A E R A, AR I 0 Ko BAT A ERAL AR Al T
AT HITT s (R oo 3% UG e 3 A & 4, B8 Lo s il o 2 LU 22, SR
T RIAN [F) i T 2 T 350 AT W 1R S B SR o K o3 Kl BATSS Bu G030, SRR bR L
AR, M /DRGRAT Bu 2% FHAT KA R 4 Rb, Th, Ba 55 K8 72005, 1
T Nb, Ta, Zr, Hf 55 Fidgsfon s, MRy 2 ERKLCa Rl — 8. K Kl
Nb &8 5 KR eA R, AR TR Sl X ala a2l . e ses )
B, AT K E B AT R 2 aln IR I, RIS KRG Bkl

3. AL A A BATIK K & Na. i€ Al Ca M 4R Fe, Mg, Mn [(0%Ff i, 54l
PR PTG o 85 5 A0 DA (RS B A 2 (ACG) 43— 3 X EEfE i i A 5 ales A
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TN TC R AL, RIWEM LeR I ER Lo R A, AR Eu U, Lk
& Rb, Th, Ba Il % 151 Nb, Ta, Zr, Hf 55703 o A [A] Hu X A B 50E A1 B ER AL SR i 1) EEAE— 5
e e A B R, IX A U A K e Tkl By A b o 2RI, ST REIE I T
9 H S Bl e S R REA 5

4. AU AR AL KOS Sr AL A e X ula Mt i Kl Sr [FAL = 41
B, H5 X A2 s 3 BRI TTE A Sr R R4 T B RA E
B, MWRART S BAER . 2R KA MR A AT St R R AL GE L i 5e A
PR TIORUA R I, Kl BAER U A 0 Nd R R AR — 80 JF RN s
ZuUa ) Nd FIRLZRA R, e Kl Nd R SR b — 30, H S T b 56 v F AT
M s AEPTIETIRE— NI, Kes R B 5CS A i enaen (E BE A S AT AR
DU ERFAEZR W, PR A DX L AN B0 A il 8 o B A a5, T R R PR e AR
VORIIALEAT Pty R AR RE B, IAEE K BT REs fhad i, 22 B se ) s g . A,
LT o & SR A e BTN UL SZR

5. JERFUA AT U-Pb ICPMS JE LR, AL DB B EAE 1 50 A7 R TR A
¢ 389~301Ma, HZ KHBM A AT SRR /N T 360Ma, R H L I AT SR IR A sl s 5 7T
REAAAE PR R, 1 By I A F R g 030104 360~301Ma,  BEATR A
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FIE FRHSIL GG RE
AL AL Rl o AR ki s, A THEMS R g (| 2-7). —HLPOR, JER
LA R A2 — I AR AR L 9K (Windley et al., 1990; Allen et al., 1992; P ¥ %%, 1992;
514, 1993; Gao etal., 1998). %K 1L IREITE B S48 iR o AL R L b b 4
FHIP=8 o — ek Ky, AER S O VE R Ll B VA — 7 i) 4 B 48 FAR A R A R L i R B o
th (Windley et al., 1990; M /74, 1992; Hhm-L5%, 1993; NEKFFAE, 1994; FIGAAE,
1996; Gao etal., 1998; Laurent-Charvet, 2001). {HBFG 225 AN, JERINTGE: (BEARFLL
LX) B E ARSI S A (HP S, 1992 mifREE, 1997). MfE#H ik
4 4RI EE, ALK AT 23 A PIAN B AN (R A b J2 5 dE R A& 88445 5 kb Bk,
T A SRR AT DUAE S e T R AR R (B 4-1)0 BIANRIT RIS JE P TR AR AL
HhER e R g LAty Ty AR AR e A B A L S
F— bR ILME KA TERHE 75 HT
ERPRIES AR, — AN K@ 300km, 9840 50km [FIFIE T SEE-NWW 5 [0 B Afi o
R TC E A R R A S B R SR A S s, —E R — I h 2 s o AR I RA
BT LA, ] LRI AR 6. JEARAE . 9978 a0 Fl R
IR T . iR AR SR AL R LW TR, AR A AR R BN (LR =D
degxili it (B 4-1),

[ . #EREE B P MEAE THEAR

FEE B Aues. mE FE ko pssitans o M E. RS ETE
B AR ERE TERGIEEN TR RE A A AR E
[V & % & XLh-RAs (@] #4231k X —EwAREE

P 4-1 JER L R AR 1 i By i i 12
a, LRI b, KIEWRR,; o, MIREIR; d, kb

1. dbRILgiEH RHFHIE

1.1. ARRARBEHAREERT

AL - ) 20km FOBRZE A BL b, Aok R B ) AL b ToRnL R ibn 2 b (E
4-2a) (Gao et al., 1998), Xk I+, bR IR B A AL B oog kA AR S e 4l
(Cob) GHrgEHLE™ )&y, 19735 1993), FEEHKEERITANS A . Wb e B TR A
Wb E AR, YR A4 (Kl 4-2b,cd,e) . WA & E 2B SR AT MR /K e ids
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WA, FRR— PP R DU a2 B 2RSS, R R LK B LK (K
4-2b,c,d)o {E—SEHTH_Fad v WA AR AEE Y (R EAAAE, 19890 HbA v d Jm Fivks fu
FEEEG DU KB TR IS 5 G A S R U R D R R A e e 2 (K
4-20)0 HAFENIRY, RTEE EEBARNEKE . WA KE AR, JERAE
TRl P MR AL 2R B AR AE, 1989) 0 4 2R T LIAR AR R B R Rk (18] 4-2b,¢)
L J2 0 2 T T ) BB S OB A LA L, 1B R R 2P R E, —a HATIE L
=k, FES FRMR AR T o [RIE, R 0000 30 o 7 2 A A PRI B B s DA R 1 1 119 30
BAER .

B 4-2 JET LA 2R L v 4 R S B A P AR
1.2. FRIFETS
WE SRR AR T TR R A T, RAELL PR AR 250km, B8 5~15km yi A
(] 4-1. Framhi /g (1973) H AR —AHUE B Io R WA R YD K 41 (Cssdo B
N CEAEZH X IRIE T Z AN AR I A T . AE By X, de st s 3 B i ie 8Ua LIS
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WA

Ly ) £ B
[ 4.3 AL L B R A O A
A 43abe) BEKE BsEE . (MR XA (B 43e,d,D. #HRAERE (- 430),
FERCE (B 4-30,d) B REIRE (B54% 5%, 1989; 1 FFH%, 1992; 42 X2%, 2005, 2006).
FIM, S 2T (ot AT A D 2 & WA R e U R P 370 2
PERERS 5 WA SR (L2 AT, R B K D 5L
L, RS TR A e (1) PR X PR KR A LR R TS R
I (B 4-3¢), FIBGAECTK; (20 BBk, BB A RS (FZoNE A K E)
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LU PR e pA = i 20 BEAL e RV BEA I 5o, BN WBHOK R Them AN

(B 4-3d,00 FE28 MR, A BUARBCH AR M M B A e . i a A
B OB BT AR st AR TE IV R, R IR A i (B 4-3dD . Bkt S

BT

4-4 JER A Wr R HE 43 F o AR e o B AN E R BT AR TR S ok i
Bi, ®~Ff}l; Fds, KA7; Qtz, {744
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FUE YA I S 24k, L RIpE S B AR Ut (& 4-30).

AL, YRR R (1973) WiAA, ESIEEbhiva -t R B B I R SRR A A
A 21 bz . WS SESLYS R I 23 m] LK e A R A R DA R S SR R TR
A WAAWMELE, ddbmeg. B Bl NMKOCY AR R EE A (Cob) AP K T4
(C38), WIE AWM. fEe . Ve TalhE FOM b . W0 a K LA 4L R
Ja A N B F e b A A 55 . SRR, BB R 2 T R B4, iR e
FITHIES A R4 12km &b GEZ /S GPS Akkr N44°08°42”, E83°57°57”, £ £ N44°08°06”,
E83°58°30”). &k b WBIMIGE A YA R B BRI A . BRI . SRR A KL
JE s PRI ORRE e 56 (ZRAERAE, 1994), ItAb, SHkfie% (Pebbly mudstone)
A AR S . s B BT R, AT REARER Ol B R vy PO s e, ke
TR IV PR A o Y B AR 1 T R e 2 A AR b O Z R S, R L5 S e
A ETH BIEP— RYNWphERERE W2 5 i R AR, AN AR R R R
W, B R EAR LAY NWW-SEE SEff,. HiFl. fEME S R % iCas R, /- T AW %23
HABANHER ARG (K 4-32).

1.3. TR ERAT

M SR A T R ) 2 A A AR IR AR, S AR T B R B DA . Rk

FUeA TR BT TG (K 4-4a), i THREEEOIR. THRRIEE L WiFHES, &
W I 3 2852 1 o 2 1) 2 1) BY UIIVE FH o Ak B s 1 e 00 Dy s 20 1 BEAL ORI S 12 A AR T
BA THEE e I 555 X E, XA Zg R hie S -E 4] (Dob) CGirgsit
)R, 1973). AR, SFIXEARER v m AR s (1 J5UE i R B, LB 5 A6 R 4 TG
WS 225 AEBP AL, B M 3% 2 Sl iR 2 s LI i &2 B Hos 2 TR BB oG &
A&, B TZA E O 5« bR L2 (Zhou et al., 2001 ) B4« 14 BRI 2% Wi %4 7 (Zhao et al., 2003)
Fefi, FEARH ST BT WA I T s (B 4-1), DITZ oo AN R T AR 5 B A
(AR TE « AR BURFAEAR v] B2 5 IR E AU S A E B &5 3, T AR LA L (1 L
ZE0. AERCE T, FIILKEAAAT Y, AR 0.1~lem (K 4-4d), FsAdefimAs fFfE
FH, TS VG ML B T G sl o0 %A b S B IA 5 A ML AT, 5 NNW-SSE [ 4E
BT A B R LR IRUKIE IR —lF (B 4-1), 2. BRIE A EE NG S B
RITHMCE o o g i s BB B TR B R A 55 . ST IR B R G
S W T KA RS, PRI RT e LR Ol B A AL 7 R LA 1)
TERG A SRR YL RE 2 i 4y, ARGk A AR IS S . THCE e AR E 180°
Z80°1 Sy I, FEamA s T A So MEE (K 4-4b,c). £E S MELTH Lk F /K T 110°
J7 PR LR BRI o () AR B0k e, SR Fa Sy B R A 210°260° (~70°), 1Tk
IR B R B RS SRe A . A (D) SRR A ARAR R 4l k. DA AR
TERFIER M, Al — MBI UIY,  Hoaz 3 2 F AR R A T SCie .

2. kRSB HERSH

R AL TR 3 Ly 55 HEreS IR G M R B 5 0, A2 R L 2 et &0 T 2 Ik
IEAR o AN SN K S AIE A AT R B, AE R B D) T = WIRIE A, BT BE IR N«
Jermi s (D3), PIMEEWE Y (D2) FdtE S (DD EH (& 4-5).

2.1. e ifHEETR (D3

TEENE R G MR 2%, — 8 ZR- 9T AT 28 ] AR B Y5 IS 25 DB 471 )28 10km 1 (Liu et al.,
1990), ‘&R KA TR . WK 4-2a Fios, £ &2 R B b HEE T -8 AR
Wby b, EHEEEH S D RAEITAUG . ARG, BiAazEd, REE— &
A1 e A R P 308 T2 R o R AR ) R A R A, PR ma AR R B IR . ARREAE R, WZ PR
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IR B BRI B A A8 52 s MR 1) SRR Bl 1) o M2 RO I b 5 2 I SRR, X —
BEEAE G & T rAb s 30km [RHLSE4isE, ] BE- BT AR AR ED- RIS 1 1v) b 1 328 B 2 2%
A5 9% (Avouac et al., 1993; Hendrix et al., 1994; Poupinet et al., 2002; Shu et al., 2005; Charreau
et al., 2005).
2.2. HIMEERSEYIEAR (D2

TERIEB Ul h, 4 A BB A L A il R B A AR, KA. fidko
BSIEBE G, S-C KIS, ¥FR/RATEETVIANIN o ME FE i (1) SR AAe) i o m AR 5 21K i
(RIE BN hR s o — e AT AR B T A AR, FEBE B 1 AR AT A TR = BRI R 5%
Fiti (& 4-4e, g), IR AR TEM A Bt (] 4-de, @), TEKATHE M [ 8 5 A
Bt b i A A B A T A IS, I A N ORE (14) B A IR I S AR e, A HES 1
4-4h). S-C MM ThARE KE, — RANBTIAY B S 40 /N A B e B & A L (8]
4-41), A XEIEE) Fhn 3 oA e s UI/E R

ZETYIS ) R G RAT VA B AR R BT B PR v . R —5, A» BB RRA “ Rl =) 8ya”
(Main Tianshan Shear Zone, MTSZ) (Windley et al., 1990) FI il 7y 22 & vi- &A1 7 (Shu et
al.,, 1999, 2002; Laurent-charvet et al., 2002, 2003). % BYI1E AL & AL ME JOl s kA4
SREVBERS AL, TETE R — R VRPIR R AR S FE R840, TR A AT R N8OCJT [ 7K F-4r
THERER . BRORLE FNAR R v 1O R 3 FIORE A A% e 4 38 S I8 B 2B G LA AR 8 ¢ Bl
(Shu et al., 1999, 2004; Laurent-charvet et al., 2001) Zi—35/~A4 WEshIa, SR iLiazh¥
br& e —E

BRI Ar-Ar FEEACEEREFTSE R B, 05 A B IA B AL SR UK A S b3 W) 1 B D)5 BE AR
EATHUEE T T BB RS ) 245~285Ma (PEML R 30D [AI), Shu et al. (1999) it
KA 2 e BRA AT T 2 BRI, 43 3432 269.1+5.4Ma ¥ K-Ar 3
TEUS N 268.8 1 5.4Ma [WAFITE WS . HAMEAR R, Hhn b5 (1993) XA Troriidbg
BA] 253 LR BT i 25 B8 3EAT T Rb-Sr &4 84, IR AF RS 292 4+29Ma. 1]
R SR FIPE B D)t o iy 2R AQBE R AR AL K Rb-St A EIE 4 260 6Ma. X Bl 4 45 Ak
BRI, AEAEIR L AR B0V I X I AR R — I 270Ma Ao A (1) e R I R A,
AR DA A R T AT BT AR T

[ FE 2R BN | R E I — | SEE R EH
SSW EA KR waArikin  NIF ‘
TRt by < e s TR
3 hj

) 5 —t

o REREAR T

10km X ,f?—ﬁc‘g_}}{]ai)%\_g&

-20
SERLEH, HE LB RGRBANIIESE 7 HAREAEE D3
=R AEE L R T & BRI ®l® =&wAREE D)
B AR LRRE 7 BRREARE O
HE T IRAE SEARRIE % HBXI628EE

Kl 4-5 EEE-FRfaeth i, MO mRRE T GHTA & WL 4-1, HhFe JERERRYE Liu et al., 1990)
S, &M A: D, IB#HFR; C, fikcFk: P, “B&; T, Z&%;: I, thY &R; K, A¥ER; E, HiEAK;
N, HrE#: Q, HUUAR: NTF, dbR ik

23. kENHHEBIER (DD
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B T, — RGP R AR AR AS PR AR a7 AR 1) Je i e AE - el
TR AEACE AL B B A A sm 2, BT AR A Wk SE A AR A8 R A AR A AL 2 B
Lo (EAE— L AT TR I AT B L, W] AR R 2R A0 AR AT K 1 6 T I 1) 458 R B fif 2
BRI, IR BEIT AR Y 1) S PR IE BT UIWT, e S Bl B s UIME A ok, TRy
FMNAZE T R ISR, RIS DI E M LE A W W 4-3g TR,
A M BRI, K H A NE-SW i) (I AVER P B IE . RSN, hTanm®
S AE AR R A, IBE AR I TR, (HEFAMIE R (B ) $RaR
B 1) ALK 3h 8l ] o fRAF T a2 s P rp (I eI AR TR s 8l 2 B3R T e L S IR AV 1
AR RO O U, RALE B AR B U S 2 BT e SR A S i AR
TEAE R, T RE e ST i T 93 B i PR P 5 2 18 R A 1o 5 T R S TR 2% A o 4 £
Ko

41 LR LW PIVE B &5 SR 2 B R Ar-Ar 20 Hr 8o

Step  PAram PArg (%) YTAre/CArg A Arg Age (Ma)
XJ628-7 Whole Rock  J=0.00539635
1 354 1.7 0.2 16.8 1565 + 3.7
2 8.1 0.9 0.1 23.4 2141 + 3.6
3 2.0 3.7 0.1 24.7 2257 + 15
4 1.1 9.1 0.1 27.4 2484 + 05
5 0.5 4.4 0.1 30.0 2704 + 0.9
6 0.3 5.6 0.1 313 2813 + 0.7
7 0.4 15.4 0.1 31.6 2840 £ 0.5
8 0.5 24.1 0.1 30.4 2741 £ 05
9 0.6 13.3 0.2 29.5 266.8 + 0.5
10 1.0 12.1 0.2 283 256.6 + 0.5
11 0.9 7.5 0.3 28.2 2555 + 0.7
12 2.9 1.8 2.4 27.2 2469 + 13
13 9.1 0.2 72 23.6 2166 = 9.0
fusion 65.5 0.2 45 11.0 103.7 + 252
XJ703  Whole Rock  J=0.00539543

1 63.3 1.5 0.3 13.0 1226 + 33
2 17.5 1.7 0.1 17.2 160.1 + 1.4
3 6.9 4.1 0.1 24.4 2232 + 18
4 1.1 7.5 0.1 28.2 2556 + 0.5
5 0.6 6.4 0.0 29.2 2640 £ 05
6 0.5 6.5 0.0 29.7 2683 + 0.7
7 0.6 32 0.0 30.0 2708 = 0.9
8 0.5 9.7 0.1 30.2 2719 + 05
9 0.4 9.1 0.1 303 2732 + 05
10 0.7 11.9 0.1 29.9 269.7 + 0.5
11 0.9 12.0 0.1 29.5 266.0 + 0.6
12 1.0 9.8 0.1 29.3 2650 + 0.6
13 13 6.9 0.1 29.1 2632 + 0.7
14 1.5 8.1 0.1 29.0 2625 £ 05
15 6.0 1.4 1.5 28.0 2535 + 2.0
fusion 252 0.2 6.3 29.1 2633 = 12.0

OAr g E RN EAS IR P AR IR R Ars PAre KR PAr; Y Ar,

M Arg 20900 IS FE A Ca MK JERLHT Ars T 24 BSFS30.

AR Ky = 5.543 x 10" a5 [f7 L AL KK = 0.01167 atom %
(Steiger and Jager, 1977),
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3. dbRWFNEEREYIFE Ar-Ar ERFAR

3 5l AR 11 2 vl ) 25 R KA A b 35 14) 5 1m0 A ot v BB P B S R IR BE AR A TR
FRE AL XJ628-7 RICAFE S XI703. K AW IR K VES . ST /A, EXH B F Bk
FoRS B O BB A R 20 431, ORI/ A 0.3~2mme. 455 MR 7E VL [ Rennes K2
WOGTREE L IS K™ McMaster [ W HEVE [FEK A FRFE TCR-2 —#2 RS 13 /NF, 55
AP Ar S BOCHER(CO, Synrad®) I Map2 1S RIS HEA T /00T VRGN AL B8R L Aih
BRSO Ruffet (1991, 1995) k. A/ Ar 3 5udh W3 4-1.

500 2.50 .
o XJ628-7 Slate whole Rock ool XJ628-7 Slate whole Rock
@ | w4
S 380" Z 1501
8 =
< 320: é 1.00 }
_— S
2607 0.50}
200 S : ‘ 0.00 e
0 20 40 60 80 100 00 02 04 06 08 1.0
PAr (%) Cumulative*Ar Fraction
500 2.00
: XJ703 Slate whole Rock XJ703 Slate whole Rock
440 150!
= 1 ‘
S 380 5
~ ] 22 1.00}
& ~
4 (9]
< 320 g
| © 050}
2600 — 0
200" . S , : 0.00 L : T
0 2 40 60 30 100 00 02 04 06 08 1.0
PAr (%) Cumulative®Ar Fraction

K 4-6 LR LT R PIMEAR TR AR e 4 A Ar-Ar £RES

K 4-6 Jy 2 MRESAYE A Ar SRR . PRTLUE B, PN B D AR )
BT, 76 90% Ar BT OL R, ARAEES 40 1) 4 245~285 Ma(XJ628-7)Fl1 255~275 Ma(XJ703 ).,
MBEAHE S NG R Y Ao/ Arg EER AR (£ 4-1) WTRLEH, Y Arey” Arg KL
U B E S, R RS RO B R, 2 AR A, S,
T Arc” Arg LR AR AT (K 4-6) IEUFSHAER AL DG 7RI AR I B,
Arey/ Arg AR R, ] Re S AV B O R (0 SRR T O . AE N
JRBBE () 30% M0/ TRBGE R, B Y Areo/ Arg LUAE AT S 5 Ca Kofn £ EH
(g o i T FE I UM Y Arey/” Arg LERONERIE, ATRE S K = fF (BEE B (1
EAAEHTEL

JYVE 2 AN AEFE S B BRI T RE S T ) R R AOE RR I R s (R
TG A Y B DRI, IR EEE AT BY DI A P BEA A B AR A R AR A -
TRt AT 22 E e T LR R, AR T BN EEAEL R, HEaA a0
FUA bl o F I AR W1 1) rh TR AR T AR IR IS AR TR K S B3 K A ]
R RE, IR IR E I BRI & Ca KA ESER, RUILERA T L Fe b 34 11 b
AN ELWAEH . TR WAER SRS EL IR, J5A 1R 248 e 14 R )
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JEFTHE, T T (M R 28 R G0 S N I Bh A A I R RS . B2, X LR
AT AR SN T AE N BT DI F B AR o 122 5 i AR R S WA R AR R e HE B )R
PRI HAERS FE A —3 (Shuetal,, 1999, 2002; Laurent-Charvet et al., 2002).

FHA JER LK SR

FERINARBE, bR i F G e -G b B 16 J LA Kl B A B, RIS IE B9
%E%%%\Lﬁkﬁ%%ﬁ%%ﬁ%%(%mié,w%,ww,%%%#,w%,fﬁ
HAE, 1996; #F RAEE, 1997; L7555, 2003). mifERINFEEL, db Rkl B9l Es
TR IR By IR 3 20 B A S ) P ) A, R BOR B R S oKkike m) (& 4-1). FE4R
Mg, a2zl ﬁ%i&ﬁEEﬁ%km%ﬁk%%ﬁﬁ%(iﬁm*,W%;

Xia et al., 2003; 2004). “{ifpiiidd 8”7 A4y (WENEE, 2001a; 2001b; FHE 2005,
2006) FIHuEAEVER (EAMRITEE, 20045 2005) K779,

[ T e

[a] [bF
v

®|®dbf\dﬂi‘<}’r"]
F 5 8 PRy vy 7 ity

% §+/‘ZI§\/AVQ\/%Hb

5 km

e

Wit 7 K RBER &R A DL AIE CLER .
o thFABE [+ | sETREEE B sRARE Ak AR
n )] EREAEE N/ BRARECE [ BRARDE 7 ErwiEk
33,8 [ V] zxzels AR % olo A&

4-7 ALK i e i i 1T P e S At 5

Scbr b JEWeRT (B 4-7) BACBCEZON AR AR BA, SIS IR AL T 57
MSEFEI it — s R B AR R AL . — RAIBENL . B B op A i A e B B B A
HEFCH TR R R (& 4-Tb). fER BRI EE A A I RUA T, $R7Rm XI5 AL i it
HHTRZAHERUWER] (18 4-7c). BUREA ISR ICE HER, H N E 5y — iy iR AT B g
LRIRZSHERUE I IX B ATRFIER A 5 We b i (K R BT AR A A I s T LB A I AR AE - A S
eI T T BL A PERIASTEARHE A E W B s, Kil-iR et = (B 4-1, B 4-7¢) BRIk EL
BBEIT R E AL, BATWIRIAR I . 1A Wk A T 2 A SRR e AN 2 DY 2R P B
SHAHERU A RN -PORUS 2 2 18] R o R AE R AN E ik AR 2, (H %Z@F*ﬁ
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% 42 JEWAA R B KL ICPMS A a0 i ds Bt (

5 W5 R 3-1)

B2 XJ595HX XJ596HX XJ597HX XJ599HX XJ600HX
Si0(%) 59.69 58.50 49.11 66.67 69.10
TiO, 16.71 17.12 16.10 13.76 14.57
AlLO; 6.97 7.64 8.02 3.80 3.49
Fe,O; 0.15 0.12 0.14 0.17 0.14
MnO 3.27 2.65 3.57 0.97 0.78
MgO 3.81 4.07 9.95 4.71 2.73
Ca0 4.19 432 3.48 3.22 4.16
Na,O 1.50 2.05 1.62 2.78 2.41
K,0O 0.49 0.60 0.81 0.28 0.26
P,0s 0.30 0.22 0.19 0.11 0.11
LOI 2.86 2.56 7.53 3.76 2.39
Total 99.94 99.85 100.52 100.23 100.14
AK 1.99 2.65 2.44 3.06 2.67
ANKC 0.66 0.64 0.81 0.35 0.30
o 0.24 0.45 0.97 0.39 0.27
La(ppm) 10.83 13.49 9.97 17.81 19.38
Ce 24.47 30.09 23.37 38.7 43.09
Pr 3.228 3.841 3.121 4.825 5.399
Nd 13.74 16 13.63 19.42 21.43
Sm 2.97 3.461 3.099 3.979 4.535
Eu 0914 1.043 0.989 0.962 1.057
Gd 2.588 3.233 2.767 3.41 3.883
Tb 0.407 0.501 0.435 0.554 0.62
Dy 2.404 2.91 2.608 3.405 3.704
Ho 0.483 0.587 0.518 0.656 0.735
Er 1.421 1.768 1.543 1.98 2.24
Tm 0.215 0.267 0.233 0.316 0.358
Yb 1.518 1.913 1.568 2215 2.536
Lu 0.25 0.311 0.256 0.36 0.412
S~ REE 65.44 79.42 64.11 98.59 109.38
L/H 6.05 5.91 5.46 6.65 6.55
dEu 0.985 0.938 1.011 0.779 0.751
Sc 28.492 40.714 43.051 28.954 31.285
\Y 49.01 141.3 192.5 32.23 24.75
Cr 403.3 890.6 315.9 1153 1027
Co 11.36 19.88 2627 13.43 10.48
Ni 216.7 4729 162.5 567.5 469.9
Cu 10.19 28.83 42.17 16.12 17.77
Zn 70.78 73.86 75.64 77.94 70.72
Ga 14.29 18.43 18.78 15.17 17.75
Ge 1.169 1.403 2.287 1.812 1.712
Rb 30.35 46.1 48.24 85.01 81.18
Sr 676.2 601.3 580 1031 465.7
Y 14.5 17.97 15.47 20.96 24.53
Zr 88.34 117.2 72.25 117.2 132.1
Nb 2.296 3.161 1.897 4.964 5.564
Ba 440.7 435.8 288.1 508.8 400.1
Hf 2.344 2.987 1.924 3.348 3.708
Ta 0.179 0.247 0.137 0.421 0.453
Th 2.663 3.942 1.869 5.719 6.528
U 0.956 1.291 0.888 1.736 1.942
Be 0.904 1.1 0.621 1.479 1.569
Cs 1.104 1.053 6.08 5.433 6.217
W 0.777 1.655 1.362 1.706 2.113
Mo 13.72 31.04 10.29 38.88 43.18
Sn 0.869 1.325 0.952 2.115 2.364
Pb 3.7405 3.4038 4.6931 9.3121 12.7833
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16— 1
g _0.1— E
3 3
¥
Q
‘Z" 0.01 =
0.001 R B AR T B SR R T
45 50 55 60 65 70 0.01 0.1 1 10
SiO2 (%) Nb/Y
10003 1000 p—
c Food
100 |

Rocks/Chondrite

Rocks/N-MORB

1 1 1 1 1 1 1 1 | | ! | ' ' 01 L 1 1 1 1 1 1 1 1 ! 1 1 |' 1 L
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er TmYb Lu Sr K RbBaThTaNbCe P ZrHf SmTi Y Yb

10
Hi/3 E

Th/Yb

0.1F

0.01
Ta 0.

Bl 4-8 Jb K Ll 5 Uil T A i 2R oK L A kA 2 14 fi
(e PRIGH S FE 3-1D
FARTEREFE IR 22 R B, Wy et nl e & — 4RI AR PE I Wi O o) (1] 4-1,
4-7¢),

LEKL-PIRUE 8, Ye BURb A R it 2l s kAR TomB R B4k, A T
WA St b Ok 8 BESL R bR T A 1, AR T8 8 R E S G A5 AR A Ik, b s
AR Ar-Ar B FEIS T 255~275Ma (IUARTESE—15), RZAr bRl Wi
I BEE N B DA AR (8] 4-10 ZoEW B Ul A8 A B, W rgfEvkis i 5 ool i
feibd ks Befil (& 4-1, & 4-7¢).

FIRF KPR FEASE S . Kon . LIRS . SRS mars, LUk
K& AR WIS DI E LS (B 4-7¢). HTHZRNL, B2k E R
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2, b kIEE SURE B FIEARRAHE . MEEEARTIRE T 5 4HHEE kil aredh,
AT T ICPMS 255007, A A B A5 BVE W2 =32, o Ar g5 R LR 4-2. B XJ597HX
(e kB LOT Lhig A4, HA AR 1K LOT B LUK (<3.8%), FRHHIXUEFE T KA 452 W
B IMA . BES T Si02 SN 49%3] 69%, L8 B FTRFE AR AR, F= /]
LA, Kilea MR Ve SIS0 A, JF Horp e JOLEs BRI, IFAN R A AR
RIERYE R () “X0g 7 R CGEMITEE, 2004; NS, 2001). M SE (2~3%) &
i, BT WarE &R, IR NayO KT k0, AT, itrir (& 4-2,
4-8a),

76 Nb/Y-Zr/Ti B (F 4-8b) v, IXEefy BN 2 A R e s, H kit
oA, KRS TAS Bt (] 4-8a) MgiR—3, KW EEICHEEE ARG IHEERE
BRI W Tn R RIE S, e, RIEA A Z WA RAEWERS 7. B tooEl
OGN PIERR A ARMEL L 2 fhk (B 4-8¢) R AT AN HIFE
i HA 59 Bu 729 (0.75~0.78). FTA M5 i34 C % Nb, Ta, Zr, HE 55, MiAHX &
KB TR A1 0% Th, Ba, Rb 2%, —SURENIE BLAT R PRI Ti Je . LU EAFAE L[R2,
IXEE K B TSR R A, R T as 2 ko s B AU e ER AL EARAE . K il
FY TR AT RER B TS, RS2 B ST R S

7 Hf/3-Th-Ta Kt (K 4-8e) 1, IX&kilIG AT BAEES IR 2 B X3k, Itk
B R AR S I A A S T B 25 G Ty A Btk R A7) S e ao i e, i A e
i MR BT 2 S B AT OC R o DRI e 1Ly o (A AR A5 I8 1% 5 A v A S e 1
Byl s 00, iSRS EETE L. Th/Yb-Nb/Yb (1 4-80) KR, X
S 1) AR BEAE BT S IR RVE B 9 S X, (H RS BIRTE S e I e 257
Sy DI, 1 i T S 9O X SR FE T o RN, SRS BT AR 2 A S P A M X A
AR KSR, B KRR EAREE RS S (b a5 A, RILRIEHE
oG 52 3R o IR EeHh TOIF R I, 5 0 R K LA T BT S R AR DG IR TS Bl Kl 12
GRINBE . ARG R, 6 B N A SRS A A AR T A N B fil, LA st
PIVEE T B S i A AR (B 4-8c) o HLAR AT M ERAL 22 FIAEAR A0 9% B RAAIE 52,
THIZAE A AR IR AT e 5 KL AR 1 S AR N

=9 bR g & R HAEE

B4 b bR INEES 7 RFRACIR L 5 VA S SR TR A% 2 il A VA K AT VR b SRR A 5 7l
(Windley et al., 1990; FEAER%E, 1990; Allen etal., 1992; MFH %%, 1992; Gao etal., 1998;
Xiao WJ et al., 2004). #R1fj, JbR 1L ELE VARG SRR A 1 5 LA B Ty - KAHE —a5, 2 RR
BRI K A3 R I VAL IR R )8 (D445, 1993; Laurent-Charvet, 2001). )
Ab, AR Ik SRR A A TG AL MAETE G, — 282 2 HAE o — A st e B e 4 n &
CEAEMAE, 1990; HFH4E, 1992), 1M 5 WA S HEE R GRfeE, 1997;
Gao etal., 1998), 1Tk, s (IMITEE, 2005 1R% X5, 2005a, 2005b, 2006) i
AT Y i SRR A RHC A B T IR A S R SR 20, A i i e TR R T
KGR 1) KPR AL RS AT, 1T 4t R Ll s g o AR AR R AR I “4nifg i v
AR BRI RT L, JER I S SRR A% 2 A I 8 P A AR — N iU DR

AR L5 ATV — i i arii s B S I BRI F B R W, XL se s
£ HA = MANE I ERAL 2205 5%, B MORB. OIB Al IAT, S~ —Fhf BRVEAMEE (£
VERIAE, 19905 1 FH4%, 1992; 24584, 1994; Wang ZH et al., 2003). 122 X5 (2006)
PONSAERIAL (5 S ole o 8 ST N 32 S e IIE 3 Y E (UL A NEATE: ATV (T s v 82 & aA AR SR TN T C i
Bic 8 5 S S0 A, (Ce/Yb)y = 0.63~1.36, (Gd/Yb)y= 1.02~1.41, iTflT N-MORB %}
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MR, S AMIA T IR S5 A Sr R A A R B, 3L ¥7Se/YSr HiAii ok 0.70306~0.70439,
ena(t) = 4.63~8.69, FHIHAI FAKYET N-MORB, {HAERILREH A OIB 4143 M.
BHE B4 19(Ce/Yb)n = 0.67~0.88, (Gd/Yb)n=0.63~0.73, ena(t) =8.36~8.52, ¥Sr/*’Sr(t)
=0.70365~0.70408, SELEL A SEA—E (TR%2 55, 20060, M1, IXEegh 3 Frip sk
FIER TR AR

HPNAE O ¥ - SEFE VD R VA e 4 7 (R B v A I T I 0 2 thE V2 110 - A e R e
SR TR RS CEAERNSE, 19905 M7 84, 19925 258 %, 1994; Gaoetal.,
1998). fR%~ X5 (2005a, 2005b) M EFAIEEES P RHCAL KA 3k A 324.847.1Ma [ A
U-Pb SHRIMP 4E#% . IXECUEIERNT, bR 1L B vA M X i R 2% AR 3 1 v 7 T Rk A i
AFAE TR - o e A e), e el . RERE (AR08 I 22 /D e T 325Ma. % S EI7E
PSRRI A, B A A et S VA 41 S B ORI AL S B T, R TR A
(TE B S VA A AR R B R e, B A i TR

WA —PTIR, BAREHERERIE TR §A WG S EN S Fa a4y, H
HIWA CREIISEE T 5, e s A R AR i J A 5 TR A TR A HERRAE— ko [RII, s
SR TR (R MR 1 2508 1 4 B D) 7 B R BE T T L 8 3K ) 3 I S AR e i 1 1
BOMRRIE . 70 S PSR SEA RV Rya — iy, TH T DL BB B kA B S R TR
W ZW R YR A POR AT — R, RV A RG] T — Sl . KA
JEARAE FH AT O IR N AL o, 4R 7 I R AR R OTRURIR T, B, XS Dyt
FRAE— R PP e A A P RE R e N B A R A E # A+ (Raymond, 1984). #4
BB AT (AR —0) R, MEyAReatiR A b & 66 MR A vk sy o) AR f it .
PR, AR L B B va e SRR A il e R — AN B & &t i 8& A S AL, JER
e 2 S e 23 R)_E LA IR IO BC B G R, 1o HAb R e e L4 SR S AL, Jb Rl
I NS S R —8 RIenT DA, AL, dbRils % S B s S db R i 7
1) B RO P FE AT G

BAR T - KAV R A s S AR L i we Uy R L B Wi A, —F s in) b
HARGF WIS (K 4-1), B2, BRI E T F—Mesd . AR, T4-
KA VB SRR A A AR R — AN A4 5y (E B 158, 1993, 1997; 25 H A, 1994;
Laurent-Charvet, 2001; Shu et al., 2002), & F T EEalgstiB s R R AR, 54k,
SR T R e SRR A PR TR IE (L3R ) 5 B e gt AR TR IE— 3, (1
LRI BAT 5 P AL b DA R ) S R A E T, AR, AEOR L B SIRENA T iZ e St TR A% 5 11
6% [F—NVERATT e IL U BE i ma fr e, Mo fe A B s dbird . DRI TA R A e 4R
AT ESFEst s, mNE TG W (IELE. HLFE).

M FAE S EARFE AR (AR DU X R WATAT e SR A e, Btk G FdbR 14
B 0 25 4 ) 0 A NS 2 o 5 R R AL I v AR AR SR B SIS 1A R R A 2 ) )
I —2k, MEFHEN, XA B 9Ia] BETE BT 1Rl —AN 0] B IR SR P Pl o R Py i) A< ]
— H A RS R B w By gl LA L, 5 s iR b B Ry (AR, 1993; 7 RAWAE,
1997; Shu et al., 2002; Charvet et al., 2002; Xiao WJ et al., 2004) [d] )@ T — 457 . HIT
PEH I, TR A AR Py AT RS R RS 3 pp HEZE RS A T, AR bS8t L SE il
AR KA T SR BRI AR T s I R 5 K PR A 1) 3 i et 2R oy S AR AR
iz b, mAbRHEEAE G R T 20 30 km FIRFAL IR HEFE A% (Avouac et al., 1993). F34b,
R R I AR ORI PGB (PR35, 20065 RSO®EE, 20065 ShHi%E, 2006) b
AT A LA (1 s S Ve 2 T AU R A s R T M AR A o DRI, VRN R, AR
YERI AT fig B R (L 48 5 A 7030 70 DX B K R HE AR T HE 2, i A DL HEIX, 8] 4-5 7
T IX e WA 3 AR e L IR R A ) SO
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BIUFT NG

L. AR ERAC GO AE R Rty dd iR 2 s LR L E R B PN R R
o Z TG R CLE A DX 2R A e AN A R B B R B MR i A s 1, AR
RACR LGRS . A WA NS A BEacs . MRIRZ IS L RHRAE A A
JE A, I S PRI ELHERRE 5 20 7 BEAG e BUa MR B B TR o S8 A AL BRAL 72
LW, W23 T RETE BT BRI SR o i 5T PO S AT IR AR ARH A B i AR R
BT e 2 2 D A7 A T W e G - A R AR IUIR] o B A T 52 B AR e SRR 2 v LA B
LI AN AL, R, AR L SR PO A A R R e ANy B A R A o

2. RS VKA 0], AT R R - IR T K s s KL e A
B AN ARSI E G KGR IR Y], s T &
Na 58 PE RS B H U RAREE R4, Ml B SR A B E Lo R AR — 20, T
HARZ 05 7RSS, Eu fURE AR, REILE RS oA, Ry
BRI RICER o IR AR B, BT K lea 5 R By g i R Bl IRk lia e
FEERCEAT R D51, S PR R DX B 9T I 58 A — 80 IR, A TT RE TR RE T bty
Z ERORIE oM, BEAETR 1 By 9.

3. TR I sl MR, dER G e T R AL MR (DD
SAPIMESTY) (D2) FUF AL i (D3) IR AE . Hrh, REERR
W E R A RIIE A L A7 N SW 1i) NE BB DI 1 ], AUCRATR R IE SR A A
AR RE T ARSIy ) I, JERIEE S w] BETE BT A I Ve A 1) W A O o Al
LR (R

4. HVRIE LR A S A T T RAA, T KA I SR 2 i T T ot AR
Pk, —&m TS PHAL JER I IS AR 4% & 76 25 i) _E A IE EE G &
N 1R) PR — S0, R BIEATHITE MO e A6 IR 2 ) w B iR A 5% JER Kl
SIA) AR SEAR, T RES AR R LT R A By I S 7K L g By SRS, DRI, B R 45 7T g
W ARIE, Zefkg ik DAL, SR R SR A s a1 . Fr ALK ISR I 1 i PR e
THRR LB N AR TEAE L, TR T 5818503 HLIR R T AEA fA, JF T RERE LR L 82 & 1A AR B
MERIR, BEHE S T A T

5. B ALENTBTUIAE AL AT 2 A AT R e AR B g Ll R R R R A T A A
B MBER ALY, 1885 bn s s A BB VIl ) o LB i gy UIE L SE AR s S A e AT
B B R A T MRS A AR R . BINEBI VIR S A s Ar-Ar SEAUETTRR
WY, B RS 285~245Ma Z[0], BN BV IO REAN I RE b AR B 9 2L Bl 2
A TE .
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BHE PR HBRESEIERE

PRAL YR 2% DL JE T by B R At 4 CEAE 4, 1990; Tagiri et al., 1995; Zhou et al., 2001)
gk, JLRIMIE 7R 5 Ll BUR S AVE B Il —15, A s AR A 2 b e SR A
PR, SR T R s A AL S R L3 Ll b e S A () A I o I K JB vy 7 S R vy e
I3 A IR 1 AR iU R SR 2 A o MR 11 428 47 ”(Windley et al., 1990; Allen et al., 1992;
Gao et al., 1998; Chen et al., 1999; Zhou et al., 2001), A KiZaE&H ok “mRILE” [m LA
R TR P, DAL AR AROR T S IR A R R e A R T ) G PR AE
1995; XAK:ZE, 1996; Gao etal., 1998; Klemd et al., 2005; KKIEEE, 2005). BN
Ny AT CRIRILEES A7 LA I SRR AR 2 B ) B AR T R A e A A B
K% (Allen et al., 1992; FfR%EE, 1997). —YUHFHY & WAL W FEMNE A = TS A8 i PTt 5l
IEFIAEARE:, $R A R AR B E (08 4 345Ma Aot B R, AR R 1L
PERFA AL (Gao et al., 20005 2003; klemd et al., 2003; 2005). 1 41 B4 i BF 40 i 5
52, WMIEHTY: . 1885 SEAREESEA T, KRB LA SR T T VR4l 04T

B By - R Il F A G E

VO I LA R e BEE v T 2R R, R R L D R S PR s 2R L B A SR LR U, -1t
R BEIE 4000m fety, BRITTZG U5 860 ok TARZ INAE . BhZE 20 B 51 2 BOR L pg 3, 45 3
S TAEE P T — ARG g R L KRS 7 11, E 555 (1997) Al Zhou Da %5 (2001)
X TG AT T KRG IR . 12 FAT THE A ST 150km &b, Bl v Ir- 1L
BTSRRI R Ll i AR BT L R L B R L R e M
ARBRBACZ (B 5-1), PR AR il 2R AR S A K BEAR BT o %351 1D ) 3
g (b BAEsal (B Bedin, i vERbw 2 B b 2R v, Ja A TR sl
V8 40km 4t

1. BN S HaEERE

e IR BN ) p A AL T AR R R R, AL g R IR R R AR T A
hR I E (& 5-1, B 5-2), ZHIX ) T E IR RHEARTE .
1.1. RISEFRAER I BRFE
1.1.1. fRE B

ERL IR LB, MR R R AL (B 5-1, K520, HERMHZE EEN AR
ZKIGRA AL (Cid) FABT b va 21 (Cra) K LLEE AR S 7 OBl =, 1979, 1993).
Kl FE I e lem s Pl R S MR TR SUS . 982 UL,
HAEA RBERINARRANS . RS FZONBERC A WMERE L BN L 982 N R4y
RASTEAR K AT L B B AL R A I (B 5-3a,b,0)0 PR 80k SOl S 10 . b ia
WHRA . R ICERV S RIS (B =55) CNE A HIERMLS . R0 28 o2 R i
AR AR DT TR AIE T 3X 88K L5 ()R HU A I 15 SeRIAE RS, A AL A rhe 2 tH e - 4
G EIDSREPrIDN P uEs S78:
1.1.2. ARMREGIERGLERER

e H AR 5 By L-piBRE 2 B A, JRih e E A G E S (B 5-D.
IR RS E NS R CE . KELERA =%, KA EGSEaa CRrithy )&=, 1979).
X LE 2 X3 R UE A B PR A KRR s T, 5 EE AR D AL AL SR SR BRI H X (] 2-7)
[ BRAEE AL T4k, JCEAR A R V2 0 A TAF s X, JF ) B BELR A7, #
AR (E5-1, B5-2), [0 R WIW S e 20 by 3 pa k380 5 (8 2-7).
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ISR

EEAREM

BHEAERAH

|82°00" | 83°00'

E’ ve | BREB K- - HEFE,

R P o (] mnamamny 0K
A R | mEE R E % ) —_ REAH

320 _ ) i IR
SRABERLE BRAHER iua (1] s nzsns — AU

A1 2R RIS

X | BEBIE R = W T == ARHA
ﬂﬁ BHALRNE 2 R AR RS
FFFRET ] BRE, FRAE = EHE

e e Y Y —A— B F R A
K AT 2 (R LT3 - RseE A

GH BAERE Ak KR LAY V-2
& 5-1 B 5w Th- SR L350 T BT T B (BRI IR )5, 1979, 1983, 1993; mifR%%, 1995, 2000, 2003 i)
NF, Al$r HE W24 1) VG 38

A, UTRE R SRR AT N42°45° LARE, KREA At A S At sesm MR S8
WA CHrsmibn™ )=, 1979; Gaoetal, 1995; MRS, 19950, #f5 Fvbkes il WARERR A
FBEABEER AR 2B A~ BEAR R AR (] 5-3e), REATER IUA A AR A EIRE A9, JERE
TARNEAAR BRI ) e P A o A AR e e AR IR, SRS T
ZWRZL. IMEARIRAE R (AR TG00 W R 30, FHRE A T EER AL (B 5-3d).
1.1.3. SEERAERE

FE e AR-Fol AR A A AR s r I, 8 A - A AR A R E A — A A
20km, KT 200km (K48 A 2t b (Bl 5-1) (Gao et al., 1995; 7RSS, 1995; Gao et al., 1998;
2000; 2003; Klemd etal., 2002; 2003; 2005; Zhang et al., 2002, 2003a; 2003b; Wei et al.,
2003; B{EESE, 2004) . 1% ) PG A BT B A Bl s A — 5 (Klemd et al., 2002; 2003;
Zhang et al., 2002, 2003a; 2003b), Jf-HHEEHIMEEE 5 it (Dobretsov et al., 1987; Tagiri et al.,
1995) FHE4 T 7a i (Volkova and Budanov, 1999), [ 4 ) 45 (3% A1 & ve 2 pa v 2 (/&
5-1)0 ARHEAT AR Z AL A W2 BRI 22 (R TT 25 RN L5 T - (Gao et al,
1995; HFEREE, 1995), AR AT 4) I PN BTG : 63 2 A s A s 1 A Ay
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(E 5-D. SR A EE R bR A & B0 3 DA IR AR R R SE P 4 Fn K
FAN. WA EEUECRGOR/NOEA, BB WERIAG T MG Tt A E AR AR i
PR CE B . AEKPTE R —ir i K B ARMES A FUE (Gao et al., 1995, 2000; Gao and
Klemd, 2003). £¢Jr iy EE MG E . A s am bR KIS A, WHERAKE .

Tgiozgy Tgiozar
Schmidi 81°50 Ty 81°55 A
7
ifd‘
%,
+
A
A
#
;"&
B
N
]
P
}r;
#
7
ifd‘
s
4 ®
:..'_ T%
BEE :
A E ;
An=19(L)
An=23(P) T g "
#XJ611 S AE B o XJ607-26 |
~qo B - ] — \eXU612 - it
~s5 &Ik SRR SEA AR
= ARBE BERMAERBRAE  [Z5] RAEMEEAE.
= iz B R AR FREI R
—A- R o E b AR 8- oh
[ ] #aR B IBUAER 2 A G AR

Bl 52 (A BEog gl i Sk b mi B (Bprssmm s, 1979 FEfi s, 2000 Midw)
(B-B) AT A A0 A o tRoRH IR 25 11 50 2 R Y T 2 BR
NF, IR Wrd ifiva e, [nl1E 5-1

AR TUE 287 T 2.040.1 Gpa Al 550+50°C (1) U648 i/ ik F (Klemd, 20035 Klemd
etal., 2002; Gao et al., 2003). 4RI, Weietal. (2003) K, WH AAMIMESZL T AR
()i A A i 4, HETITH HH T e A2 4E 2.5 Gpa H %8 5.0 Gpa [F38 i 28 51 1 (Wei et al., 2003;
Zhang et al., 2003a, 2003b),

TERbE S 47, W A AR A 2 7 T 8 a AR AL I/E - I 0E  (Gao et al., 2003;
Klemd et al., 2005) . {EZ% g AHAHT I A T, AR Bt iB s AT AL B A e i, e
FEONPETRG 25 A5 R-RE UL RETUA KRS 24P 4555 (Gao et al., 19955 iR IR
25, 1995). AR RHEME A A AT . BRI EART TR ], L RUE S E X s BV R hr BT
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ZREAL, FAh, BT AR REENE K S RS 2 ATV B R X U IO, IR — e
B T R L A IE A (Gao et al., 1995; Volkovaetal., 1999), HitbA] L, x4k
A IR A B R e i, WA FER IR, RIARER — AN AR, %A
WeRR A “BERILVE” (HFEH4, 1992; Gaoetal., 1995; 1998; WMEIRAE, 1995; wmifksk,
1997). fH4E ¥ mER BN “rRILEEEH” (Windley et al., 1990; Allen et al., 1992;
M HE S, 1992). AREGRAE R SO IR 1L FE R SR TR % I 25 i) g EVREL, A SOy
JLOFRh “RILEE” R RINFREEA 7. ST AR Ty 5 7 AL 27 15 5IAE 25 )L () DT A
KER, — 2z ) RALVE I A R T 1 T R AL 3 KB i 2k (Gao et al., 1995, 1998;
Gao and Klemd, 2003; ZKIESE, 2005). SR1, FCATERIR IS 824 bR &AL RER 1L
AR IR R o

Bl 5-3 Tk o S5 i ) R AR T A AR SR AL

1.2. RIREFAARS HAETE S0

FERF S JRim I, AR s GO AR e e m A & 1 T R 2 MR IE AR TEAEH
S TEAN B A S A, AT T A A AR AR S AR TR AR, AGHT B RO N T
SANEERPIMARTEA . A BEET ST UIWE, W (R I T R b R 7 Y
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1.2.1 AEEEBHEGE
FERR T (N 42°55° 31 N42°45 il ), KEH KBS 16X INK SRR
Ay AT AR AL A E R IR (B 5-1, 5-2). AESITALM, X4y LA
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WA TGN . BEARE P — RE T E B T bs (K 5-4a), 7EXEE8y)m L
RE G- N8OE [n IEM IR . bR TEREE IR, XA A{EHRITH S, KAET
JEE bz Al L AR B EAAVE ] (18 5-3¢, &l 5-4d,e). fEBEME SR A AT, 1i) SE J7 fi e 7 fui
FHPBIYIN b B A ENE-WSW J7 [) S A [ hy A 2 BRI ) £ P A9 1k ( €] 5-4b; 8] 5-2B,D),
5 # EE R . PR IR A SN Sk RS AT, RAFHEATE
b T ik (B 5-3¢), Py icbliAn T 2 A MR PAT By D A (B 5-3a), 4%
KRR AT, R AT TR DI EE (B 5-3b). AEN IMRERK XZ 1, BISPATT
4 1 3 0RO 1) RS B, HERARAL (B 5-4d) FURKFR KA BEE (K 5-4d,e) FEm
LB VIS . fERREE R, A M IRE S RS oK A MEABE (] 5-4), BT &L JH
FIEBEEBSRE . mfbn (K 5-4g) DR RHnHEg A 500 Btk (K 5-4f,g),
X R B A B UL T, ORI, aha& S N E L IR .

ik

Bl 5-5 g I3 H D IR e P RS AN BERE A8 B AT

EEAR A JE TR B A e BT ) I VE A (] 5-1). 7E S AT S AL I RR B
M (] 2-7), e A AR 50m B N R AE T SRENIG IR, /E E-W 50 NE-SW [ 4E
fifry AT R B R B AT AL R L, WA IE T o RIS B A AL SR T AT e BY
Pishin (B 5-4h), HEFEIHIX 5E4— 5. XLEMEEE Yin et al. (1996) IR —%, (H
NFTF Bazhenov et al. (1999) FI Zhou et al., (2001) AR, AbAITIAN, ARTEEWiZeh—
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JEREEWIR . T, Yinetal. (1996) $&i1, W R GEN e, Zee% T
JE IR W R B0 o AR, AR TERL S R A by R S A AR T, AT WS BT A
HEERA RIS RS T35, BBt g g R LR N R, AR 5
e 5 HIUI R, DAL JR bR AR TR R AR T 46010 M B lied , i lig e /e it 1
LI A WAL T AT LR . fERREL, b At B BE YA Ar 488 250
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Bl 5-7 B o S5t X A7 S AR TR AN TE T 238 B 2 e RG0S B b i

+7.9 Ma (BEZRT145, 1996), 1M I BEALAE b 4 P S 25 REAIAIK AT A/ Ar 4E58 3 31l 285Ma
F1270Ma (Zhou et al., 2001, & HWIA7 e By VI AR A AL - — & it
1.2.2 JeEisEhEZIER

A VGE BTV 0, M AR . R . s s Aa SR A, KRB
SE [mfHiRl. BESZAIBTYIM P PR b, T N-S [1). NW-SE 5§ NE-SW [f1] 4 {1 [t 44 £k 7
Rt (K 5-5ab,0) faR—WIE AR F T EW DI TRAE M . ek ke, 4
K BE R PR 2 BRSSO R Jl T LR TR M, ZR BRI AN 20081 60°A4N%, KB4 50°
FiAi, DEUE 80° ([ 5-2C) . FSAIILRIRAL I 2L 32 th i W T8 BE b At K (18 55
Bl 5-2D) MK KRR RH A AT T R SR s R A e itz gh gh i (Bl 5-50). 1
S, S BB R L e R iEshE g (B 5-5d). AL R
FAGIEIR 2 BEA 3 125 R B PR B i e R 52 31 T2 AR TEAE FH P50, R h e BE
(G T AN g A ) (R R PR (P 5-5a,b), (HlITA 0 EE: MR, fERMIEARS
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M EEILIE ) 2E A o

FiAh, T NAE AR s R O T RAAE B DTS B AR (Gao et al, 1995; IR
8, 1995). ANFIIZ, B UIE SR b s A oA AT IR I A b b s A E . 7
G AR D URUA FIIE TR A v, L2 ) A RURRAL. AR A TIRA Sk i (K
5-6a,b,c), AL AT T E, MRE A T LW m AL R B YIS Sy e A
TR S B SERkIR R T AR ALREshsh i (K 5-6b,e). KA -DE A RER AR A BEA 5
FE R NE-SW ] BET (1 [ BRI 1 2k B (18 5-6d), i i BRI 28 B35 4 s J 1
Pk R IIER (B 5-6b,d), $riK BRI T BT IR, w]REER S I R b 1) B B ) by K
NWERA o fE BB T, CASARHAR FFIANSS B AT B s LA S R 8 Jo BBl (1) < BEJR R S 70 25
REfafgits (B 5-6e,0) Wfg7n T Rk by A6 N s shah1h) .

HARIXECTPEBES, ZPE S-N [makf, JE4R/nm LA NREshrm, H2&p N E s
JOL T (PAE) 38 T A AR ) T K 26 2 27 B 2 AR v b ()t e sl o 1) A PR o i o %5 18 380 vy TR AR
e IS )8l n) 5 BERE A R R TR B 1) AR — 3%, BRI B AT &S, [ AAJBE
B - RS Bl s A8 s, THFE =Rl B (50°~60°) #iAZ R BEY. (80°~90°), At
YEFIN N, XL TP Ig 8 2448 R R AL R ph e S & B hAbh, SEARZEFITIN 45 1
R, I IE AR TEAE R G AR AR AR IR a 55918 AR T 1A A, iR e A T i Z AR AR T
A I 56 A R RIS AR TEARRIE. (LR 30, Ja# AR ML T ai . it mr LT,
TX— MR 1) A 0 308 pp 7 1 Y v e T IR A DG o DT i FR AR U AR A AR,
H R AR 4. SR Zhang 25 (2002a, 2002b; 2003a) MKEHE & FHAS i A 3 Ak 4
SHRIMP 4£#4 /T 310Ma FE /N 250Ma, {H K SLARRE A 5 AH AR A FH ) AR08 22 1R
A NAE . HRFEEZ (1992), Gao etal fil Klemd et al. (2000, 2003, 2005, 2006) X
W T 2R AT T Ar-Ar, K-Ar Al Rb-Sr i 4EWFSY, 153 7 KRS A[F M B AE RS
el A, w8 A8 i i 01 % AE A 345Ma 2T o X — AT 55 5 A0 i 5t S A — 3,
FE = AR s AL, R4 34126 Ma (B547 U-Pb ICPMS, W2 =) KA K AT 1
A W R AE S 1% AR R E A OGS TE (B 5-2A0.
1.2.3 FEEFEIERE

PEFEA o AR S 7 B, AR AL B R A A R 2R T smEAR T, S of s Ay
R R BEST I T A A T RS (& 5-7a), FEAGHIRFESE, AW a] WA K¥[8 5 B B
Faid, IR REAFAE T R AR o THEE LR & AR RN R BRI LR B, (6 14T T2k 2
M E S E DI (NAEERA XZ ) b, KEHEFEER B, WS BE ARk Ml
RHHEF A TS AT SR (& 5-7b,0) DL RCAKIRRK S8 T AL G AR 2 B R ) 5 i
(Bl 5-70) 5. eAI3EFFERE e ERiEghshing, H5RAETEEERSE . v R R R R AR R
s g bR & e A I, BT JE T — WS A RIS R T A . B, XX —
B FRHER A PR ] BE AR, B n e AR ML nl B 0l b e, b m) BeARER AL ) P
(P03 A o AEBT AP FNGHE W TUR I, IR IS TR IEANAN R B LE S 1 AR TR IR A e
o, i A S T R P R 4R AR I . RN, R OSSR R, A S T IR AR R
SATT, HA AR A = B AE R M 5 5918 78 Ol A A A A s BRI AR . R, X AR
TE I 1% K AL 1) B (B0 1 A T, Rl R v R AR T iy (W B FHT IR VE A G . B FET AR
PERIBR S, A AR T AT il DO SR 2, o 75 2270 O B — 2P 300 (A48
H R, 78 s AR A TR B — RV T A KA, FEDIHBE 7 (1 T B 38 (B 5-7e),
AT e R R AR A TR AP R A . TR B AR
1.3. BEZRE Ar-Ar £RZF
1.3.1 MR EREREER

I 260 20 4Erh, Rl 5 Ak, BT AAEPE R L AR B RS T O E R R
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FFREHE GR 5-1. HIP R4 (1992) MAKETE A AL g i N A 3R 45 T 350.9+2.0Ma
(K] AP Ar SERY . Gao et al. (1995) MRFTE IR & I 21 2 B 21 A/ Ar B4R
Wk 345.547 Ma. [i]—ANGI R RE RS SR A AR A BE A A% Sm-Nd S5 i 2 ARl
N 343244 Ma, Fe P A4 - I R AT 1 Sm-Nd 268 I 2R 4R 34623Ma 5 INAT 1R A Ar B
WS 343.7 + 1.3Ma FEAR 3 (Gao and Klemd, 2003). Hitt, Gaoetal. (2003) F1 Klemd et
al. (2003; 2005) ¥ 345Ma fiftBE A AR A AHAZ AR FH I AF 6

R 5-1 PR AL JFCa i [ A /AR IR

Hh ) Ak ERE (Ma) &

KblEHR 2HHab EAE  Ar-Ar 315 Jia, 1996

KpiER  BAA WHS  Ar-Ar 350.9+2 B P A, 1992
WABE R T - WhAE - 410+15 Dobretsov et al., 1987
AR ZHABE RS Ar-Ar 4154423 i1, 1993

AR ZHABE R4 Ar-Ar 419.6+3.9 iR, 1993

PRSP EAGIEPN W RS  Ar-ArPlateau  345.446.5 Gao et al., 1995

BE5d 5 FRA, WINASE RS Sm-Nd 44 34643 Gao and Klemd, 2003
b5 5 E2 S P ES W%  Ar-ArPlateau  344+1~33142  Gao and Klemd, 2003
BE5 5 BN WIMEE  Ar-ArPlateau 4011 Gao et al., 2000

By o5 ZHEA BB AWM Ar-Ar Plateau 3811 Gao et al., 2000

A5 5 A W Ar-ArPlateau  370+1 Gao et al., 2000
PRSI0 ZHEAS WS  Ar-ArPlateau  364+1 Gao et al., 2000

BEvd 95 H BWHHE K-Ar 32749~309+9  Klemd et al., 2005
RE5d 5 H WHHE Ar-Ar 3284+0.5~311+5 Klemd et al., 2005
FESTIDIN Hz= W& Rb-Srisochron 313+4~302+3  Klemd et al., 2005
RSN Hz Bk W E Ar-ArPlateau  316.3+£2.2 PN

RSN Hz Bk W Ar-ArPlateau  330.7+0.3 A

B3 95 Hz GIE Ar-Ar 322.8+0.4 A

IS, 7 462 3 0 VG R L ey R T R A 3 7 — S8 5 2 A0S, WS EAT R (& 5-1)
WP 2 R R SRR YA Ar SRS GRR, 1993 RS, 1995), H
HETAERE N 415.442.3Ma. LERL 8 95T TG 77 1) ARIBRT se FECHDX , ARV B A 120 30 Pk PR A
2 Hk (2 BF AP Ar FEIR 4K 415.442.3Ma FlI 380.7+1.2Ma, ARV 210 1 e AH 0
HB IR A M2 1 1 2 B A Ar 4RI 23 51l 370.4+1.2Ma F1 363.9:£0.5Ma( Gao et al., 2000).
AN, FEMSEE v T, Atbashy W5 15 42 K-Ar 4E# 4 410~350 Ma (Dobretsov et al., 1987).
FEARIX BEAE IS T BB ARG R LI S UT R0 0 - 98 A A VR T, v T DX Ry A AR L
MM (de Jong et al., 2006), {EJEAE&EE N L EAER SR IR IT R BL, IXSEAERS p 40
AR AT EEM . IR (1993) RNz RS (1995) T3 1K 25 B AR % 1% , H4E Wijbrans
and McDougall (1986) F de Jong (2003) [If#RE, 1R A RER th TR AH B 22 /E G Rk
(1o A, 415.442.3Ma [F4FEES AT REBAT SE BRI o 534k, Klemd et al. (2005) i,
Gao etal. (2000) K F[ 401~364Ma 1) “Ar/> Ar FEIEE T RS 5 A7 i I Are SEBs b, A
HARRS AT A Ar 5 PAr A U T LR, NGRS K, AR s Ca, £
B SERE S AR ld . I, Gaoetal. (20000 RS f & AR RS (381~364Ma) R 1] fE
JE I THZ s Ca FIVRYLISE B 794, Dobretsov 25 (1987) i K-Ar 4R A W] BE & 42
FAES R 2 AR AR R ) B, LT SRR B PR

MR LG IR, VORI A A W R AR R FH AR RSy 350Ma A, RIRAT
W EW, {H)E, Zhang %% (2002a, 20002b) KKy, FGR ILIAFAE R i H AR 2 AR AR AT
(500-600°C, 2.6-2.7 Gpa), WM&k a4 Wi 1 o WA K AEAE i e 4541 (500-530°C, 1.0-1.2 Gpa)
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FHGRARFAE . EAR Klemd et al. (2003) AHZIAHEEL T 7, {H Wei et al. (2003) 45
o, BVES 2/ M D) T 5 8 A AN R AR T4 A o R A e HE 3% G X L AR e 25 A A2 ot
VERRT 8 A AR JRAE T, BIERT 350Ma.

34k, Gao et al. (2003) AT N A LA 19 20 1 2= BEh 345 T 331.042.0Ma 119 “Ar/PAr
PPAEUE , A AF IS AR N 0 2 DN e A P e e ) A ey W e 7 B I R I AR . FES D T A
R AR B SR VAT A A R R 2 B AR R T E FH 25 4, Klemd et al. (2005) W& T
4k (1 2 BRIV 25 BEHI Rb-Sr 4R AT A/ Ar 4EH5 73 31 0 313.0~301.6Ma F11310.9~311.6Ma.
TXMEE AR T [ 25 BE AR08 LU WE 2 AR VR F (R AR 2 50~35Ma.  H |1 W J8 7T SE IR 4E 1
B A 2y R S AR AR A T IS4, Zhang et al. (2002b,2003a) M RERE £ vb BT 45 30 i 5 40
SHRIMP #F#% Fl Tagiri et al. (1995) 7 /R it Wi AR A v BT 15 20 1) Rb-Sr S5 R AEIE 34 4
TEAL, XRS5 2 F T R AR IV T AR R AR ZE R, e AT REARERR AR U R e
J AR Bl A
1.3.2 Ar-Ar WEH BE R FIFE

VEBAERT NS FEAL b, B0 P b AR 5 25T 3500 T 05 25 A s s 8 o iy R AL Hh B g
GASTEAR TS (& 5-1) R T =R RE L, R A Ar JII4E,

FEfH XT607-2b 5K H 42°40.6'N, 81°56.9°E (GPS Abr) (&l 5-2A), b2 AL ALk
HUSARAER S EEVIAEENA. SGRARMA SR UDHEET A (KB 5-8a).
WA RIS A HEA 7 10 248, ARAE A K RS LI B HEZ 5 1) 3k B S 11 T 34 4
o WINA—BR/NA 0.2~1mm Kk, HAREORGH. ROE20O0E, JFEEE
FARGBAREE G 8 (1] 5-8a) . W DA il A o bl 16 1 2 ) BB A A3, BB SRR =2 £
WGREAE, EHAAMAORARNEN T, LRI ER A6 (K 5-8a). WENA
WA S AR A AR A, BoE A ph et R, R 2 A A AR h oA T 24T AN K
I, RERESMZT T W B EBAS AR . S5 (2 REE BRS80S i
A LA WS TN A R R AR, 100 RS R A A R I A B 451, A28 1 o BRI R
UALE AR TN A

FESL XT612 72T 42°40.2°N, 81°57.4°E (& 5-2A), &HAHAKE 2K E. TET Y
NG A, A REE WHES, PRIE T AR IR, s BRI SRR AT W 4R
RMIE AT (B 5-8b)0 S TRES XT607-2b, W I AT K AR S A o W LA R BvR (. 103
RIS . — 285 N A DR SR A AN KA T AR B SR B AR B Kk R/ i o
RIE AT BE il A W A LA, DA R I S AR T B — B0 e k. ERES R, R LA
Ji fdA SR R KRB, D) BT AN BRI (& 5-8b)e [ REAR A WY A A B R
LRI, W A A RS e A SRRy ) R AR, TS e S BRI SS R AR K
TEBAR G A SR A D)) 1 08 DA AT -2 71 A R R T SRR it . AR T, AR R R R
TR AER, (HARE S XJ607-2b 1B AR IR B B

FEGH XT611 K H 42°41.1°N, 81°56.3°E (& 5-2A), A RERDR &AW A (W ae A1 = B
HIER 2, BT AR RESILR . A A PR E RS (B 5-8¢). &K
SERDIRA SRR AR ORI, RN BOIRIE G, &S T ES B B AR
0.05~Imm K {4 T4 DERE 2 i) (B 5-8¢), A IR Eke A 1R 32 55 B 7 7] & & 1M
TEBUERKIBE S - A AT S AR ZARAT Y, ARSI INA A, BaSRAIEM.
FAMRIE R BRI RA ik, IR TR
1.3.3 Ar-Ar UWELR

AR T RE S A S00pm DL R R0, VS KPPt AR (40°C) T JE, EXH
BN TRk H 0.3-2mm KNz BN, 7E A Ar WOGEREH(CO, Synrad®) 435
BT, SEEeh, s BEEUR S 11 mm x 11 mm x 0.5 mm K/N AR SE S, B8 HE
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YICE AR E IR E S, JF HAERE 8-10 e 2 e — Ml s Tlgs . iilss
HIFREE TCR-2 FE#8 4 28.34 Ma (Renne et al., 1998), F& 5 FIAREE 2 IHAE McMaster J [ 3

(%K Hamilton) HHIESF 13.33 /N, SGBHER 1.7x10™ nxem™. PRI 2020 i Fad 7 L
Ruffet % (1991,1995). KA IIALE Map215® ik 4% A k47

s e e 500
y xJ607-2b &G =T d
g 40 BREMERHEENR %
o 3807
&
2320 L
£ | «-——3163+22Ma——>
8. 260
Q-‘ 4
< 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100
Cumulative % *Ar
D w0l X612 A=E e
= BRERER 2
N’
o 380
M
S 320- —
5 ~-—330.7+03 Ma—»
g
8260+
< J
0 20 40 60 80 100
Cumulative % *Ar
a0 XJell A= f
§ %R B LBERR AR L RS
< 380
()
5
g S Y S L Y ——
=
S 2601
o, i
< 200 —
0 20 40 60 80 100

Cumulative % *Ar
=

P 5-8 Ak i) i He AR JTUE A1 SRR AE A Ar-Ar PPAF I8 5 ]
Alb, 4K A Amph, A (FEAENAD; Cal; Jiff; Chl, SkJef; Epd, 1A
Grt, fifif; Mu, A=tk Qtz, A

FEdh A Ar TSR L 5.2, FEIES:N =S A BBt R P Arg BEBGE R 70% LA
by AR DRI 1ok 20/KP I, AT HIPAERS . I, KT 70%01 P Arg
RO BT B HALIPAR RS o FEEEERE b, A S A B 0 B R AR 8 1 LI 5-8d-f. BT AT 1)
REPEHITE 1o7KFo BRI, B RETE 5320 A b BT 1 R AR R H ALK T PR P08 I E
1o EAG K ERA SRl vH 5, 43 A5 XT607-2b 1 2 BRI PFAFERS S 316.3 +£2.2
Ma, k&b XT612 = BHRERER A 330.7 £0.3 Ma, 1fi4¢ A2 TS XI611 | = BRI
PEAEWS Ny 322.8+ 0.4 Ma (& 5-8d.e,).

1.3.4 Ar-Ar R E X
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%% 5-2. BT IR THAR TS 14 2 B SRR IR 4328 Ik O A Ar 53 7 8

IR OAL A m(%) 3 Arg (%) 3 Arc P Arg PAr* Arg fER (Ma)
XJ607-2b, & AREATEAR TR A A R (=0.00539485)
1 57.0 0.9 0.000 39.79 350.8 +33.3
2 26.6 0.5 0.265 44.96 391.8 + 75.8
3 24.8 45 0.131 36.27 3224 +84
4 20.3 7.8 0.155 35.32 314.6 £ 4.2
5 12,6 26.7 0.109 35.38 3151+ 1.6
6 11.8 20.2 0.120 35.12 313.0+ 1.6
7 13.9 15.4 0.176 35.24 313.9+23
8 11.7 11.6 0.643 36.57 3248 +3.2
9 6.8 46 1.847 36.31 3227+ 7.7
10 5.6 3.1 0.916 35.03 312.2 +10.3
Fusion” 1.6 4.7 0.515 35.62 317.1 £ 9.6
XJ611, SR EMEAA e RA IR A A = (I=0.00539318)
1 11.4 0.9 0.128 24.49 223.8+3.4
2 0.6 0.6 0.000 32.86 294.4 +3.7
3 0.6 13 0.000 34.50 307.8+ 1.6
4 0.5 1.9 0.013 35.80 3185+ 1.4
5 1.3 1.7 0.061 35.81 3185+ 1.5
6 1.0 6.9 0.031 36.08 320.7 + 0.6
7 0.7 8.7 0.031 36.30 3225+ 0.6
8 0.9 3.3 0.060 36.04 3204 + 0.8
9 0.7 9.0 0.018 36.44 323.6+ 0.6
10 0.5 40.2 0.023 36.35 322.9+0.7
11 0.8 8.0 0.039 35.81 318.5+ 0.8
fusion 1.1 17.5 0.061 36.42 323.5+0.9
XJ612, BA U e H = BE (J=0.00539568)
1 133 0.5 0.415 38.51 340.6 + 5.7
2 43 0.5 0.080 39.22 346.3 + 5.1
3 5.1 1.5 0.001 38.54 340.9 + 1.8
4 5.0 2.4 0.072 37.62 3334+ 13
5 1.9 16.6 0.014 37.32 331.0+ 0.6
6 1.0 14.2 0.018 37.29 330.8 + 0.6
7 1.0 12.8 0.016 37.34 3312+ 0.6
8 0.8 222 0.019 37.23 3302+ 0.6
9 0.8 8.5 0.039 36.82 326.9 0.6
10 2.3 1.3 0.025 37.96 336.2 + 1.8
11 3.0 1.4 0.056 37.83 335.1+22
fusion 1.5 18.1 0.022 36.81 3269 +2.5

#fusion K INIRJE 20, AEBOCHETERIE: Al K AR EEAS R ] 1 O A

Ar; PAratm S KTH PArs Y Are, 5 P Arg 4800 Ca 1K AEIS I RR RN Ars T

TR S8, AW BMEN Z M Ko = 5.543 x 10-10 a-1; “K/K = 0.01167 atom %
(Steiger and Jager, 1977).

M LS Ar-Ar WIAEZS AT UE Y, SANBAS RS A A Ar AERSTE A 330-316 Ma,
Bl AR B A R (Y P45, 1992; Gao et al., 1995; Gao and Klemd, 2003) (%
5-1) /NT2)30Ma. IXEEE A HRAR FAE FRHIEN W2 e A - KA -1 o B 4L & /e
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ﬂ‘] (it . MiE ], FEM XT607-2b Fl XT612 [ 2 BEE T B85 B 28 JFAE Tk ft e o

B AR AT FH ARG 5 (P A i XT607-2b IREFAERS (316.3 £2.2 Ma)  ELIBAR U 55 O FE i XJ612
(PIEPAERE (330.7 £ 0.3 Ma) B/, [AII], S A AR A 0 i FE il XT611 H [ = BESPAFERS (322.8
+0.4 Ma) 5B H I AFES— 30, IXSEAERe 547 TSR A1 1 75 ) 80km AbaB A% 5 (1)
19 2B Rb-Sr Fl Ar/PAr 4F# (Klemd et al., 2005) HIEA 3, K, XLEAERLHR
5 BEFEIR AR A FH O R v & it B A8, T M 5 AR AR T B S i AR R, Y i 5 v

AR U T IR BT E A G

H LG T AL, o AR T 1B AR R P (1 40 W ol Dl AP A 3 5 oI F 1) B e A% (301 M a,

DS =) i, RI7ERALE R B IGES M, ARG TRk . X —45 3%,
PRALE R B INTE S KL e - B3R

2. RRUMEGRAREREMERRSER

Bya AL T AR AR 60 km (MR HL w0 B 5 BRI -RAHR i (B 5-1).
R A ve B, ZEAR AT o o = AR Z e AR B A TR R B R R
PRARZRE A AR T Ty, AR A R Ly 2B AR IR s s, s L e o B LR
Gt AR AR RS AR TR (K 5-9A,B). by LR A s LU E 8k, g ish /G
Hz b, ARG LRI B AR BT AR TR 4 . m R A RGNS T T AR TR
gz b, AT LA (8] 5-9).

A D

42°20

o °oFH®H
2 D n=14
PRI= N
7 7 Schmidt
i []
L 4 km et
:\‘ W) et [82°10 o © °© o o o [82°20° o MM A 45 %, [ 82°30'
CEEBTE [CF] ssmmion T b AELRRE R
FTodskrpkns [+ ] messnas  [[[]] tE8%s2 5%\} @Jﬁ#;@éﬂk
=p=3 T ] t&gsakxes [ fmzxEzas2 -S4
ToRAKEDE EEBGRAE PR EA VY S 2
NW XJ508 SE

/

1512
e , / / 22 XJ5121 LAY

o ’ ' \ //// ﬁ /.’.’.

............ ;ﬁ'\\ % ///j/ %/ : o o ‘&"

L0
S;-D, 400 m C,

ETRE LR & HAHE

FIR K 2 MRS 2 2 R F Y
LR
Kl 5-9 ViR LEEIE L X TR (AD HiflmE (B) (JE iy, 1983)
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2.1. PRUWBHERTRHE

ik A Al 2 T - B RGeS VP RIRE(S 1000, WS B4 7 AT RA1(Ssq), R oe
MR (Sza) FIGWAEE/RIRAL (Ssw) dlpk CHrs@ha s, 1983). i Sy,hr FHENKHE
Fiv BRCEMPFE, Sag HBRZUT FALIITE S 5 KRBT JOLRE G 41, Ssa DM A A
T, 0 Syw MEENRER SR (B 5-9A). B A ks s S, WLk, BeEk, 2
FLHEA = A BRI S O NE-SW [r) B (1) B BRI, B% BRI 1) b BE T
(K 5-100), Jayifak WS A AR, A AHFNAR TR AR 5 2 i DA e th X B R-TR 3R
(K 5-1) ZBHEHE+4>—3 (Zhou et al., 2001; Laurent-Charvet, 2001), [&]Ht5 5 5112 8%
THI R AR A R B S KA ARV 7 ) B R &5 (RS (W30 BB,

b B i L 5 5

K 5-10. SBIEpsiR s (a-e) MMIEIEIRA AT () MUBRRE Ce ' LARACE)

A S Jaen iz i a0 etay ot - 1o o8 2 /7 5 o A I b7 Y S T T YA N vl TR L
IRyEI FF A, BPE-5 B R A AL TERHIE 5 2R 00 LSR5 A AR B0 FIR} 5 95T e R AR
A AR TERE 58 AN I sEy =, 1979; 1983; 1993). KA. 15 RS LI K
Frm G R LR S AR I b, RO E — R AR W, IR I S R
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HEABRIT (K 5-9). HTEPAMRARIRE], ST Z BG4 BT 2 R 2 AT A R
{EAEZ AR ME 200km (ALZEA B B (B 5-1), REAR-—HZ P ocm By o k. ik
SRR, S AR I B S AT L JOLREE S K A Bk SR IA I LU
B RE A FEONREYANICE KZ RS, b hca kAT BEH. &M R b, Ei&
HRIE RS WE . BEAEREAIREEF S Gty s, 1993; EEHS, 1997; Zhou et
al., 2001; Laurent-Charvet, 2001). 7EE S A E PR T 10, FAKRAEARLT . 9 BRI H
TR DA BRI 6 AN 5 05 T I L AR 391 v R A 2 b, ek A A
U-Pb 5844 378 Ma (Hu et al., 1986). £ ZHrmfll, KRG I A NES BRI
FW A2 I (Zhou et al, 2001). FFZESRWTR I, AR RHZERARAEHELE, H
A WA, FIRR SRR T, SILACM A AT R F A A SR I 5 4
NGB

AN, FEMEAT R e BRI, FTCALEIR 206 5 BRA TR AT, XSS AR IR TG
IRFEI AT, ArRe e AR RCA A . R, WA 7R o LU S A 1 AR AR E T BT
Fik G PGS, S P A R O R e B U, e R B L& Sy, R RE O I Bl A
55, Vet AT IR TR B B i S DUAR N, FFAE L 0L 4 I R I 055

VR, AT AR B DL . Bt i st e i DL I X, — B4 s R L
Ry 5 i —#5 3 (Allen et al., 1992; Gao et al., 1998; Zhou et al., 2001 LA K fiff 51 3Rk ) o {HS2Fx,
ZH IS R S A S 5w LLARHL X AT AR R R 3 - 2 -5 A REAE 1T R Ll e SR TR
Frits AL LR R X AR AR R B S5 UTRUT A EEISE AR (IR S0 Bk, A SCH i AR i
R LSRR A 1 Z M X8R “roRiL”, B RE—AHA TRV LR K
Blibeqds, AbT-Gr AL B AN IS BRI 2 0], ST B A b S R L L (10 ) e A e A O B
YER

22. ARG HERERREAET
2.2.1 WEERRAE M RFHE
FAEE-TREGEIURIERTINA]L (S5-Dy) ARRHERUA A, A HIBIRS 5 KA
Ry Pk 55 3 SR IR AR HERURR 41 (B 5-9B) . MJIEEIREFE IS . b Rk FUE FIBERR -
SR TS, SRR ARSI X ala . MORZuUE (B 5-10a) . HEKE FIAR TS
(B 5-10b) JoEsealik (B 5-100) A4 Horh R ios SRR, S5 Reiels, sl
Wea ANFRRE A A TIELCA AL, FRROR AN ) 7 A kBl 27 4 X 28 BN UL
TR, KEBDLAK, PR S BRI s 2 0. NIRRT, IX8e ik
BNEGAIR S TEROR™ R g2 2 w2 M RE BT DI . A NI IR,
FERCE T W0 VR U SRR R R] DL T RN ) S22 BRI TR R AR o B 5 Jo] L) 3 S AN R )
Fiefuh, A AE U BUA ARE A AR (B 5-10d). SR PORFEMZ, Ka iR mR AT
9 FU KRR A TEAN T BAL, AEFE BTN, W] LB 2 e AR R A A AR T A 3 o 519 o D
o TR BIAT AT 6 2 T B e e 3 o) Fr BRI AR A S AR BY DI BUAR (1] 5-10e), R
AT N RIPORAL TG, DR, e NACRIR AR HER VA TE R AR 2200 22 A S i i
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A2 A B IR S E, A IR AR B AOE 0 N4OE (] 5-9A 46D,
J2 TR B S AT

g sl A 5 AN SR BV OB E R0 2 S 4, w01 v £ B AR} P 18 T 2 9 7
Ha SRS MR SR AA 2 b T III AR TS i K 8 6 %5 TR oy AR A AR AR
HUZE R, IR CANEME AR T A RRAE, DR e pp A VR B A AR AR B N AR TR I 45 R A
TERREL A B RS, RS PR S R Il G PIPE B UIVE T o el TR EE A5 R R AR
s ARMEMEL B ILADIE B S hr ik, (HAEEIE LV RIT ) S ALK, — RV BIE )2 brik
(W F30 Wis7s N n d6HEE Kie3h8ha . iif A (Windley et al., 1990; Allen et al., 1992)
WA, PR LSRR A 2 MR L 48557 ) B 47 T8 B ROk I R IG AR A, DRI AN
AR IESE S . SR, ASCHEE ) EFONA, RILFgEE CarRh v 700w
BT, W B VSRS IR, WA S =) MR R s s (S0
AR -0 AR TRIE B AN SR L ) B AR AE
2.2.2 BEFIBIERK
2.2.2.1. AP FIER

KT ISR A PG, B sen 7= )5 (1983) 7& 1: 20 Jy s B TAEH,
VM ST AT 7 v e s RS JR s A 7 i R R i R R AR P L (RLe it MpH
25 (1992) MRIEHIRLEE /R A 1: 200 J7 5T R FRBE A 24 TR 75 &R Bl ph 147 7%
RZ ERPRRCHR, YR LI  E  E T Mt AR AR BRI (19900 it
W LU T2 SRR I A i 5 W R o L S VR A A B T R O A A, R FLI AR R A AR
Ml ARG (1993) AR R ILIESE A TR T A AL, Yedhad-f 20 IS A A0 i A4 i
B e, LiuYu (2001) ZERELLIAL (K] 5-9A) BRI /R st ar PR ILT K
T ORAT 5C L I e A - o R O R, dE A e SRS T T A R AL . X — SRS
B SRR A A A I T rh e T - A it U ORI TR A A B (g R A,
1995; Gaoetal., 1998) 5¢4—%, #Rif, LiYJetal. (2002, 2005) 4% J5#E V4 B R L& 45
DAV 60~80 km AL ARG S v e (Coak) FIRE B R S MIBE/RIKAL (Ssw) HRILT
U - — S A O A, PR R IR R H R B AURA KRHIIAIR . tkn]
WL, VERR I SRR A% A Y BB O AAT R 2 — AN WA 4 LA )

W bSOk, AT AERT R R B ACE T, R T KRR A - e AL, i
Xy MR T A2 CRrsaihl™ 5, 1983), N KIALICK, %R AHERUE 1A b
E AR - Fe it (S3-Dp . R, S FE A RACE IR TR ), 1M
AL AYRR BB B AR 5105 RETUA DB - B TR AR 22 R e — ke, R B
A R ST 2 ST A T R TR A MR o DR, X P B (AL AR AR TR 2
BUATITE AR, AR RIS IAERS o R TR A5 T N AZ I T 35 M 1 5 BRI AR S, T
RN R RIS o S341, ST Ik ICA HOsUR ROk £ e 2 TE U AR ) @, F R
(2001) 42, WA Tipg s B FEon, MIMCIRE S F RSO Bk s A R 2 E AR &
BRARVEFCIAERS o DRI AR T8O A BUA I, 2R A e FUA SRR 5 2 TR R4k
KR, WO e st A iy (Y 75, 1992) Rl dr 2 Hllp gk e iy CEF A4S, 2001)
WA RE TS B T2 S5 T PRI 2 b, MO L o T GRA7 TR U LA A BB % 45 Tl 4 1 fe ik
st TR b RS SR A T ) B BRAF RS o DTS i TERE SRS R th TR
Fe P RS, LR AT 2 SO, IR PRE  JUA Tl e R e s 1 — 4, ]
AT B G TR A A A\ B SRIR A b B R A BT, 16 ] REJE th TR SR A S TR LU S
FIEES B E A N AR R I RE FUS (IR R4S, 1996 FIHAE, 2001), 1fiX L8yt ts
NI B T80 B B AN — 38 TR R T S A R

ST UL B JRDR, A Bl o) R LR A e S TR S AT T B A% 42, I RS%
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KET 10 KRR E TP e ks fEFe s W IREE R SRR, B AERE—
SRR A, B PR IE IR A E R AR RSB B TR L PE 2 35 km 4k
MESTAT iz 7 B3I o, SR A T (N42°14.09°, E82°12.52°) 15 (N42°12.68°, E82°12.667)
2 (B 5-9). XEERES IR AZMMAINARTE, b B va AR A, HEYOR, 1’
T AR H RS O A A, B Ay W — RS BB, BRI d A T A
RS R ORI RAALUE L 40, A A IS AT IR, SR T A B AR IR
SRR

XFHIE R O AMFE A HEAT IS v IFHITBOR B 5%, BE— 2D b % 7T e & A O HUAL A ) 6 AN FE
e V)RR o B SR, Ve U B . ST R ERAEYTENE, BN A IE (178U
A, PRAF T oe 2, BERES TG T W (K] 5-11a). il A i n] W2 T 2R
T EMIREE , AH R/ 25 W B BRI (B 5-11b,0) 0 K ORATAT 58 B H Ak A7 (1A I
FRET XI512 EASF I ARG RS T e, S O RO B,
B4 Archocyrtium cf. procerum Cheng, Archocyrtium venustum Cheng, Archocyrtium cf.
ludicrum  Deflandre, Archocyrtium cf- mirousi Gourmelon, Trilonche almae (Won),
Stigmosphaerostylus Pantotolma Braun, Stigmosphaerostylus vulgaris Won, Stigmosphaerostylus
wuppertalensis Won), Stigmosphaerostylus cf. Tortispina Ormiston et Lane, Holoeciscus
foremanae sp., Albaillella paradoxa sp.55 . 1XEEHHAARA AT A IIE 78 H3 1T 01 RT o0 R AL Py 461
Holoeciscus foremanae F Albaillella paradoxa 41G ¥ WA 73, I, FEFUA I
JE BRI A A W e 2t - oA et X — 45 R Bk DUk gk i (B 5-9A) Hsus
U (Liu Y, 20010 5842, RN Rl i o (&1 5-1) ohsess de g
& AR, 1995: Gao et al., 1998) AflHl. 534k, JUR U FE i st aes o
AR AR YA Ar FFRE (370+4.8Ma) B tr, HA R A AR R,
T IR SRR A 5 M IE AR A R P SR ZU I B DI E R (BT, 19960, F2%] 4% (1995)
MFE B SR KA PR A A A Ar 4518 330~335 Ma, AR T RE A4
I s E AN B UIHEE . RHCARIAL R R EE SR B, R B - )
T 7 IR TR 2 T T BN AR DAy e e 7 thE - A et

* 5-3 Byl spiR Iy s oA E A U-Pb ICPMS 2B idis

Plots JUER T J5 T HE AR R (Ma) Disc.
206 207 207 206 207 207
Y lo Pb lo Pb lo Pb lo Pb lo Pb lo Po lo Pb lo (%)
ppm ppm 2385 2355 206py, 2385 2357 206py,

JA19D2 170 10 16 374 21 451 146
JA19D12 348 16 32
JA19D1 306 15 28
JAI9DS 210 10 22
JA19D11 320 17 28
JA19D8 459 34 41
JA19D9 417 18 37
JA19D10 358 18 33
JA19D7 601 27 65
JAI9D3 441 20 43
JAI9D6 269 12 21

Disc. (%) AAFIE 73 L.
2.2.2.2. KA HA U-Pb WI4E

G 2R IR A T B W ARR T Fe B A B 5 1R 0SSR, VS AE I AR U
B VR A T e S s R R LR . AR EEP AN 52, MRS g stiR v n T RAE T

0.061 0.001 0.45 0.03 0.056 0.004 381 6

0.062 0.001 0.44 0.02 0.056 0.002 386 4 373 14 460 98
0.062 0.001 0.47 0.02 0.059 0.003 389 4 390 17 564 113
0.063 0.001 0.47 0.03 0.059 0.003 394 5 393 19 559 122
0.063 0.001 0.45 0.03 0.056 0.004 395 5 380 20 451 140
0.001 0.51 0.04 0.062 0.004 399 5 420 24 657 152
0.064 0.001 0.51 0.03 0.062 0.003 402 5 420 18 665 114
0.064 0.002 0.46 0.04 0.054 0.005 398 10 386 26 386 201 10
0.064 0.001 0.46 0.02 0.056 0.002 401 4 381 12 446 84
0.067 0.001 0.48 0.02 0.056 0.002 419 4 398 14 446 87
0.070 0.001 0.52 0.03 0.057 0.003 434 6 422 18 482 108

“hn & L Li A B O

— N W NN WD = =N~
S
[
N
I
>~ B
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—f 5 kg EIPHERARES, A A SR E R, BBl 1-1.5 em K/ A AT 4L
B RWE TEKEDE BRI IS, AEXH B R A AT R 30 R, B
AR Z BTG Joth, WAL, R EOE A B A R o IR AL
K A B 375 B BE i R RS A 0RE 10 R0, 7R3 R B8 4 5 Jé W.( Tasmania ) K %% H] LA-ICPMS
JHEAT T U-Pb BN, A DA TAE S BRI AR 4 (00 £ 2 UK — 55 R Meffre
etal. (2004). M4 R IR 5-3 Piow.

i U-Pb st Rl LLGE t, 11 NS 9 ANy LAS H— AN FIE RS . 39245Ma
(MSWD=1.8) (K] 5-12), %48 ] LARRE N B A 45 W AEls, RIMe 2k T iR s, R 7E
390 Ma, W2 iettiny, 7Er R INELE—VESE. AN DI A ES T A 2 (1)
WS, i 420Ma Fil 433Ma, nRESK HANIERCE IR IR A, nT RRARER T ST TR KBy
BURA J 4 A

G 450
= Y2 Y - e 5
[ K g 05-499-12 I — Age=39215Ma(95% conf.) |-
2 = T 0 of 9 rejected, MSWD=1.8[ "]
007F s Bor Probability=0.064
= A M \
. Mean = 392+5Ma 8 - L
& = 410F =
0.06
: = Lo il | D
—t e o ® —— D """"" M ]
- p Y I . o 390 L L f E
P38 & & ] & | EEET
0.05| ki S5 & 2 A i = |
2387, ,206 &
U/~"Pb I
0.04 1 1 1 1 I
13 14 15 16 17 18 5l

Bl 5-12 SR LAk A i A B AT U-Pb ISR 45 2R

Rz PR RGP BT, BTN CANE A7 BRGS0 A B IR Al P
RS S . BEE (FRHECE . Xila . Kl lis . RHCMINGE SR 37 TR,
g Bor, Bailpss hECE TR T IR B TERIAEE (IR AE, 1996) iR (£
A, 1995) BE /NG TP AN BB A GAMEIREE, 1995; mifeE, 1995).

2.3. BEARIGHIFETERT

TERB SRR A LLRS, W A2 AR T ARG T R4 (Cig)s B RIg4(Cy),
R ARG R (Ch), ARG wHAL (Csh), T B8/ Ml (P,
FEIRTA (P R EZBEICHBERIA (P (Bl 5-9). NAKRFAES TILIEIR
i (S3-Dp) Z B, Wi Cly 5 S3-Dy ZIa AR Chrsidhn”™ )=, 1983, 1993). {HAEEFAE,
M AR, XA SR RIABT NS TARG LIRS . W b a i
FORE DL, wr e A BRGNS BCE O, AW R E AT
o BETR RIS TR R A AT o Pox ETRPEMIEENE D XU K L
KINEE AR Pk ML &g, DU OB AR R O B S, & KRR A
YA GIresen™ s, 1983). FifT UL EHUZ AT KA R, A TALARES . et i 2dm
AR . — RN Z U0 T AEARLURT )2, IR 2 ) w300 e 2 2 B0 2 2
by AR T L AR ARCE R A e LS R B R - R Ll B AR P A A O¢ (Molnar and
Tapponnier, 1975; Tapponnier and Molnar, 1979; Nelson et al., 1987; Avouac et al., 1993; Allen et
al., 1999). FEMIMENTAT R v FE, —RAH . BrERRAR R G AR SEEA LA
E2-3: 1 e Y e ST EE WU VARG | 7 A I NG I 1 i 2 e = e i S P | R
AR R g s i B R AR (& 5-1)

3. M- BRUESHEERmE
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WG LA BB dsghiE . FAASELRE T, B R-BROE L s T A
KEFgeEG . R, B R g axd A iy M BUR b G Ae e . K 5-13 2 —
ARG M TR R, KR T N0 A UL ZZ T I 5G 2R o T PR AB & AL oty AR A
H BN, HT iR bR S AN L AR R e TR A R R 2, R D T 2RI
YA B (T 350 Ma) R /E I 5 D A R Ab 1A 50 g i 1 MR 1) B 8T
VISP AR, W) (B2l SEWBTUINTR OIRIERWad) (i AL I By IR 5
ORI O AR T

N CERT R S
—  pHam >|' Rl '[< R —>‘ v |€i§>§_)f\ibl&:’;
A 342 5L \ 7.1
5 & [0 ‘ ‘ L T Ny V<
N i e 'EWLFX
~\s - e N
y -

2] BRAREE SetA A U] BREMBELRE L) PR RLAE FRR

[ ] #ax
AR Ve | BRAKL-BE R AR M &84 @ambs ~ PERET A

, - ole ZEEAIEARE
=] =gastmxus [+ A8tmrs T BRE, ERAE O LT T & }]JZ;;?’%%
X | smp A x| mmEks grplsEiEs [ RRAKRE %% o igputlE

Bl 5-13 b o - PR L 15 A R ) 1 5

AL B VT P 50 v IR AR e e LIt i 52 Kl i A AR IR DU AL i, AR —
ANEAERIPER, BRI, %A 350Ma Zi 4B R CUOCHT . i, TER T mRAR
s I AcEE SR A R & b, AEPHAD SRR ARG R R AR T AR AR
YEM e 7E 330~310Ma 18], i e A2 e A A= 4T AR A0 T+ S A L 1 1) e 0P A P

HOR IR — AN BAT G AR RE A IS S IR it B, 2 5 oy R AR -V S AR TR B A
R B AR O S A8, FCAG B R R SE 10 rfE  21 vey I AR oo 2 b, R A A T i A
R BACAE L o R R SRR 2 AR A b e S T AV S AE R e S - R R AR AR v 5 ]
VESERT IR BRI R 2Rz b, SR TR R IR g AR IR AR TR AR . R
ARG S 5 W SR AN R G 2 5 TR SRR A A R I AT R 202 2 b AR R AL G
AZH b AR A2 R T TR AT, IR R A 1 R I R )=

BN SRl E A T A & AR FERRIE
RIS, FERIME SRR A1 0] 74 P A 2 AP & 75— (B 2-7). 7RIS %
HuIX, sl MR A A ORI T R S O B (Li YT et al., 20025 2005), iX-—g5 R
55 PR R 1 3 L g AL R VAR FTANH] - o8 T % B iz s iR 2 A 5 B 1 A DA AR b X
(KSR IS R AL, A A A R & Ay M X EAT T B A % %2

1. B3 E & E

BIEIAL T 54T EAEPE 517 60 km AR AL BRIAS o F T RS 013 3000 m 5
CRRWE BRTRA MBS, AR A EBEMET (50°~70°). JR I ENBINURL Y R AF TR IE R
WY, A2 R R R K P R RAE AL, #RA0B TR s MBI BB IS AR . fE B R
L, Ve KB mif i B /MR b (& 5-14a). 8 1EAESAT B a8 1:5 7 At
i SV I 10 e e A S % 5 A, A3 PR T A 5 A 28 3 2 e e AN 2 LR
HifipfE B R b, /R B RARE TARRLZ L BRRBW I HEE IR RZ
Fo FURAM ARG R T E UMM A TAE R 32, R — R B AR R A
T SR RS BRI (B 5-14b,c,d) o IXEEARTEARFAIE b5 B L ) T R oA R 20 - A
AU A TEARFAE 20— 8. B AR O HL R B R AR A NGE &, R T RARRIE
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ART s S B AR e A LR o WA A T A BEAE (8] 5-14e), R fh A KBS KA
TR A (B 5-140) XSSP A A, T (S) SAFE A AR, Jf
R T AR EERIFRAARTE (Sy) FJRyEREEsh (K 5-14e), FEAMIMTEE &S Bos b 1) Hy 1
MR . AE Sy Bl L, RIS S-N [ el SE-NW [ fy i By IE, FaosWIrEsTy)
TR KBEE A T WIS A S AR I, (EATYR] DAAE 3 BT B AT R B D) b, 34
TRFE I IARFRERCIR IS, 7T RER AL — LG A BN I ACE IR, ARk BT D)
MR R AR, HAKIFR A At s IR 8 BRIz shal 1) o TR, A8 R BAL IR o ATk
WA, T DOWEE B TAE R B oe sh brts (B 5-15). Wik, A maglefi 550 )
IR R AL G HESI T S-C A1k (B8] 5-15a); SRIEA 2 BRI W Sef D F & it )
EOME RSN (& 5-15b); Jeiafh kK H o AMS A IR K . 1t a4l (K
5-15c,d,e) PASRERY Ao [k )y smtit s (K] 5-150) . IXEIEZ) 2 hn i 48— it e 1) A Y
PINESTOIMER], 5 E AR b AL 1) R PR ph AR T 5 4 AN ] o

Bl 5-14 By A1 B3 il vty A AR AR TERHAE
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R AR A R AR IR AL L BRI L R 2% a AL J BALBRIR 26 AR TR AR 1
HAAEL, PR A AR T A AR A o A2k i e *ﬂf%@x%%ﬁo@
Pa T R A SEX A 2, RS BRI P 5 km Ab, HERATIRSCA AL, IR A
TG R AN é%%&l%fﬁ%%?w%%ﬁfiﬁﬁaﬂﬁﬁ%ﬂﬁm%wv

%%E?ﬁiﬁﬁﬁﬁ%ﬁﬁ ﬁbMﬁ%i?mEﬁ%ﬂFmﬁE%ZT(Esm)

Kl 5-15 S AFELRk E) ) fiE‘ZbeEmﬁ”ﬁl_zfo%fh{E

BRI, FAHRGR S W E AR S A S E R R R
by xR AR R RS A, R TR BURE B KRG G TR 8BS BLURRE H AR
Hoohon R RCE A B R e g X (& 2-7; B 5-16). RIAWIFSCRE, 38 H &-8
IR A A BB NR— RHINIE I s A (Allen etal., 1999; EESE, 2003),
RURTEERS R a bt Ay (B 5-16). BUA MHbE RN R, W TRR S — &G s,
B “FgRILIMIZL” (Allen etal., 1999; Zhao et al., 2003), JFF# K 1LE (L7 535 B AR & B
Bl SUMIE'FIZ & IR [ PN

By AN S B, 55 B AC G RE T Ve 7 28 15 7032 0 T Ul 48 2R 1R AH 2 AR T REAIE W (2
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ANIF], B BN AR E NS, B RV RRARIE, TR WA R A RS
BT MR NSRRI R [ B HER T RIVE AR e i R IR i n 2 1, Rk, FRlig s
TRACE T XA RE BT 7r S 2, BB oo )s TR, iy g ¥R 5 o s 1%
HURBCH .t gl 2 A AR AR AR AT A TR R (LWt A, Rt i it r R LB — 4k
RIEgE G, AR ERE NI RE . FRES.

R LB
|% & A I IR A B H
NW .
EBAA M otk R AR ALK LN SE
bl T BRI RL

HAR BREREZ

/%*’/—&7

[ ) —

_5—_ “ “ = o s
5 km R AR HE AR -

AR A 1[@1_ W Bt~ 5 B b R e i bR E A, A R A G
5-16 L5415 3% A A0 T iy - ) P A T ot P 7 i b i ) T ]
Z, AR, €, #RAR; O, BAWR; S, EWA; D, BHER; C AKR

177°20" 177°40" ¢
1
R 2

N
S = 41°10" A

— 0O BB Az

0 10 km

176°40"

770

o

00"

ﬂl ooou

AP

S P

BB AL

R LB
| cARE I Eessms. w N »
TR A e e ETETES > o B BB K
LB KRG EG R E. oz ke 5 " s
bbbk SoEagy T RERKESREE EERS R

oy el BB RRAENEE.

THEEGAE. R @ RRA-LM A
& REBRNE b EEfRE TEE K2

Pl 5-17 Bl ar ek o ) b DX sy i i 1 (BB siith /R (1961) i)

2. F& &R #EIE

TERGSE. RE
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e 0 T B A7 S P 7 1] 40 kAo OFEAETTRE (18] 5-17), Bt
29150 km iAio FEZEIACMEGL g0 S, AR SomIReE B At ax s
AR SHOK ] Them FE PR W T 1 BEAL K 2 (0 o RUEE U B 50 (s ™))
1961). fEizteses LIL, SR TR hm A A A O RO s A 4k, iR
DURHLA S ICE N, PRSI E S KA EGEGASHAR-RERZ £ (K 517,

K 5-18 Bl AaFalififim A (a-b) FRALAE (c-f) AR TBHFIE

DA b, R o) By e 00 P e SR e R U R S R R IR (S-Do wa), EEEHEJE MK
Ay BEA EIUE BECERKOLA AR Gt 5, 1961 (HAEWFEAT T 5 km K
BT b, SO SRR T — Kb SE K LA ik (K] 5-18e), SHEUE B4 EAELLT E KR,
R A E ORI S . ks (K 5-180), Hilw KA TR (K 5-18c,d). M
FRATEA Mol A, XTI T r AL S RAE ], e AR B s 7, 5
LRI 3 RS W RS E P MR A ARV, DR T8 AR AR TR A FH R4

SR BRALYR A5 BB B AGE ) NSOCE, TS5t A#ef i 2 3a (] 5-18e,0 1
JEIIE R 4 NT0°E, XSk 22 8K b IR, 15 R 0011 g SRR % 55 0 AR ik AH
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—E (8 5-9). BTRMA. KEEFERBAEBEEER K OLTKE] 1km 55, RESHH
J S I SEOR AL B o BN AL B TR B oG R ARANKEN, A ANESE, DIt eAT)E TR
A e T ARG AR SO IR AL DRTAR MR TR 2%y o RS I AR T B

LiYJetal. (2002; 2005) MAZFH A FUA AL T A7 75 - — KD BU Al A
B ONR E T R PR 2 (0 25 DR AEE B BEA T3 1 3608 » I DL mp A7 R S R R 1)
HEIWETE , BEAUBUN AT . AR Ul AR T ST R AT AR S, IS A HE LA
it WOANBERAE FLIAR, (HYCA R B AL ST RETEA K.

FEBT S TR A AR, A GBI S I S B AR R RS ERb - LRI
MERG )R (K 5-18b) 2 bo XA KA FIRITER LA FAE ], HEZ 3] T 1)
PSRBT S, 2 AR RS BE 20 &/ (B 5-18a,b)s

=1 F-EERAHITH & R TERHE

FEFRAE L o 3, SRR A A T B & ar . Bl — 5 [ RS, SR HAE
RRPIE . PERATHBIX (B 2-7) 3Ry, 19815 EAEWISE, 19905 HJPH4F, 1992;
VIREIRAS, 1995; XIUAK:ZE, 1996; Gao et al., 1998; Chen et al., 1999; 2% X%, 2001;
2= BIAE, 2002; Xiao et al., 2004) . Kl = Wi DLRG (1) T4 - K AT HB X (] 5-19), BT
JeRil R IR R I L AT B IE 54k (Windley et al., 1990; Allen et al., 1992;
Laurent-Charvet, 2001; Shu et al., 2002, 2004; Xiao et al.,2004), fEINPLIR LKA ) —
AN RBEHITH -

1. Fia-RKitateRiRiesm®

T FURAT VAT 3 A T 5 B RS- IR 8 B IR A AT S ) (18] 5-19) 0 s 32
B WK R EL A R T 2, I S AN B AA = - 2% 6 19 F BRAG L 5 R (Alllen
et al., 1992; Laurent-Charvet, 2001). &g g5 BRI i b 350385 & & A T BEAN G BEAN TG, 10
POTTE T, PR, 5 SE-NW [AIGE(H, B30 MR, XA B Ryis 540 ek i
YER, BRIl =W 24 o< (8] 5-19) (Shu et al., 1999; Laurent-Charvet, 2001, Laurent-Charvet
etal., 2002, 2003), %47 [ P9 5 ALK (WA gL H By UIAAHIE (] 2-7, 4-1). Ar/Ar AR
SRR, e A R A S (WD EE; Shu et al., 1999; Laurent-Charvet et al., 2002,
2003)

KA TR, SR A 0 R & B DI 2 5 B B, a7 N [ B %
RIZghahm. T4k, BN UM SR I, BB 2R K L -UURE S RS ) A6 e TR AT
VLRI A 2 I (Laurent-Charvet, 2001). [FIE, fES-FEARK I, EHAEHAREAE N
B 0] b FF s 1 R84 25 FE A 7K SEBT 7 (8] 5-20b) (Laurent-Charvet, 2001). H{b AT L, T4
KA VR e SRR A A AR R T B A e S NG, (EURIRE T H S ke ki
FREMIE RN A RILIERIE . —HUK, BT KAk s A e bR 4
WK 3853, 10 PH L VKA Y AE (31 B 574 (Windley et al., 1990; Allen et al., 1992; Gao et al.,
1995, 1998: Zhou et al., 2001). #R1f1, WIZEPYZTFTIR, EF A FVE KA VAR SRR A 1
HAR B AR TEE ) 2=, B8 TS R I R & 58 5

FHBEE (1994) MIBEEHRACE W 1S B Rb-Sr 2408 0 468 Ma, 17K X
A ERE A 422 Ma. RN, KERBIEHHSILR A RABIRE R, EE R SE R
wih (B5-19), BARXEEE KA BT D) 0 B ar i ATE 2, (R in™ s (1959) 3 IH
VR, RIRAl. feRd S B -E M RIWAR RAAEAES (B 5-19). B, %
We SRR A T AR e 2 /0 FF e - R Rt . BRI, - KA ke sk dvs AR S
JER A B IRAE S 0] _ERLAR, (HERAEEEHIeEEN L, #HEAHENRR. $T: D T
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VA KA VA W SRR A% 5 5 1 R B 5 2 b DX vy B AR oy H G AL R I8 B 22 R e (R 3—
) 2) F PR RN T 350 Ma; 3) ARG TR b R R A
B AR KRR 5, T KA e SRR A 5 R o 95 i 1R AR e AR nl e [ )
F—AgeA, ORI E - .

AT W — E A R “HR1INZE S (Windley et al., 1990; Allen et al., 1992;
Gao et al., 1998; Chen et al., 1999), {H3Fx FiZ Wi h— Mk EEBiE. mE 5-19 Pros,
WA W R B e AR K BRI Ok BB F M B A, 7R XZ 1 b, fH
FBERAKS R AT R A 1 R A e B VI8l 1) o 1% B9 V) 4518 8 F R AE S A8 P e b — 2, mT g
IR W AR AL o 32 B 2 FIEAEE TR B, W 2R — N R AR S A A eI E By
P4y (Allen et al., 1992; Yin and Nie, 1996; Laurent-Charvet, 2001; Laurent-Charvet, 2002 ),
WS EN A, BT (B4 U-Pb fF#% 252+4Ma; WAL TEAMILREA
Foo AR BRCE T (B 5-19),

EHAFFR R, A5 R Ll = W RN Az v I 288 2 TR) PR X AR U o “ AR AL R
Hid” CHFHS, 1992; Gao et al., 1998). AR, %X Ikt AR QN 25 4 ALt R Y Hb 2
(WA =%) HA TR ZEN. ARNEE R A FEQF XS Zlih, 522y,
TR A KBRS S D CHrgabbl J5, 1959 1993), I HHALIG BLpe 2 A bl S i
s AXARRTFENRE . WA FRKAICE TR, AT K LS R kL,
FIR RANEEL T e AE BB R O -PIRE B R E A 2 b (E 5-19) GHrgshy™ &, 1959;
Laurent-Charvet, 2001). 534k, 76 EAE b, AR RACH FURID 5 AN G s e & W
Ao 2lia 2 B CIrishy J5, 1969; Wang ZL et al., 2004). 4R1M, #EHA ALK
W By, AR R E B KA -DIBCE W Z AR KRS (= 5. il
PERT L, AR LRI R R e A AR b T 58 A AN R IR I RS o AR SOR R Ll T 24 R 5 A
P W2 ) ATV R B L AT S b I X S A D R L R ) —3 4, W L i S s
IRFE S BRELSER —a (WARTH ), FE—MIEIC. 595k, AR Wi 1
TG AR R 5 H A R Ll e R A AL 1 46 B 1 R AT — BUR A AR 22 AE R R
5 1 BT LLAR B 6 o0 AR A R i X A R UK GA 3 e 3 0 o6 ot A4 B F R 120
FAARL CE 2-7), OIS TR I b B R 45 IR o 7B 5 A B s Wi 24 DL Rg S f i 5 X
BERSCE R B T A B A0 R rhIfE R AR (B 5-19, 18] 5-20a) CRrgsitn” ),
1959; 1960), DRI HE A F g AN 0 p 25 Bt Bl d Al o X 28 3 MUK A R 5 A 2
R 15 AR TR PG R Ll il R 0 L R ) k8 — s AR B - Ve 2 R M AR TR IR K L S
FERFA AR AL, I, AEFIAR, KA 555 Ay ve Wi 1a) (1) X Sl - rh ok L B 49
AT

2. FERM-HR AR KRR ETS

FERERATVE R, ety 2ss HE% 50 km K, 30 km SIS RIA, 2040 TR, Bk
AT —afr (8 5-19A). FEmfiil . ife X, KA RS RS . O Rk
Fid s Wals . RE RERCE BYOIR T RSy A 2 i, s A RS . &
HAAZERE . BRI EMB A S (Laurent-Charvet, 2001). 7ERKFEEHS, &K
6 B - e R A S SRR A CHrd e 5, 1959), FERESUA Bk S H-mh i
U A A (Gao etal., 1998), St &g I G220, RN, AR RIEJE S AT
GET s A2 B (B 5-19), PUIZR SRR A B 28 U AT A 5kt
TEMIRVEHLIX , i s s iRl 8UA TR SREVR TR RIS A INE Rk, 550
5 2 B DA R AR T S AR D S A R 12 SRR 2 B B AR PR AT AR v, il
P B R AT (B 5-19) 0 FEFERAT IS, — FR A [n) 1 100 v (1) BT 2 e S VR s
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88°30' 89°00'1

[ 42°00°  ggopy

B xuzuy FAR 45

NE ®|@i§; e 2 %TS T - SW
49 JAEE o N3 SR At

21| CZ (=2 N7 =

0 \/ s/ =<

=1 RlyF &5
AR, AR e jf}fﬁ; A (=) BARE
o Po | Z&ALME SRRy —— JEREE
X | —&Zexs — | 2MA-t8 % S R AT SR A
,,,,, SRS = Kh-# & /’,%¢ﬁ@&ﬁﬁ@
SC BREAMREE s | FRLATEHEK F B - kA
TN T ATy TN
S o or EU R EHFEEAD
+ BB BB T a4t € MHEEHEL
+| BB REENE o = N \’ﬂﬂk%i%ﬁ#k
7 . - & S 2
OP it @]®) =RIR U ~~ #3Ekti

e 5-19 TFva- 1 KA T b s Aa) g 15 1)
(PE BBy /S, 1959; Allen et al., 1992; Laurent-Charvet, 2001; Shu et al., 2004)

AT T AEAUIBUE R Eo PERAT- A I SRR A B Lol o T Az o 48 ot
0] g 3 A T T B AL IS HEFE AR (Alllen et al, 1992). {HAEMREHESCA T, FIMEBIUIMEH]
FEFE PRI T 01 2 1Ry i BEUAR) 3t A0 AU AR PR e PELALY 3E , TeEAR AR STl M5 i A K
BN IRE A, S BT EK (K 5-20c) . S-C B s A s ) 5 G AF
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(Laurent-Charvet, 2001), ‘& 1$a7m Wm HALRE 331, I HA SR R AR Ve e
SRR AE NG I FE I HER IS 5 . SERR b, X — G AR AR FH 5 B (L SRR A B AR TR R AR
SEA—E, WHIRIE W I HEE AP R ILM &G R-BH R A REAE 2 b,
RAVMEZTG . B, ASCAA, PEKA-RR Ve i SR s 5 a0 8 5 L R e 4k v 2%
Ho, MR ISR A S, AR T RIS AT PRI, S RLT Al e AR Y
H (B 2-7),

Bl 5-20 B EiRAE (a) HIERA (o) -Witia (o) HliE A2 TRAHIL

M 1) A HERS (1038 5 2R R W, B R LR SRR 2 a7 I A2 U5 T R L A A s ik i
HERG AR B KR, TR AN ) R IR PR R a8 5ty o B 4% (1990) 15
SCZESE (1992) Mk LA 1 A A X o k1S Rb-Sr 2 AE 6840 il 4 452419 Ma i
340+4 Ma, 5K K 545 (1985) WAL IR 3R A3 M TN A1 K-Ar 4504 4 420414 Ma, 1T Fibs
THEROEAC A 1) K-Ar 4F08 4 437 Ma. 54, JASEREE (20040 MK 4 JBRRE 25 H (10 85 1 3R
3 390+11Ma~392+7Ma [f] U-Pb SHRIMP 4F- %, [fij A v K2 Hh B 4 (1) U-Pb 4F 88 378+6
Ma (2% M4, 20000, XLLER 5 RGeS A A P S A U-Pb ICPMS 48

(392+5Ma) FEA—FL (WATEE 1), kel IEW, MR LSRRI 1 AR R v
T T W B I (~450 Ma), YRR (<390 Ma) JFEAMF eI, & AE R Y 7 - 5
FRMEES, TERIESIRAE

BIUFT NG

1. AR I e — D 2 WG AR B . 1) AERNE IR, AL e A -
DA By AR B4 ST A R AR T R BE R AR T BRI A T, o WA IE B 2 b s F R 7 A T
AW BTV o B DA AR SR W 1A A A A, i K ORI AT A hr va W Rl A
XYV A A AT R W], 2B UM A A &4l 2) SEIBIYIA LArg, f7
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BRI T AR R AR AR T 2 L 0 AR IRR A LA R o AR B 8 R B A 1] T BE
A BT T L P 11 EE AN T A 1) S BRSE P) MEAR TEAIE o B AN RS B 25 TR, XA A
o177 NG A AG R BT 1A o o AR S5 DA T 0 b 0 B0 40 7 R A A T kI A
TR ML T R L 16) B (A 4 R R 2 2 P 2 0 e ok 5 1 D o 7 A0 W 25 AR A2 S 11
AL ZIAER I, R AR ST A ] AU A AR08 4 350Ma slsE . (M, SR (b R
SRR BT U F R A A MR A R - AT 3D FE MR AR AR A AR T o, AR
s bl R WAL R R8T VIAE ., % TR SR AR i A 30 R B A T 1) R 46 A A 3
b e T e )i T — A rg AL 1 R sk BR8N AR TR A, sl iid, AT i B R B D04 i rT
BEAR 2 o T A8 i e TR e R B L A PR I IRV o SRS R s AP Ar BEAERS Ny
331~316Ma, A iZIATE i Y V)AL [0 .

2. fEARABIX, B RAE RS RIA RA AR (301Ma), TMIRNE X B A s
A JFAE R AAE 350Ma AR, o AR 5 o I BY DI 2R 1L 17 i 1 A e Al i £
A WS F A AR T b 2 BRI P AP Ar FEAERS S 331~316Ma, 4R A A v
zBE VAP Ar BRI N 323Ma, IR A AL FE I BT U, W R AR T T
331~316Ma WA /ERIKTY 5 FHTRIF R AR AR . Rk, AL HIS RIS S
WAERCRIZ 3% LA R R

3. LE T KAV —Y, MESRIBAE 23] T R I ERR MR 0E, KA ST
BRI PR B, 188 22 br iR s A BEERT B DR o (HAE MBS A e 1R S, AT
SRARTE T HIARE AL 17 5 IR BT D) (AR R I8 Bh 2 b s, FFHR /R R IR AL B VI 1 F o %48
8B RFIE SR 5 AR b X R AR A R B VIS se WA . TiAh, TR A eSS
(EERS N B 20 R G B I, bR D B VAR S A R A 2 K. ISR A A SR AT
MTCA R AR MR, MR RA IS T i, U T KA VA e SR Ay
TR AR AL AERS 1 PR MR A, 5 Rh S I v AR A F AR (~350Ma) b —EL.
BRI, TR gt Ay SR L B e e SR 2 A ANH, e E TAER IS,
o] g SR ve 95— IR AR R 8 TR — 44t R m el RERELE A4

4. fEETlHX, deaiRAYE KA A U-Pb 08y 392Ma, 5 KA Kb v b
DXt s TR 38 A 0 R T v O ERO AR — 2800 R0 11 5 i e S YR s R T v 8
TR PR AR M B U8 7 T B A e, L5 B e Y 2 1) 1 B I 2 2 B A/ Ar 4
WWia . [N, iZAr e SRR A s A R S NS . B - Ik - TR -
R VA - KA — AT e SRR A A TP AR I8 B 24 1) ok R AL BT D) HEBT /R, S5 3L bk
B 20 K L T S R A 8 K FLE I AR I IE 3 2 58 4 — 50 DRI, iR SRR A AN R
L4 A5 AL ) B ORISR AR, T2 — AR A S 57ty o 1 A s e A (1) H Bk
TR, BT ST IS 2t 1 FR Y K e A 855 o

5. FERFE I E AR s DARE 2 R g 2R A AR DX, ol AR AR b 2 F5 BB 40 -
Ve ATRIR ER S R RS 5 R K L 8 o FLrh i S - Z B O g S R AR
TG T AKAT I ARG X o 26 A AT B LR e & g AN fr i 5 LAk
HUDX, KRS 5 SR IR AL KB A T R F I AR T Je S BE R AR o A HBL X
WPEEMI LR, KB A T 4l R I AN A IR S S 7T g 5 R LIS 7 b sk A A %
TG AR RS A A e B LUk AR G RIE AT B s WA o 1 R 20 Bl JR R B 2 AT K
WY, AR CS A& 5. U G RITA — s AN B 5 A0 L A AR Z A G i AR i
Fks 2 o DAk, A7 F R PR 4 ARG R L SRR A At 2 18] 1 DX I HAT 45— I a i AR
Sham R, AR LICKRAL TAH R KR IE RS, &) T RNIAIE AR TE i DAASCK 1% 5
TERR R gk

6. TERIRILIME SRR A 4 AR IR & 77 . AR R g i Hb X, o A A 2 AR s iR
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HONTE, DR METERE AT AL, I3 A AR SRR, DR g e ke A o iy LA [ i
LNy i E IV AP R AR E vt oo N G P i = 2 S = 311 e 4 R s e e TR X A B A
Brik Rk, WiRAEH, Ralsg gl A RAEAE i B s A b BT AR HUR A
o
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FNFE AR AR T R 5T

W bESCRTA, BT A R TIESE b TTE SOM R L AR AR LR R R T AN A
B o BRI h, Rl Ll ik e Ak 22 Bt BRORIT KLy B IR sk 22 0040 v -l o 3 1 Lo 4
JE 1 (Coleman, 1989; Windley et al., 1990; Allen et al., 1992; P JFH 2%, 1992; D145, 1993;
Shi et al., 1994; Gao et al., 1998; Chen et al., 1999; Shu et al., 2000, 2002; Laurent-Charvet,
2001), AH 53 —S022 3 W OR AR b B 828 PN I Ll s (0 —38 4, DOk Fod L FE 3= 204
FEV-PE N T (Sengor et al., 1993; Sengdr and Natal’in, 1996). 7 4h, i S 53 F 4,
TRALHLIX f1 R 20 B A O KRS, Bkt a o “ LR gk S AR gl sk (B
MYTAE, 2004, 2005; &% X%, 2005a; 2005b; 2006a; 2006b), KFUtAEHRAL, JbR LA
HENES IR 2 (B A7 AE — B A0 DA I 2 ORI AR B s S o Rl B, — 482235 (Li YT et al., 2002;
2005) MR TR A A A R BL T Ak 40-ig — B 0 c stk A, BEmA K, mE R
FeE /DB F HIAAEAE, WU, B S E R A St )G . XS R
R FTLE IR T DA 2832 U, BRIy 2R AR IR b o w1 L I AE e — B
AR, S CHEN G REREAE B, I LA I fEA L RO UE . KT -BY
DI R 2 0 A B R K -5 S AR O AE . DR, iR %5 (20060 "BEFIAH, Kilijg
F—ANM ARG (A o AT 2 i R 5 VR AR LA AN [ (R 25 AR 05

TR 2 DI R I B R SEAT,  DIBCRNIMA IR BN AT, X AR SRR
AR A AT, SR SUETIRE, VA AT O BT A B AR, T AT LA A A
JIAERRHUAR AR (vt 26 B AR AN o F 2 A TR R v A3 T A AR R et AR 7 - RTS8 5% AR TR AR
BRI B AR T R 7 1m0, P LA T BRAS TRI AR R 2 TR0 7R 2 (1 1 5 1 s B 390 i 2K A R AR X A2 )
CRUFEEE LAY IZ S FIAE XS Eds ) (Tarling, 1971; Butler, 1998).

FER L S HARIX, 3 R Gy R E R B e v, BRER TR E e AR S DY R 1
AR . AHEC I, HERB R MR A 2, A Dl AR R k3R, i L
XECHERAER A EAEEL:, ] AT AN A o AL BRI N R — AN BT AT AL 4
B3 I AR b, (2 A R ik, ZEH AL X i TCAT ]y R 2= IR 9 R . IX— 28 4R
RFRIE B REm T AATD 2 Xt A= AR e it 5 3 0 2 A I R AR . Sl “rhoRil”
e —AN B e AR UL A BB, e e R g i R R T AR EE R, Hil
TZHICE D T Z ARG, 2 WA B E B2, PIAE R i X 2 A %A T el
ORI A T T AR AL B FCAR AR Ik ety AR AR IR AR DGR A8 SO AL S FLAT X
REENTH AR E AT T R E

B HHBCRE SR

DAL L AR A 2 3 2 R B A AP AL A b G T D RS, R LRI IX. (I
2-7, B 3-1), FERAR-BPE R BRI G . DRIR Sh a RtV Ae g A, A5 R A0 )
NE AP W IR T o R I LS AR AT, KZ MR ANE A Tl R .
FEAR T AL ER BT Ay BT CH 3-1),  BRBE A 5 2 2 DA 4L PR (e JFOACA ML o e it AL
AR, WAR I KA N A M BREIRIE, A IZ0)2 R A T 8 A sl HUREAT: i
(K 6-1)0 ARAVIR-KEE FPAER R ) Z A (LS =50, AR SCEFEIE IR
PSR, R TR ARLO A 2RI S Ui 2ila MR s
i AE b (R 6-1). Ji4h, (ERPRILXCREE T4 R R BTG S AR A, fE
ABTR i Wit DR T A0 Rk AP A Z IR S FE ORI LB 5 A5 v DOREE T MRS
N I3 2 I R ARG A b o S 2 R R DL B B DX s S R 1L A A
Lt . HACRFEE BVEILE 6-1.
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F 6-1 PHRL I AT R AR 2R

i GPS Atz MY AR M)A PR GEMARAD  n/N*
TR 44.9°N,81.3°E 501  yRI(AibE G, KA 25°/50° 7/8
449°N, 81.3°E 502  MREiAbie C, AR 25°/50° 8/8
44.9°N, 81.3°E 503 R G, ZREEA 25°/45° 9/10
449°N, 81.3°E 504 RO C, IR 45°/50° 7/8
44.9°N,81.3°E 505  yRI(AibE G, KA 35°/65° 7/9
44.8°N, 81.1°E 506  JeSilbi C R 1 4y 441 50°/75° 7/11
44.8°N, 81.1°E 507  VYBJiulibis C R T 2 25°/75° 9/9
44.8°N, 81.1°E 508  JeJRibe C R[4 v 2 345°/75° 8/8
44.8°N,81.1°E 509  JRI(AibE C BTty i 41 315°/75° 8/11
i 75 442°N,81.5°E 510 KO 0, P 290°/40° 9/9
442°N, 81.5°E 511 YREN ¥ 0, VLT 260°/77° 10/10
44.2°N, 81.5°E 512 KEPEE 0, Fva Tl 285°/78° 7/8
442°N,81.5°E 513 Rl 0, SRR AL 80°/72° 7/8
442°N,81.5°E 514 KO 0, P I 255°/80° 6/7
442°N,81.5°E 515  SEAf K 0, VLT 320°/58° 717
442°N, 81.5°E 516 B 0, VLT 320°/58° 8/8
442°N,81.5°E 517  Z{ales 0, SRR AL 320°/45° 6/3
B 75 43.5°N, 81.1°E 518  ZI{aibi C, PAFIEE T4 270°/18° 6/8
43.5°N, 81.1°E 519  £I{afibi: G, AR TI4]  305°/22° 6/8
434°N, 81.1°E 520 Wb G, PATIEE T4 270°/20° 6/10
43.4°N, 81.1°E 521 Wb G, A RER 4l 280°/15° 6/8
43.4°N,81.1°E 522 Wb C AT 250°/12° 6/9
433°N,81.0°E 523  Z{vZlifiibsE G B v v b e 21 110°/12° 6/8
433°N, 81.0°E 524  ZI(afbi C R v vb va 20 245°/25° 6/8
433°N,81.0°E 525 b C B e b s 2 255°/26° 6/9
433°N, 81.6°E 526  wifulibi C B 5 b o 4 230°/78° 7/10
LR 43.4°N,82.5°E 527  4I{alib P, AN | 93°/40° 6/8
43.4°N, 82.5°E 528  ZI(afbi P, el 93°/45° 6/8
434°N,82.5°E 529  4Ifalbi P, A i) 95°/48° 6/7
43.4°N,82.5°E 530  4I{Afibis P, I L=k 2 92°/49° 6/8
43.4°N,82.5°E 531 ARERES P, e L kA 100°/41° 6/9
HrE 433°N,83.3°E 532 BRI C R 35y 2 287°/48° 9/9
433°N,833°E 533 JRJEIbA C (GEEENEIIE 285°/51° 8/8
43.3°N,833°E 534 KW C i -z 2y 24 292°/52° 8/9
43.3°N,83.3°E 535 BRI C R 35y i 21 268°/45° 8/8
433°N,833°E 536  BEKIRRDE C R 35y 2 272°/48° 9/9
433°N,833°E 537 XA C [GEEENE I 240°/47° 8/9
433°N,83.3°E 538  XJEBEKE C [GIEEE A 237°/49° 8/8
433°N,833°E 539 XA C R 35y i 2 237°/49° 8/8
433°N, 83.3°E 540 ZKIH C R 35y 2 237°/49° 12/12
43.4°N, 833°E 541 EMEUTINE  C [TEEENE I 38°/48° 6/7
434°N,833°E 542  L{ORLSUERNE G B 241 29°/47° 6/7
e 43.1°N, 84.8°E 543 M Hb % G, - 192°/14° 6/8
43.1°N, 84.8°E 544 MDA C, - 192°/14° 6/10
43.1°N, 84.8°E 545  HH{HIIbE C, - 290°/5° 6/9
43.1°N, 84.8°E 546 A libi C, - 290°/5° 6/9
43.1°N, 84.8°E 547 NEAREV T = C ViR DNl 59°/26° 7/8
43.1°N, 84.8°E 548 LEREY C M TR AL 58°/28° 10/10
B 43.4°N, 84.4°E 549 &Il G, Rk 54°/15° 6/7
43.4°N, 844°E 550 il C, B R kA 54°/15° 6/7
43.4°N, 84.4°E 551 Zils G, /R LR 54°/15° 6/7
43.4°N, 844°E 552 R4y C, [ IR k4 54°/15° 6/9
43.4°N, 84.4°E 553 &I G, R k2R 54°/15° 6/7
43.4°N, 84.4°E 554 il C, BR$EAL 54°/15° 6/8
Ji5 Ik 43.1°N, 87.1°E 555  lmXilE Cy? RIEIRA 327°/82° 7/8
43.1°N, 87.1°E 556 IR XRE Cy? T IR 327°/82° 6/10
43.1°N, 87.1°E 557 LR XA Cy? K IRA 327°/82° 6/6
43.1°N, 87.1°E 558 ARGRIZes Cy? N 327°/82° 7/8
43.1°N, 87.1°E 559 [ {ajfibi: Cy? K IRA 327°/82° 6/6
43.1°N, 87.1°E 560 ZKIH Cy? T IR 327°/82° 6/7
43.1°N, 87.1°E 561 KA Cy? KR4 327°/82° 6/8

*n, PBCRESLEG N, SRAHE L%

MELE 8 AT 61 MRairf, FERAET 561 M. BRAMREEAR L H ™ T 55 0%
WAL HRAEHRF RSO0, WEESR PR 6-12 ANEts, AN IR Js R 5
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BRFKHP R (FERAGH AV B KBHIALA S BT A7 2 R34 22 R
4.0°43.4°, A% AH T RMr IE B LA 58 20 5 7 0] A

EMERT, BT A ORI R 1~2 AN B AR 2.5cm. = 2.2em FRAEAA . S 05 fe il
SIS APy s A ARG SIS NG VRS . AN RG] T A A S (D
St B P R 2 S A ] AGICO KLY-3S FUREAL A R B () CS3 i (2) 253k
FRE P25 (IRMD A IM30+REALAY;  (3) AATHEALFISZE: (AMS) fi# ] KLY3 RpitL %
3 (4) K mg (R nlVA 2D s256 48 H Gaussmeter Model 73030 I Jit BV 2 A
IRM Fl AMS 5256 73 [ BR [RHERRF 22 0F 500 A0 27 S 30 3 0EAT, Rt e 0 2 36 e 12
BAFRYIEG TN (IPGP) St Maur #0500 T o WA RUIERE 6 ANELLL B 5
HATHORHEAT (B £ (AF) B, HARFEE (NRMD BRIGHFEMATH IPGP 1) 2G 4
X AF B SR RO T A AR B RE I G R B2 , NRM B [ FF Sl ok #OBRE, JF
i JR-5A H a4 EE 2G B DU TR S A0 SR R S . OB REEFE 5y W2
1530, BB Z [ IEIBE A 20°C 2| 150°C A& AR FEN 5 0 10~11 25, BEDTHIEE A
1~20mT.

A8 22 Bl E SRR 0 U B AT A0 A, JL e FRIRE 7 170 SR Kirschvink (1980) 324y
HOTMTRRT ;s FEM S RS HITRIAERS R R P RRE J7 n) el A AS AR P AT 5, A
Cogné (2003 LA ol fgd 20 B A ) Fisher (1953) 45 A13E T PC Windows 1) PMGSC

(4.2 [ WL TR (R, Enkin, KKK .

B R MR DX L R A R

AR 2 BRI RN AR R th 2 b, #onT AT AN (D (Rl & (LTO)
— MM 20°C (=, NRMD 2| 250°C, K#isrE (SAF) —fMA ImT 2] 15mT, —#F k&
# AN T Zijderveld (1967) IEAZAFRIIIA S (2) mil & (HTC) M 250°C £ 580°C
H2 680°C, tfiffisr (HAF) WM 20mT 3 90 5% 100mT, “BAI1— A m 5 o AR
RSy B IS 07 18] oy BRI TR (PEF) 1 AN HRGE G AN A A8 3B g i 25 vh 4 25 1
(FIREAE TR R0 J5 25 PEF o £E 408 43K it P 8l i 24 5 BN RGO R (LR SCEIRD
SERGAR W], HOERE S R AT VERIE, PR ORI R TV TR 4
TS 43 AR 45

1. MEER

1.1 BB7EImE

Wk 6-1 o, BRI HUERE i 5 20 N AR G0 5yl s dl (Crak) b 21l
WA EARGFEE I e dl (Coy) ZLtatbis . AR T HE 95 B LAk 20km (L& 3-1
A 3-32),
1.1.1 M= (Cjak)

MACTEERE SR Rt 2 (B 6-1c P 523-198, 526-220) "] LAEH, BRI #i7
T, AR T S IR AE 200mT AT, 2 WA S v el 3 4 3 A AR o
Y. fa BRI (K 6-2f, @) Wor, WA FIZ LTS AL R AE k3 580°C Zc
AP TR, RIS SRR . AR ZHRE L (22/25) AT L #T HE AN 2
LRGSR (20~150°C) 20 & LGB/ L, ARIL T RG W RETERAAE o il 2 N
200-300°C ] 580°C (& 6-4a), R IFES RGN IAFAE o 5 R IE AT IR 1 26 1548 R
BEBHSEE (Zijderveld, 1967) H1, KA 523 Al 526 AT K A 524 Al 525 BAT LK () R A0 £
(<45°) (& 6-4b), 1M H K s 526 (PRGN 51 77 ) B S PE 0, (HAEARR IE S 1) Zijderveld B,
T 4 AR S TR T 102513365 — 80 (B 6-4c) . IX—FZ T BE I TR 40 AT T A Bk
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AETECILER 6-1 24K ) o AIX 4 ANBAT 7 0 7 21 R s 5 H PS40 R AR R B 77 1) Ol - Dg=207.3°,
Ig =-57.8°, k=10.5, 015g=29.8° (FZIFH); Ds=180.2°, Is=-40.9°, k=46.9, 0t9ss=13.6° (FZ1FJ5)
(% 6-2). Enkin (2003) DC FHARIGEE LA IEAK, KRS S8 k=74.4% + 49.7%.

JL A RSy (nT)

M/Mmax M/Mmax
1.0+ 1.0
ga—gé’ 4
o @ HHR3E
g 057 0.5
® i
= ~0— 511-101 Mmax=785 mA/m
E —0— 506- 44B Mmax=639 mA/m —— 515-130 Mmax=154 mA/m
| —O— 505-40 Mmax=584 mA/m —0— 517-145 Mmax=1080 mA/m
1 1 1 1 1 1
0 500 1000 1500 0 500 1000 1500
M/Mmax M/Mmax
1.0+
i
& .
o ©) B8 @ REGHE
g 057 0.5
&
&
7 —0— 519-163 Mmax=17.3 A/m
—T 323-193 Miniaxs-356 Alm —O— 528236 Mmax-115 A/m
—O— 526-220 Mmax=373 mA/m
e 1 1 1 1 1 1
0 500 1000 1500 0 500 1000 1500
M/Mmax M/Mmax
1.0 1.0
&
wgé ]
¥ e , .
e 22 (e) #k#d 0.59 N BFAEL3dm
E —o— 532-274 Mmax=173 mA/m
~ B 5382321 Mmax=3.65 A/m —0— 545379 Mmax=339 A/m
O 541-350 Mmax=37.7 A/m —0— 547-402 Mmax=189 mA/m
1 1 1 I'e 1 1 1
0 500 1000 1500 0 500 1000 1500
M/Mmax M/Mmax
1.0+ 1.0
4
z
% 0.5 0.5 ‘
% ] (h) Bk
=
o— 558- -
| —0— 549-416 Mmax=11.7 A/m i iéfégz ﬁ“m‘“’f:g'f Z‘“
—O— 552-439 Mmax=12.8 A/m s L Am
1 1 1 1 1 1
0 500 1000 1500 0 500 1000 1500

JL R R (nT)

Bl 6-1 AL AR AR A Sl T e 2
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A2, RHEER (Cy)

KA 518-522 [OFESL R BRI AL B (K] 3-3a), SRAEHLZE L) 200m. M 25k 6 ih
2 (] 6-1c) il LAEH, BRI 1mT 2] 150mT @ALRB I, 15 20%WAIEE, 2
JE R R L MEIE In, 42 700mT BEE] 80%MIFIE, SR 521818 i B 42 1500mT & 2L,
XL RER T, RS AR R e ) R IR S A AE . ) 6-3a HR R AT U Hh 2 B
AUESE T 3K FORE RGP P AERE i P SR AE C R o S A, AR R I R (P A X R Ak i i il 2
6-4) s T PIASBE IR s, WIALSREAE 580°C NI N[44 50%, 2 Ja L IRErfE,
MAE 680°C Ay I PR B F IR 3E AN e % . R E Mgk (K 6-2¢) WoR, FETE
AR 550~620°C I R4 B IFPUE NI, (HEAHISRET, ML F BN, RUAE
FE AR LS R TP R D s i A R, ARRZINZE (& 6-4d,e) FTLUE H, PIANESE
L RE X ] (250°C~580°C 1 580°C~660-680°C) [IREAY 5 ) ¥y AEH Fae iy HAHH—5, %
HAZERE i OB RO FE TP REVED DI A IR S IR A BB R 7 1) o p e mT L, AP S L e 4
CLERD A T IR TR ) = B RERAT RN ERAT, —#d sk T [W—AMk3s 77 1), BRII0 %
PEo i, THEH IR AT 5 AR AP RHERIRL T 2l . Dg=151.6°, 1g=-61.2°,
kg=48.0, oosg=11.2° (KZIFRT); Ds=164.7°, Is=-47.4°, ks=50.7, 0toss=10.9° (KX iFJ5) (% 6-2).
BRI IE G RS S S50 k A TR ERT, (Hl AR R A p 2 (58 6-1 74,
[[IBREl e

-10000

(a) W%
519-156

Included magnetic moment (10°Am%Kg)

225 —
Applied magnetic field (mT)

20—

400

-10000 10000

-400

10000 -10000

(b) #k
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1500 i{,,——“’—’ 7¢
-10000 10000
-1500

I
-10000

(c) #k
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220
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T
-10000 10000
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N N
W W
Down Down
+ 10 mA/m
(a) 523194 10 mA/m
FRRER (d) 518-150B
FOREE
N
W 680°C
Down'

D=176.7°

I=-62.7°
(b) k=13.0,
K IERT Oos=14.8

270+ + + + + + + + +

+ + + + + + + + 490
©)

S P S T T T I i R

(e) 520-168B
FRRES

High temperature
components (HTC)

Mmax=17.6 mA/m

2704 v+ = % # % & % + + + ++ +++490

051 ®
520-168B
180 g 100 200 300 400 S00 600 700°C

K 6-4 MR A R 28 AR VEIR B2k IEAZ R B BOEE (ade)s RIKMBEEE (b,o)
S AR L (£ (b fil ¢ o A EACR TR AP ERHE R 7T 10 IS RR
FLAR B ACR BT ey SO 4L P SR 1) HARACTR AP 2k L S 2 1) s P S el 1

1.2. FiEFIE

WIS o MRS B AR N A RGBT B R4 (Claw) BERTRD A BEKE . X
WA RGBT 2 (B 3-30) 0 FEAK IR 22 ET A 1R 5oL 30 i P 7 Ik D) 10375 A 200m T s
RAEIAT (& 6-1e), TG ZALE Ja LS 55 580°C e 47 e R (1 6-21,)), AL
r BA WA A KA I 2R (8] 6-3b) . IXSBIL G LN, BEA TN X BT A
AR ARSI ) RGP ) IRAERRE KA o TEAN BRE K T A v, WA 27T 160°C F1350°C
AT IR N (B 6-21), RUIFE S P AR AT ) e ) CUnRasan™
ISR DR

WMEUTb A (Ffih 541-350) 5 RFBIRE I (Kl 6-1e) NIRRT Lt IR, bt
(3% 9 700mT I AH X IR i B T 80% (B ANNE, 2 G228 N H 42 1500mT kAl
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JIAh, RSURI I BAT R S R ) e (B 6-3¢). DAL, FERSURID A, K
W) A0 i ] ) A 0 [ I A

® 62 AR, fIRARLS & ARG AR IR T 17

T R /N B AR Dg Ig Ds Is k Olgs
HHI% 523 6/6 R Cy(C) 185.1 435 181.1 -55.0 140.7 6.5
524 6/6 R Cy(Cy) 190.4 -63.0 174.0 -40.3 354.9 3.2
525 6/6 R C,y(C)) 184.0 -63.7 176.1 -38.4 324.7 3.7
526 6/6 R Cy(Cy) 258.6 -41.8 188.6 292 220.0 4.1
Mean 4 R C5(Cy) 207.3 -57.8 10.5 29.8
180.2 -40.9 46.9 13.6
518 6/6 R G, 153.1 -61.8 163.1 453 197.6 4.8
519 6/6 R G, 116.3 575 149.0 -54.0 66.7 6.0
520 6/6 R G, 169.1 -57.2 179.0 -39.1 43.1 9.3
521 6/6 R G, 171.6 -57.9 176.4 -43.4 84.4 73
522 6/6 R G, 145.7 -63.5 149.7 -51.8 80.4 6.2
Mean 5 R C, 151.6 -61.2 48.0 11.2
164.7 -47.4 50.7 10.9
Mean 9 R C, 176.7 -62.7 13.0 14.7
172.0 -44.8 40.4 8.2
BriR 532 777 N 2(C)) 93.4 80.7 28.7 39.2 5.8 27.4
533 47 N 2(Cy) 330.6 70.2 360 23.8 27.2 18.0
534 4/8 N 2(Cy) 323.6 75.9 8.2 29.8 13.9 25.5
535 11/11 N 2(C) 331.3 61.5 3449 18.6 3.8 26.9
536 10/10 N 2(C) 14.0 59.5 8.2 12.0 5.8 21.9
537 7/8 R C,(C)) 181.5 -24.0 179.9 16.9 6.1 21.2
538 88 R Cy(Cy) 167.9 274 166.6 18.9 35.9 7.7
539 88 R C,y(C)) 156.2 -30.5 155.4 18.0 11.2 14.3
540 88 R C,(C)) 160.5 -36.6 216.7 -64.4 35.0 7.8
541 88 R Cy(Cy) 149.0 5.2 160.8 -48.7 289.7 3.9
542 88 R Cy(Cy) 145.5 9.5 161.5 -49.2 187.6 49
Mean* 6 R C»(Cy) 165.3 -36.4 37.7 11.0
Mean** 15 R C, 169.1 -41.5 36.6 6.4
TR 527 6/6 R P, 186.5 -17.7 189.5 -59.3 11.0 14.1
528 6/6 R P, 194.9 6.2 201.6 -49.8 8.7 14.9
529 6/6 R P, 187.5 -14.6 190.3 -62.5 38.7 10.9
530 6/6 R P, 187.7 256 200.9 -73.9 74.3 7.8
531 6/6 R P, 189.4 -16.6 189.4 -57.6 123.4 5.8
Mean 5 R P, 189.3 -16.2 111.7 73
194.1 -60.7 76.1 8.8
Tt 549 6/6 R C, 214.4 357 225.7 2393 380.6 3.4
550 6/6 R G, 212.0 353 223.1 -39.6 411.8 3.3
551 6/6 R G, 213.0 375 225.1 -41.4 64.7 8.4
552 6/6 R G, 207.3 -39.1 220.0 -44.4 60.0 8.7
553 6/6 R G, 216.9 -32.6 226.9 -35.7 179.2 5.0
554 6/6 R G, 204.9 -38.0 217.0 -44.0 124.9 4.1
Mean 6 R 211.5 -36.4 3543 3.6
223.1 -40.8 350.1 3.6
75  Mean 28/62" R 0, 265.0 -61.2 43 15.0
(510-517) 230.4 -28.5 7.9 10.4

# A5 R INAARR S AT i 5
Eh 4 KR (537-540) BEIERT 7 AT 2 AR (541-542) KI5 77 1) VS BTAR 16 V-8 J 1 5
, B IR AU AT R ACHFE b AR AL TR L 7 i) v S A1) Co FRIRE T 170 o
Dg, Lg 73 3 A E Rl i 0 FORELA A1 s Dy Ts 20 A B TE i i F AN RG99 s K Ay S B A A B S 5
Olos A9 95%ELAF DX [0 425 N IR MERE A G n D FORVHSP- S B0 BEJ5 17 (KA 2
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HITHTHT 5 SR AL (532-536) HRBEA I 4 (1) H ARG s FE AR R 58, I H /T 1 mA/m.
IR FER YT, KPR FE S OB AL 350°C I RIAITEUE T (18] 6-5a, b), ARR AR 7>
i, ORI L (B 6-5a). KERR B, KRt R AR RS,
DRI 687 16 A A ANERE A AN A b BAT SR ARG 7 1) 5 (BT 5 BRA R B3 7 AALL (I
6-5b) 0 R KUK T TT 1) i owos fEAR 1 (18~27) 1) k {HARMG (3K 6-2), BliM, X487
I WA BERAR, ANREFIAE R — D FIBE T 181 20

(a) 536.303A 0.2 mA/m N . 0.4mA/m"N
FREERT St 10mT ’
NRM
W SN%@OOC E gl 30mT 90mT 150°C
Down ‘ ‘ 250°C U E
350°C w450 B »  Up
400°C 350°C
(b) 534285
N FORECER]
W 70mT ‘ E N
Down omT] Up
- W ‘ E
Down Up
55m’
40m’
T 30mT (d) 539-330B
Qo - P |
REER
15mT —
0.8 mA/m 1 o o |
SmT 40 mA/m + 150°C 250°C
NRMp—o"3
0 N
_E
Up

e (2) 542359
S30°C &y ga o
400°C FEAREE A

D=165.3°

1=-36.4°
k=37.7
0os=11.0

+ + + + + + + + 490

270+ + + + + + + + +
(©)
4 RIEFT+
2 REE T A

T+ o+ + + 4+ o+ + + + 4+ o+ o+t

M/Mmax

1.04 Mmax=74.1 mA/m

270+ + + + + + + F

®

6 HEEHE (o |

#
¥
¥
”
S
+
t '
ok

0.5

(h)s42-359

= 18(); 0 160 2(;0 3(;0 4(;0 560 6(;0 70‘0°C
65 BRI S A ARRPE RN 26 E A BB (a-dg) ICMEEHI Cef) FTHA
RBALIRIE WL (h) Ce AT £ o TR TR AERIRE T 5 WIR AR m B AL %
VESUD 0 ST 1, HAR BRI % 0 PSR s B
[y AR SE, 560 AR IE B

ZCE RN CROT537-540) 1) HARFEREEE ML mA/m 2L+ mA/m A%, HAM
W fa e H L — SRR A . FE S RIEAE 90~100mT BY 580°C I IEATERR: (& 6-5¢, d),
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T 2 A R Y O AR R LR o AR 22 AR S sl PG R AS AR IR
Al 2 EL A B (250°C~600°C) RG5> 8 (20~90mT), X6/ & F P IRAR 1E A 0 14
FEAE =R IE G AR (I8 6-5e, D)o ERPAL, LA =T ET, =R HE
FFARPIBUA = IR¥E ] (R 6-1; K] 3-3¢), (HIXLEPIRLA 1= RAE X 3k AR —2%, PRIy
WA A IR APATIS o SR, PR IE AT G RS BESE LA kg/ks=16.67, R IRAL IE 7
(R 7 1) HA B s TS, R AT AR & A AR E IR 7 17 (LR 30D

N o Mmax=26.2 mA/
1.07 ax=40.2 mA/m
W 680°C E
Down Up
450°C
350°C
250°C
150°C 057
T (b) 5272318
(a) 527-231B
NRM o
FRBEE
0 T T T T T T T
100 200 300 400 500 600  700°C
N
w F2C B 2
Down 5303C 490°C 410 Up +
58050 310°C +
50°C "
180°C *
®
() +
40 mA/m + NRM AERT :
(c)528'237 270+ + + + + + + + + 4+ + + + + + + + + 490
PR ESE + D=189.0°
* 1=-16.2°
T k=117
.
0o5=7.3
%
W\ ;:*\
Down :

+ 4+ + + + + 4+ +490
D=194.1°
1=-60.7°
k=76.0
0.95=8.8

(d) 5312624
FOREER 180

6-6 LA FA AR MR I EX R EREE (ac,d) RICHWBLZEE (e, FIATX

e Mg (b (e F b A ARG R AL T B 7 1) D

TEUTHP - FE il CR AL 541-542) [HGERE 2k (& 6-5g) FIAHXH Gk 3882 1t 28 (& 6-5h)
WoR, HATHGEAT 580°C 1 680°C IFH4) H BRI SS IS, 1Ty H PR ANIE SRl R 1% X
i) (150°C~580°C Fl1 600°C~680°C) 43 25 i (1 FI ko3 50— 3, R BARE S rh P 3= ZE 30 1
BN FN AR IC S T AR R BB 7 1) o BT PSSR s A 2 PR AR ), PRI e A
FE ARSI o AFE , P RARE I IS PRI R0 7 1) AR X117 1R 5 ) BE 4 1 26 s IR R A F g 1) (7
REIERTIT D). T2, mRRIEJGEI 2 NRSUREN A R IFEE T  SEERT 4 A%
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TR D VAR HEIT N A R S A B RIE JT 17) ) D=165.3°, 1=-36.4°,
k=37.7, oos=11.0 CFEWLF3CIH8).
1.3. &M

TERE B AR EE, WrRE s 0T I e VG 7 10 S A EREH — KL 10km, HUE &L
2km ) =B RLAEHI. X b, O EE TR SRR (Px) CHramki 5,
1979; 1993), AMEFT AL A S, Miba. WERES. HZRACH 3 YA AT BT
JE o TEMEILFEARA S, ks &A RERERA, A K/ 1~100cm, 5 FEAL
(1 S K s RSB O R o b 2 G 1 SR T AR, SRR K &Y
300m, Hb 2 JZJEIE 100m. K& 6-1d 7, Z1 b S i /e Bk () g3 0 200mT A E] 90%
MOFNE, FFAE S00mT R, o R thek (K 6-2h) th B Rfith R AE 580°C i &bk
MR R RIS, IR SRR AR AT SR A KR R [ 2k (B 6-3d) . IR LIS AL R ZR 1,
WERRA SR AL b h PRI . Fioh, SR FREAE 200-500mT 2 [H) (R REHIL 5 35 9,
B IR AE DR i R IRt B OR, FEZ) 300°C A1 400°C B, REAL R AL HIL
TR TR, RUFES S DR R BEE ) i BB AR 55D
UEAh, (EMHESZIR A HI B, FESRACRIT BT (B 6-2h), KU FE R RENET )
RAFMAER o« ARGV P ) 8 AL e LT I A B Bt R BRI A, DR OB G th £k
7 580°C Ab¥A K AL EEIEAT (B 6-6a, ¢, d), HEERT RSN B ic s IR 7 17 A —
o AT (R i 0T A2y 2 H AN el oy it L el s il 2 s v B 5 AR RSP
Fwi 717 Dg=189.3°, Ig=-16.2°, kg=111.7, ctosg=7.3°(IZ I H[ ): Ds=194.1°, Is=-60.7°, ks=76.1,
0l955=8.8° (IZIEJT) (3R 6-2). W T RAEHE N IRHIE, HrRAEH —28 (R 6-1), #uk
A FR AT o
1.4. EFEIE

FAFITAL T3 LLUAR R T ) A A3 207 B3 | (& 3-20), SRAESITE &
25 15m, FRFES N EARGEIREEA (Cot) Rath iy 5y (£ 6-1), Wall
Gh . A ks L RPN T R A 2 RAH N B . T e tE AR A G th g (8] 6-1g) AT
T WAL S U Y ERT R AE . JE LR M2 (18] 6-2m, n) UK, HAALERAE 680°C H
WRBE, R LA R A PR ) E B R TR S R A AR A R )
HApw e, oy madEs —8 28 6 AR AP 14 : Dg=211.5°, g=-36.4°,
kg=354.3, 0losg=3.6° (FZIERT); Ds=223.1°, Is=-40.8°, ks=350.1, 01055=3.6° (FZ 1)) (£ 6-2),
LU P RZW A TR, TiRbAE =R e HARR P2 (15°, W3R 6-1), FUbkES
Rl ougs 76 7RI IE /Y 5 B I WA AL, OBt RE A A 56
1.5. FIF&ImE

h T BRI 20 AR (ol M8 , 1 2 e e A 3 B LLAE 30km &b, WY FRIAS A7 20 % (AL
Kl 3-2a) SREE T T PSS A ALV FUACE « WP TIe E S5 i o AN IR P 1 A6 Ui 3
SEEG WoR SRR Eh R (] 6-1b): 1) AR IRAR T S5 o 5 4 200 mT B Rk 21
TR, R BHAFE i o T A4 R AT ) REYERT ) CARERRE™ ) s 2) R I8 JUACE TR A G 3R
T 58 AR AR % [ 4 37 H OB B T, 200mT WA B 80% AN, 2 G dksggtetim, =
1500mT W I8 S KREACHRIE , R WIFE & PRI il ) Rl s e e W) RN A7 AE s 3) 40
0 S PRI ADG FR Rt B 2 Ak, AR I3 100mT ks KACERIE, KRBT e
JIMEXER W HVRFAIE o P00 27 S 36 3 B, A B e RS JIUACE IR AL 2641 580°C I R~ e (14
6-2¢c, d), RWIAA R EZIIREET YRR, 1 BAE S AE I fe v, mitEn )%
WP o SIS PRI AR TR B3 AR AR, — N 0.096~6.98mA/m, K5 ik 0.25
mA/m fifi . PR E AR R R PORRERE R o, AR FE AR I R R, AR
M5BT RS S RRAE RN RE 20 5o AT 8 AR mi 1 62 ANFE S, HUAT 28 ANFE S AT LA T H
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figfd ek (R W, ISR A FE 5L PG 7 17k . Dg=265.0°, Ig=-61.2°,
kg=4.3, 0losg=15.0 (KIIEHT); Ds=230.4°, Is=-28.5° ks=7.9, aloss=10.4 (K IFJ5) (& 6-2),

R 6-3 PRALDC AR ARG A M A 45 R

il K WN* MRME R Dg Ig Ds Is k Qos
LR 501 7/7 R C, 198.1  -552 2444  -41.8 4486 2.9
502 6/7 R G, 196.6  -542 2426  -42.0 81.9 7.4
503 8/8 R C, 1983  -50.7 2426 -363 1442 4.6
504 5/6 R G, 1584  -834 310.1  -459 38.3 12.5
Mean 4 R C, 1955  -61.1 25.9 18.4
2572 450 11.6 28.2
505 5/6 R C, 2374  -56.1 276.6 9.9 31.7 13.8
506 8/8 R C, 189.8  -50.8 281.8  -359 57.7 7.4
507 7/8 R C, 176.1  -704 2752 233  141.0 5.1
508 8/8 R C, 96.7 -68.5 2535  -39.8 32.6 9.8
509 10/10 R C, 280 -70.0 2305  -33.1 39.4 7.8
Mean 5 R C, 181.7  -77.3 8.5 27.9
2645  -29.8 13.8 21.3
EEAAET Mean 16/24 N C, 149.9 14.1 2.6 29.1
(543-546) 150.3 18.0 2.5 29.4
Mean 7/12 R C, 1482  -432 5.8 27.3
(547-548) 1474 -69.7 5.9 27.0
Ji 555 4/7 R G, 362 290 2773 613 51.1 13
556 5/6 R G, 583  -45.0 2355 -53.0 3845 3.9
557 9/9 R C, 75.5 27.5 83.0  -50.3 4.4 27.7
558 77 R G, 58.6  -36.5 2343 614 6.1 26.5
559 5/6 R G, 83.5 155 1052  -54.8 9.5 26.1
560 9/9 N G, 195.6 55 1478 48.8  162.1 4.1
561 3/6 N G, 194.5 63 146.5 478 1677 9.6
Mean 34/50 R G, 499  -48.8 25 15.4
(555-561) 244.1  -48.8 2.8 18.1

* NOWIRBREREL n IDK ST RO A
SUABFI S R 6-2.

1.6. EREE

WORFITAL A AL A 2k TSR BB AW A% I (B 2-7, B 3-D. 1R
i DA i 20 M 2 T B R S OB, B AT AT KO b s OBl &, 1992, 1993),
AL f Rk 2R B SE AR A A AR . DRIk, (805 35 T BT () K MG 3437 B T AN
J& TR AR, AE A i 20 S IR) 5 AP AL SR A E AN ) B O R I PR o B Ry AR R o
RG] (Cod) IERF O A . FRP A AR ARG FA i 4l (Cia) ek kbt
(K61, Fil BRI (K 6-1a) LWoR T SR RERRERR WHFIE . Jm BLRE ihek (K
6-2a,b) RfIAGEALE 580°C WL FRE, RUIREDN & Cia Rl Cod b2 TR FRIRE 1) 32 BEE A,
[FII, fEBGERE S, B REET Y)R e T30 SIS . FERIRETS D sEs . K250
a3 R o3 B PN R oy o AEERASR AN, R B A A LA — B, HI A kv
(£ 6-3), SRMLEAHSBIR A2 8], mi VPYIFIRTT M E-T o0 0. A 6-3 ITLLEH, X
NHRGM T, BRAL 505 LLAL, oA 4 AR SRS IE J5 IRGMSTF LU — 50, TR A A U AH 22 45
K VHEAF TG DT 1 A Dg=181.7°, 1g=-77.3°, kg=8.5, alosg =27.9 (AZIEH); Ds=264.5°,
[s=-29.8°, ks=13.8, ass=21.3 (KRIEJE). ARG A RGN, Cd HIFHIFE
W77 19 N : Dg=195.5°, Ig=-61.1°, kg=25.9, aysg=18.4 (K IEHT); Ds=257.2°, Is=-45, ks=11.6,
0l955=28.2 (KEIEJE )
17. BE®ExHE

FEF bz B S R ) () R L b, A e b 2 A2 B R R el v A A DR IR S 2 G
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FEMLEJR), 1969). fFEEHATE wBUL AR T M) 50km 2247 (I L (B 3-2¢), ARG A
LI IR R A R GORD A 2 P R T A AR (3R 6-1) SRIRFIRL IR (B 6-10) &
TNy BEERES PR L s U A R R R AR R T, TR v ) DRI R R AE (1)
WA 0 32, IR DRI IS TR AR I R, AR AN K i, (H AR
U P i 2 AR ATy AT DAL BIREAL R AE 400°C~600°C Z [R5 R (B 6-20). Wb i iR %
£k W LE 580°C I HE LI B 64T, REAL R IGE N8I ME (K 6-2k), RITIZFE S E
BRETEN W) A R ™  02A 1) B AR TR RE AR5 5, 1T ACE I AR RE ) e ks, %
IBRELE R, K2 O S 1 i il SR R o s AR AN AR, ARV S R PRI T ) o 7
FRE I AR R, 8RR — AR R 2 A ORI o S e — i, H T4 i -+
oy, HBEAIERE, A ottt T AR 0 AR R I R 7 1) P REPEARAR, W
PR (R 6-3),
1.8. FUEHE

Je b i AL R & foe, A T e Rvkia iz 1) (K 3-1, K 4-1D. FrRFEME
TR L ARG RMRAA S LR L Rs (€ 6-1). SHmFIRL ik (B 6-1h)
T, ZE (561-508) Hr e 4844 = BRI iU REVER™ 1), T4l amb s (558-489)
BEA (R ) REVER b A e e . BREsSE s (B 6-20, p) B, LR
ZikE (557-475) [ HUE R HhZAE 580°C Aida IAZREHT, R BRI N %, AR 11
BTRRTE . Wb (559-495) [1))m LR FE 28R 7E 580°C WY BH AT, MM itk ZAE 680°C
B AR R B, RUIRD A P BE S A BB, S E AR . IR A i I OB R sk
T ny DLy 125 W AN FR G oy o, RSB RG 23 1 S5 IR M) LB, i v e 2+ WU B
B HAE SR (557-559) W, ANIAIRE b AR RE 75 1) 22 AR LUK, R IRK
(Fows - SIRIIKEESE Kk H (R 6-3)0 5 miVYIFRE T 1) AE P~ R 1E J5 REAW A P e,
WA 15 7, AHRER A A 2230 K. 28 6-3 FIH T 1 34 AN BB Sl R HE R 1) TF 65 1
(PS8R, (RS JE S 50 ows (H I AN EAR

2. MR RS FE RIS
2.1. BELEHITRS

1
O <
Mk 0 0 0 ¥R
I R M 0
— oo og _d¢ 0
= i oo 0
e ioe <> |:| 0
i X (blj 0 0 0 A
s 7AY ¢ X A o
E W A O :EI' 0 A
g 2B v, ok oD 0
5 “@H'n i s, - i
IR AT L 0 o BH (45) |
= K P ¢ FRQ5)
> éﬁ 0 A AZ (8)
5 e ! 0 R (49)
2 X
3 X3e" me o o FA (14)
< . A EH (13)
' A X Bk (17)
pER |0 BEAEL AD
_1 | | | Il | | |
1 1.02 1.04 1.06 1.08 1.1 1.12 1.14 116
Anisotropy degree (P')

6-7 GHAL R SLAR I T AE AR MRS SHU(T) S& IR (P) #Ei
P’ = exp{2[(InK1-InKm)*+(InK2-InKm)? + (InK3-InKm)?*]"?}, T=2In(K2/K3)/In(K1/K3)-1,
KL K2 5 K3 #dii 35, Km =% FMHE.
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Ak, Rl iay A AERUSRE ) T2 WG . AT TSR R FHE
X CA bty M R 5 T S R, 63 AN A T R CRE RO 6-7) JEAT T A4
FIDAR . S5 BoR, S ASHITH 4K 2 500 i A B89 1 & 1 e (PP<1.D, i HER T
A R B A o T ) /D BORE S A, R 23 0 5% i e 1 B /T 1,06, U R A
AR PIE 115, LRI REA K, IXEERE IR 42 W B ST . Hah, %
AT R I — 2 PR S A IE R R RS S8 (T, A FIX 38 (& 6-7).
2.2. FIEFEATENE

B T B2 35 T Y B P L8 A0 & s S TR ACE LA, Bl i 8 40 40 Sl s 7 PN AN ] 1Y)
FlRE oyt R TR e PR TR G 70 Tt o K BT R R AR R R 2y e — e, VT B
— A Dg=348.4°, 1g=67.1°, kg=15.9, 0tosg=3.1° (FZIEHT); Ds=350.2°, [s=52.9°, ks=3.3,
095s=7.9° (FZIEJG) (n=185), FFAEXIR EHAA AL . 1% VFIE T Hak T I 37 1)
Tl o A ARG B RERE FE R W, ARERRARA RN IR BRAT 2 R 235 A AR e 1) 2 B Ak, T
B = RIS AEAE TR —AFES A, EATITC SRR T 17+ — 80 TR R X AT
WAEHREY, AR T HAb b . B AEARIIRE% 77 ) (Chen et al., 1992).

] 5 AR B2 A 5 o ) T8 A ot P T AR T Rt P AR 5 DRI VA 2 /L e
(IR 7 170 o AN/ 1) SR TR B PRI AR R A (R R 7 1m) B 530 0, B T A B
dn TR T I e — L, &5 ST A P30 RE J ) (PKS BEARARAR (AR 6-2 FIER 6-3) . DRI
X PN T A3 R 7 T ASREF T N — D M e

K IRFIH, AR Co WA WP 3T 5 1) s SRR A0S 56, 4% 1T AW A A 7 TR A
WG AR IERT AR T (3% 6-3), AHL[R] AR SRR Al £ 0 AR A3 584 73 . 0T Cy TR TR 45
PR FIRE 7 1) BRI ORI A, B TR0 505 LASN, 4y 4 AN SAS IE S R £ b s
A, HANFT Co BbA IR, AHREAR £ 75 ) A 3 0 . AT 2-7 AT 0L, (RS
TR R T AT ey — B RIS Y o BEORMLAAIT ST 45 R W, IR e R R AR A
FE R R AR TEAE T, AHAE &R 2 0], R b — S i s A AR ZE 50K, IX AT g
ST RAELER i RS E ARG AR T8 25 R 12 e ¥ b s AR TEAE 5, IX LS5 i 7y
) AN it FH R AR 3 ol 5 e ) ol M i g 1)

i Ve 5 T PR 175 0 5 1R i) TR AL o BLAR A S i A0 28R o o LA B R R A 56, 1HL
FEEY AN, M PRI B HE ) — 8 (A 300, AR AR 75 10 A 1E R
(K 6-3), FHMWMEE G, EHZEARRT, BEWHS AR SR+ 8, (o
CATI G £ 22 A HIRE K o 2 TR T T A6 IR L B 28R i e i 284 2 i), L bR ol W3
= KAGEWPIPEB D), DRI IK SR 5 i £ (90U B I 52 AT -5 0 1 DT 3Ry 1R A 3 AR T A
Ko I NAZ K AEAERFE s 18], 17BN 3 52 BN AR TEAE T 5200

HIEFITHRTRT 5 AR th T HARTRIREDR oK SS, ADECE BCRIRE 7 A% -+ i, PRt
TV S A W3 R SR 3 R T o) o LAk 6 AR ARG g 1) W LA e, i HAR B2
AT DAL S8t BRI TH A e ZR A i DA A DL B 1 DX 8 A ol PR R g 1) A B AE R
[T SR iUy T AL b B P 350 1T B2 20 R s AR Ty, TR e el g 1) mT AR 7 AL T B )
AT 1R, SERARRIRA IS 5 SCRAE R SR .

AT 6 A PRy 1 AEw —80 H¥ o ok. iF2 72 Bk —2L
DKL Ay A KRS 56y o 3 S8 5 1) (V0 AW A 55 TR e < S T ) R A6 £ AR — 380, H
T H N ZE AR K. i 2-7 FE 3-1 WL, A ST AT AR AL R e i 8y Uy
2 Ta), Ja JE W B U FH o] g5 350 R S T R AL T2 R AR AR TR ey s g e, AT A i1 T
T TR B s £ R PE AR AS o BRI, R SO 23 BT A2 R85 T 1) ol M 7 1)
2.3. PSR

MK 6-2 W] ., TRAL R AR AR RN 8 R A R 7 3 B ot 540k
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B R (PCRS, 8% Kiaman A% PEX [H]) (Hounslow et al., 2004) 436 . H
b T AR DR AFE S A AR B A KR E K LA TR K S DRI E AT A R 2 T, 75
FEHE VIR IR AT 8

W ESCETR, R HIA b A h S A KA AT, R L ek s AN S e e
CaRMKEEZ b, BT (1979) BRI St AR SR 1 [ B 2R
BAR S OERn hE by St Hepr L, SRR RS ROk I =
T3, BE 260~250Ma. A% Z0 2 1 I A e — B R ) &, (HANR SO T4 —
HWZAT, BEH Padril (GR 6-1, 6-2, 6-4). HSRT-ITIRE T 18] (FORS P S 50 k (A PR
TSGR, AR T () SRR 1E A e (A AR A 46 . XF LG PCRS, %51 11 R — Bl
PERFHEIRL 7 ) 2B, 5 A TGN AZAE 250 Ma (PCRS ) _ERRAEES) 2 Ak, RIZRImiA
FMp — BT R TR ) S AR R o T, M Y38 3% 7 1) v SRR A O A h Heige
AWM I A=79.7°N, ¢=172.0°E, A95=11.3° (n=5) (& 6-4).

WA IR T A7 Ge bl v vb e 2 4 AN RAE s TR 5 1) il sk T I AR A 56, FL3 B 40
Wetko %75, Mo R (325Ma) 5 PCRS [ N FRAER thi—3, & FIRAEMIM
RN, IXEORE S VAR — I B AT AR IR T 0 o AR SRS B, BRI ET DAHENT, X AER
ARG AT AR A R SR o Sy — 51, 5 Bt AR KL X B AN S 7
MAERRAE IR AR R Z 2 B CRrsEihl™ =, 1993; Allen etal., 1995; Shu et al., 2003),
FHRRAPAE R R AEAE R — Bt 2y, Do) DUoHERR St E R . s, S aRs
FAFRE T M5 L RS E IR BB AR (R 6-2), NIZEFAERIRE T A A
Mo SRR R . BT FARSES ARG S AR AR —3 (& 6-2), Jf
HLR IR WA R b 2 5 (R K L R A8 T = M A i v v T f e
WU AT, B4 U-Pb ARSI IT R B, X B85 A 108 A 361Ma F1] 309Ma i WA —#5),
S AL IR By QR A — B R 2 2 A it w0 o 3 — SR 3 I AR AR ) A
F e oaor it it a A e (ARt SR e R R A M ERL. A
IR A TG 7 1 () 1 RS S 50 vT LARRRE by R AR A TEREAL 2 Ja AR A T, skbr b, 7EET A
AT OB BIGURCA K A L R AR A2 (B 3-3a), R4 R NG T A, (HE T
HF i, Bk, AN, A ARG EARGCE A AL RN S T oA R
FARE 7 1) o H S AT LUE S A Rk 3R A 9 AR AU~ B KRR FaI % 7 1m) b - Dg=176.7°, 1g=-62.7°,
kg=13.0, ogs=14.7° (FZIERT)  Ds=172.0°, Is=-44.8°, ks=40.4, 0195=8.2° (IZIFJF) (F 6-2;
6-4b, ¢)o

FAN R DA B BRI . X s CROS 537-540) T HAtt: (B U-Pb
TEWS A 354+5Ma, HEAKEESE, 2005), (HPTA O] SERIRIG T 10 75 BRAA bR 2R rh 3 BAT )
PE, JF H B R e aia s (8 6-5e, £, FHXEETE 7 n) N4 BRI R, AR
A R S5 A R o % R B AE KAE M X AFAE 31324 Ma CR KA, 2005) Al 315+3~309+3Ma
e (WA =5, DM fARgs & eh PR IE IR o Rt (~310Ma) & K ATt
AT EE R . 2T NN REID A K i, PR FRE 7 2 A SO, (HE A7
JEMARR R ST X A (e B AR bR AR T R ), L5 I 555 PR~ Y FR G g e —
o HARMGUID AR N ARG B R Crsdihn™ =, 1975; 1993), SRTH AL
ATHA 55 S o MK 358 T8 T 1 23 DG 3SR, ST K LR TS 2 PR T R e 1 R et ) 22 i
MR REE T LAkg LA —#igid). T LLitie, i 4 ADAZRE R AR IERT
W7 IR 2 ARSI S R 1E 5 B 5 1) v B — AN~ Y R 5 1) . D=165.3°, 1=-36.4°,
k=37.7, aos=11.0° (& 6-5¢, f, % 6-2),

ZE LRIk, A5 TG AL R N SR I T BN T A R R A SR T A R R O
NI E PR A S T 7 R s (A 280 P38 3 i g 1) w7 AT A P R e R At ) oty b R A <
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1=68.6°N, $=290.6°E, Ags=6.1° (n=15) (K 6-4).,

=1 R R AR X B HE X B

b2 60 4k, AT AEA) T N TR E RS . )L AER, AR 2l i ST
GO T BRSSPI X 2 BERGe, RR T ORI S s . (HIe S 1k, AR ST A
Mol M GBI R 4 . Bazhenov 45 (1993: 1999; 2003) Mg se gy “db Rl
A7 PRI R . AREN 8 R A AT 7T, 45 R, %M DA R A 2
T HBRETT 1) IR AR AR AN T2 2 il He (PARRDE AN S A A= T R AIVa IR SR . i T-F
G A7 FELT TR LD A 3E AR T Ay TR TR A #40 FT VG Dl 2 e A Ay s o 3 Loty oA o i W 2R84
FHRTE, TS AR W B A [ g5 5 5% (Bazhenov et al., 1999). sz |, AL MBI —A>
HAanrsE e g i R OB E: (Allen et al., 1992; Coleman, 1994; Gao et al., 1998;
Chen et al., 1999), PG RMEE s i, LR LR bW A (B 2-7). BAR
PRAL e (7 5 D s AR TR R L g, AH LN ERIRRCAT K AW R AR T, e R TE R 2
WA IR AT T AR RS 200km, (H PYHb RS A7 BAT R — S R ARG 7 1) . R,
MNEH AL e BRI I s A I B b X SR A 1L 7 1k, T DL R T SEARE AN AL P
o g (35 6-4).

F 6-4 fPALH R S AR K AT e R 8 ot g AR R L3R
Fifi b FIF 5T X 35, W Slat Slong N Plat Plong  Aos 2% 3R

AL W P, 434 825 5 79.7 1720 113 AL
DN C, 433 811 9 72.0 287.1 89 AL
eI C, 433 833 6 639 296.0 98 Y Ng'e
Mean C, 15 68.6 290.6 6.1 AL

B2 120 NI TR 0P N P, 402 79 21 656 1812 39 Lietal., 1988
FIPH D P 37 80 8 654 1705 8.5 Gilder et al., 1996
- P, 408 798 24 629 190.7 6.3 FEE 5%, 1983
- P, 20 66.0 1888 6.3 . F 7, 1991

P, 421 834 10 732 1910 73 McFadden et al., 1988

Mean P, 66.8 184.1 4.9
R c, 37 80 7 60.2 1654 11.1  Gilderetal., 1996
R 52 55 C, 403 795 44 522 1795 8.6  Baiectal., 1987
Bif e, 55 C, 406 795 9 46.5 168.0 4.6 Fang et al., 1990
- C, 405 788 3 410 160.0 4.0  Zhai, 1988
- G, 44 613 1740 4.0 i H 775, 1990
- C, 22 46.6 1702 4.5 TR, 1996
Mean C, 51.5 169.1 7.7

[ (SRR AN P, 5 500 160.0 7.0 Van der Voo, 1993
- C, 17 41.0 169.0 3.0  Van der Voo, 1993

HEm R Rt P, 44 881 7 760 193.0 4.6 Nie et al., 1993

B&oRF P, 438 877 78 777 04 55  Sharpsetal, 1992
LEAFY  CrP 472 866 26 69.0 3500 7.5 Li et al.,1991
LEAFY  CprP 456 832 23 78.0 2387 7.9 Li et al.,1989

LEARFHY CrP 438 878 4 69.0 2310 137 Lietal,1991
LEARF®  CpP 438 878 7 550 172.0 151 Lietal.,1991
B | i C, 467 861 15 70.0 299.0 6.4 Lietal., 1991

a, PRSI DORSREREPE N 32, 42l 78 ANFEAL T A 4 AR 26 AN ] 3 2 thRUE R 7 1), fH
AR B . e 20t K R IO 353 W A

b, LA E, Il fELe 2 5 WEE AR -

* RN .
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N TR A e - 5 T ) £ A R e 5 A AR ik e 2 [RIRIAR X A2 8), 3 6-4 1641
TR AT B FLA L WSS JIRT P AT AR P B ] B A vy A o B FEL AR B A 5 kR e:
B MR T SR EL A T (MR Ags), LRI AR A b i — 50 CRE 4%, 1983,
Baietal., 1987; Lietal, 1988; McFadden et al., 1988; Zhai, 1988; Fangetal., 1990; i H 77
&, 1990; i 1 75, 1991; Gilder et al., 1996; 77 KE9%, 1996, PR ISR AGF- 348 7373l A A=51.5°N,
$=169.1°E, Ags=7.7°F1 1=66.8°N, ¢=184.1°E, Ags=4.9 (& 6-4). Van der Voo (1993) 5T
U AT VA R I A 7 ThE R 16— B H 1 oy b R AR 20 3l i A=41.0°N,  $=169.0°E, Ags=3.0°F!l
A=50.0°N, ¢=160.0°E, Ags=7.0° (¥ 6-4).

KU Rk, B H AL, B IE AL . — e MHERSS IR R b Ve S
WA BT IR T e I BEE (Lietal,1989; Lietal, 1991; Sharps etal., 1992; Nie
etal, 1993) (3 6-4). (HJZIXLCE — M bb A /1, 1 HOKH8 20 JR0 R 5 19) PRI AF08 AN B8 B
Bl Li et al. (1991) MAERE /R B S RAG PH SRk 15 1) iy MG AH s Al o AN — 38, i s 3000 S
AT e R FEA SRR, Si4h, TR 04 W R s PR e oy e f ke 31 — B e, [
MM, IXEEEGRANIE A [R] L b X M B e T e b R Ak, Li et al. (1991) b4
T =W R A R, TR R T SRR LU v, TR A LA D), DRI ok
AREVENE IR My B i A7 5 A K A AR (A=70.0°N, $=299.0°E, Ags=6.4°, #* 6-4).,

180

OF++ + + + +F A

Yili-JG to TRM
Yili-JG to TRM Rot: -13.8°+15.6° TRM

<R
7 'E\ —
Yili-JG to SIB
Rot: -70.0°£7.4°
Rot: -60.0°£10.6° R Aplat: 7.0°+5.5° Aplat: 7.4°%7.7°
Aplat: 12.8°47.1° J
270+ + + + + + + N+ o+ + ++90 270+ + + + + + + +
- . \/

+ Yilito JG
Rot: 2.2°49.3°
* Aplat: 4.2°46.9°

Yili-JG to SIB
Rot: -38.4°£17.3°
Aplat: 3.3°+8.6°

+ ++ +490

G+
Yili

Yili to IG
Rot: -1.5°£15.6°
Aplat: 4.8°£7.7°

W5 KA

»
%
%
"
"
B
0

%
%
"
M
$

0

P 6-8 AL K AN AR bR e A7 e Ty i — Sty A S B X 5 T P s T
TRM, EHUKHHE; JG, #EW/RHbEL; SIB, PHAHFEAREE, Yili, (tALHibE; Rot, M2 [EAHX] A
T, SUERNIE e Aplat, MRERZ RIGEEE ERIMINTIESE (M), IEHEERREEK.

Sharps %5 (1992) FI Nie %5 (1993) 437l 2 & AR F-FIRIBHI X SRAG T PIAN IR — B tH (1
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Wi, (R 6-4 Pras, 14l 78 N ArFEdh i AN 4 AR AU 26 ANFE il H AT A2 € (138
Wy ), LR S TR 7 10 384 KIS i ks, HB R R S os . 534k, ix4e
Pl 7 1) A mi AR R T) R LR 20150, T34 by Al g e s FH A B o R g ) o
IR AHECT S, AMORIBHL X BT A b g 7 1) e dee, B T IE MR, itk
A A L (A=76.0°N, ¢=193.0°E, A95=4.6°) 1] LLJTI A3 Hkng) /R Hh Bert — 2 ()
G o

Kl 6-8 {1 AL e FLARAL S b B A e R — S A R ) S [ A5 T g, Ak
AILLEH, AMARIELIOK, 4 N2 ARG LS wE W B RAXTIEE), (HAbA1Z
fAEWT IR . EMA sttt AL SUEms R bR R B, WAT 7.7°£6.6°10 1
PEEG, T B LR P AT R AR B AR PR AR G, e AT TR A B A3 S A 120.5°47.0° F
119.0°45.1° (|#] 6-8b)o LIRFE UM ELL I /NETR G S, AL 5 HERS IR 2 Ta) A e tH I A7 A
4.2°46.9°MMLEBERE R, SRR Z MM B4 12.8°+7.1°, S5 P{ITRI 2 W] (1) 26 5
PHESN 7.0°£5.50 IXELLG T 1 (14 B B B A0 R 22V N FE R 0N o (HA AL B 5 LAt B
Z T2 AR AR R AR AL S RN K R] E WAk T DR AT 2.2°49. 3 [ AR X Jig
B, WV R LG ZEE DN, DRI BERL (7 10 OO A S b o A TS R B A
60.0° £ 10.6° I BT e, AHXS T VAR R B AT 70.0° £ 7.4 100 i 6 g (& 6-8b). M —
A, DAL YRR IR AN R P RER A — 3, A FEIR /N T 12.1°49.9°, 1 =& 514
ARG Z AR R B 2 (>24.1°46.8°) (K 6-8c). ARG B tELIK, PHALMIXT T
IR B ERFIVYA R AR 4 B E AR BE S 20l 4.8°+7.7°, 7.4°+7.7°H1 3.3°+8.6°, TfAHXT
e 1y ) -1.5°£15.6°, -13.8°+15.6°H1-38.4°+ 17.3°, MR /NI ghs o

VYT T HBEEE K A IE R X

Mo HT AT D, B AL e By e 2K L B EL AR DG A1 AR S b B 2 TR R A R TR — S
T, A2 B AR AR N, BARE D TR, R AMAaRILCK, 4 FZHA
WA KAV RS ERMXEs). X—a RS AR a, B EAR, (A
ARG /R A5 Bl o 3R« R4 O T 1 R A FHAE A R R WIEEA L R (Windley et al.,
1990; Allenetal., 1992; Gao etal., 1998). HMifisk it —&HLok, A S HAbAH
IO PAE A b B AN Z B 52 B ek N8 A A BRI RS 7R 725 1 5 % LRy s A AR o AR
FHAHH N ) ra b ) #7845 %5 (Tapponnier et al., 1979; Chen et al., 1992; Avouac et al., 1993;
Cunningham et al., 1996; Burchfiel et al., 1999; Shu et al., 2003; Charreau et al., 2005),

H WA R LIk, T AL M S AR IR M DR bl — BRI, WX A Bl AT I A
IR OGBS, Wd Ui, M Hrs i Ik R g s B [m) 5 s AR R 2 3,
PRI 3 T DA A — DA i EScpnid, AR M By s e by 1 FEL AR P A R T ] A
RGN 22 T ) Ff R B AR s TP A - e R SRS DL I AN R Bl SRA R IS AT e .
AT AR 0 S A o TR e S DOk, B A - e R A T B BRI G A R A R AH
X e (& 6-8) o Tl M A 7 HH: LASK (AR ORS Ji e et il 25 g, — 23 THE LUK R AR g e £
AJ DAAG B e -0 S S TRl ARG e it T, MM e tHE e — Bt a), p A
TRE ) R PO 0 T B BLR R Jaifi Inf £ g 9% 17 46.2°415.1°, AR T VA R i B g 5 1
31.6°£15.1°. AIE] 6-8c AT UL, [ G 5 {H LUK, A AL-HENE) JR AR NS 55 LA 108 IS 1 g (13.8°
+15.6°) fERZEVEHN CARHMALIE, RTADY 5P ERNEAR A 38.4° 2173115 I
BT Te#% o

M B A R LR, 4 MR O A R3]k, R He e 18] i AR g 32 SR I N
W MR TR E W BT I FH DL SR R 1) A2 8% o i 2-7 o, GRS . dbIA AR E
PISBIPEE W BT o b AEIa A AE R LW (Sengor et al., 1993; Zhou et al., 2001;
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(a) HRAIKIH

b) BR-BH

(c) M7

P 6-9 i X B R 2 ] AT 5 1= 8 TSI AR O T e A A 41 i ) TS
s AR A 25 158 DX 7o A AR P A v e R v i ok 2 S AR Bt 250
K, BR¥; U, BEASE 0, Bl (GOED
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Zhao et al., 2003), [a] & A KL F Wi (MTSZ; Shuet al., 1999; Laurent-Charvet et al., 2002,
2003). BT R, AR WA L T W R O A eI B ) A (LA DY
Laurent-Charvet et al., 2002, 2003). ARG &R0 54 I Hr 2 W13 (Zhao et al., 2003), [ R4
HATH e WiZE (Windley et al., 1990; Allen et al., 1993; Laurent-Charvet et al., 2001), —#
NATEEEWIE CGERFE. B AW AR VG 0 B, ) <R L% e BE 4T (Shu
etal., 1999; Laurent-Charvet et al., 2002, 2003 ).

N TR A A RERUZ B2 E AR, B 6-9 SR T — ANBR B ] A e e 1) vl R R 1
1% 7 2 DR VAP RSP AR R[] e AE A R A B, AR Bl B ] (AR X2 8y, SRR E A2 7]
JEOR AR AL B o A T 5 Al S AP AL -SSR SR ARG 18 FLA L A R VR B ) S5 ) )
Rits, B 6-9 58 X T —ANHIX HERE R E e —ANBR B FEI SR WA T 55— AR U — =
WLk AR e o AR R s, PRARERIE AT A e AE i B V) T il — AN OB Wiy (14
6-9¢) o JHILIX — A ¥ F A /N [ DI FHD 1520 BRPD A2 P AL g8 JR S 5 LA 1) R oz A A7
55°N, 92°F, /NEIREARHR 1300 ik, MBEA et 20 0g — Stk AL RS AT 5 BLR
(PN EE e (46.2°415.1°) FEN KBAR Z MU R ILGER AT K42 T 11601380 km Il 7]
Pk (& 6-9a, b)o ZALFE I SERR b ph 7 AL-HENES SR RS B R L A8 5 R 2B 1V s 7 ) e
(P ARG, A AL-HENES SR AR T PEARRINE ) AR32 30 T 6704320 km, 1117 35 HLA A
TPHARNE PG i3 T 3604270 km. HAFHRHIE, B 6-9 BaH IS THAMEE AL
) [ R R L R e

AL, AP AL SR BT T PE A R0 PR I e e e, M R 2RI A U BT R A3 1
it RS T T 4 R 22 e e W BT /E ] (Laurent-Charvet et al., 2002, 2003). 15 5]
AT LU S ) — AN BB BT B . 569N, 101°E, b /RNEGREEN 11° (K 6-9¢). BifT
DRI B I R], B JRAE R T P R R I A (31.6°+15.1°) G BENES /K
WS WER W I AR KRAET 67041320 km FIM AL, 1M = Bt DLOR 1R 00 I e i
(38.4°+17.3°) I PEAENS R4REE 0] I8 5 T 8204370 km. IXEMHE S LlG, AL
NS RIS R —e, AR FVEAARNE N &Rizs8) (Kl 6-9b, o). 4T85 BRI RINE 1 A
WL Y O 2 AEH — 50 (Chen et al., 1992), PEIHIX— 30 IF 4t g A HOH S ) 45 1) A0 8
VA2 AR A e B R R S ]

Ar-Ar FEERFEIIIT PR R, Kl X A7 e E R SH4F & 2 7E 290~245 Ma (Yin
etal., 1996; ZLZTIEE, 1996; Shuetal., 1999; Zhou et al., 2001; Laurent-Charvet et al., 2002,
2003), AT A EE TS SFE M 290 Ma % 240 Ma (Laurent-Charvet et al., 2003), JfF
S5 =B - AR (Allen et al., 1995) . [A] I e A2 8 W5 4% S Jig 1) 2 e 17 22 18] ) R RRASEAN] 1
NiR%, T REARR A ALY NES SR HRARTE Mo AR RS 2 5, AR I R BF B LR
FIPEAA RN AR e 2 7]

BRI PG

1. AR R AR 2 R R A FTT A4 1 D 5 o AR SO PR AL Mt e FLAR X
8 AN, KAE T REIR . ARAM_ERTBLA A KEREMIL 61 4S5l 561 ML,
BEAT T ARG E AT MG A R AT 9 SRR S S FLALRE My (e T o e 55 A s
TR (AR GRBEERERW],  FrATRER b R RETED D O AR AT (B AR

2. IR RE KR FE it b 70 8 PSR 73 . BT IR R 7 T S R T
1) 5 B R\ 3 430 o o] A5 1510 T LB AR5 A M A 8 5 B A R G A R i 1) B AR
w55, NS SR IG5 17 o EL 5 A 8 e A R AR Fl T 5 0y LA Rt
ERE A R T ) AR HANREOE i ELAER sl AT ) BB 79 3 15, DAL SRAG A RA - 1)
T3 1) o TSR N A R GEREE KL E T S (R e s 1) S DA R S A B, DAL i ] g2l
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RERAIE R FIRARRIE . Jabe EARGR A KA UL B EARGRNE . K
L B 2 B AT R e DR AE TR R 7 1), AESZ:, #5350 T 45 B AR B RO R B i IR . LR
TELAATIE W, 4R 2 DI A f 8 R 2R I B IR IE AR T, (H O I e SR 5 T S
Je W W A R B, DR ST P R 2 T e R 2E T AR AR R R i e, AN A
XL R 1 TR R AR A A T W R RS o (HE X AR T AR F I R AR AE BN R L )
NSRS

3. NERFFIFIEHL DX N A R G A R G A R AT T R0e A AR e IR, I BAE
T TRURT AT B A AR — 38, P 7 1) 308 AP o BRI A R G2 A~ R 3 G v 3
BEE RS AT o B N ARG % B AR 75 10 WS s SRR AR 50 o S AR AL AR AR
ByCa S — E R B A o AR, DT, T N ARG L Gt S dee W ()25 9K
AR L, 25 R EIIE S T R HR IR g ) o BRI R R R
AP RAS (PRI T 1), SR AT D AL R i T M A A A=68.6°N, $=290.6°E, A¢s=6.1°
(n=15),

4. WEAFIMMG R4 )2 A AEFRE . —SUOEERBE T 7. B TREECR B R
J2 s DRI A R ARSI o AR IR IE S K BE S E0CE P, DR iy AR — B 2L
JEW IR AR TG, I e vk AT B A AL M P e St ) M) . A=79.7°N, ¢=172.0°E,
Ags=11.3° (n=5).

5. X AR AL B S g 2R L B LR RN G AT R AR B [ B ) o bR, AR
AR — Bt LUK, DU R (R £E 46 RS 8 B WA IE 5, R Rt LS,
NS 7R AR ALRIEE R Z WA R A BB B ORI S JRAE o 539k, AR i THE 21— S i
W], PP AL R PR X TR R A R AR AR e, AR AL- e SR — AR TR LR
WRYGT I T 46.2°415.1°, AT T-PHARRINE IS B e T 31.6°+15.1°, Hi S 3 AL-
RS JKAH T35 BURVE R LA e B B V)45 A A2 T 11604380 km U [0 2 , i 45 5 B AL
~THENES 7 B ) 2R A0 0 A e BY U1 AN T PR RN R AR T 6702320 km U ) A #2 o M5
TEAREE R, XU FAE AN R AR AE 290~245Ma 2 i), PRI, ARAL-MERE SR WS R L R 5%
WrBY DI e Ig g)), AF AR S A0 A] 10 4B\ 215 HLACHI U AT RS 9 AR ez [
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FEE PR IR LS EAHERE) T #EEA

Kbt 2e s 17 Wty AACEH AR 22 30038 L ORR 3 A FEA o ot AR A i e A 4
P REREE AR AT R T R AR, By AR AOR DS OR R Y A A L B AR LR Y
EENAZIE . g IR sR 2 B I B0 1A AR IE Y 4 AATTA BRI R oty 2 AR i
AR TARZ AERIR T o 15 BRARRE R (g 1l ot AR AR RS ) s AL ], 620051
I i AR A PO ot AR AR Lty R S0 . ABIFFUAE 20 A R Ll B AR AR 3 AR T AN oty 24K
JEREFAL A T AL 2 E, T e 4k Bl ARG A AT R I LRGSR , AT il 7%
TARAL SRR M e TR) M KRB g 2 A ) GRS, AR S AT

0 WASHWIE
A TR TR Ll bk 7 3 AR AR AR B b5 B 2 A H il i FH 5 2 1) i 9 s o 1 FH 1 5 2
(Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1979; Nelson et al., 1987; Avouac et al.,
1993; Hendrix et al., 1994; Burchfiel, et al., 1999; Poupinet et al., 2002; Shu et al., 2003), ¥R
g AG I M e i . B A F B 7 rpoy b X SRS PR ki P AE PRI 2 LR S A (Alllen et all,
1999; Vinnik et al., 2004). 15 HARM I [ SRR L& thitf 2 F, S EOR -5 AR 7548
et AT B EARME R TR TR, JF ) e BB R [ (Allen et al,
1999) (& 7-1) WRFEATT-, B R LT RARERINA Rl iy B B LR s 2 [ ()3 5t
HE %kl (Zhao et al., 2003; Wang et al., 2004a) Tor, B AR LBIZE ) G50 T RELEfif 215 1
AP NG TR . B30 CE TR IR a &, B R L AR P o A A 2 A 2
RICARAEATAE Y B 22 5, RWIZW R AR — Mm AL il B & g2 5l

Nﬁ%m| 1A | P & Mk |%E*S
R 2 AR o
km ®® > . “I'n | SO %i%&h’?
0 B ED RS TS  a E y Avi 'iil A ) O SR N7
RS TN\ e
20 e —— o e \\ b b2 =
PR S N — |
T U RS Bg /M.i:c?ﬂ:if—
80-EHR ‘{3::3::3:;1::1:;1:'-“/ ST S
PeABMIT > N R
AL BN
1204 N\ / s
aid A SR o -
N ———
200
AR AR FRELIS ] rewa-tRangmis A
/&@Hﬁﬂﬂ@%)\% /@&*ﬂﬂé’%ﬁ)& —/@FQ %_lg%%)ﬁﬁ_/ﬁﬁﬁi 7 %ﬁi{k:{/‘*’h}ﬁ%
PP it Png] #AERBARRBERRE o - pumnineg
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CGRITR)ERHE Zhao et al., 2003; Wang et al., 2004a, FHEI)

200



ARttty , TR 1l A S e IR Fa b A8 2 1R s D — A ) A b B A ARHE A AR T A, )R
10~12 km ) =SB4 Fri 20y E 2 R A2 T atER a8 (B 7-1D . [FlF, dERilifaRal
AR B e SRR A S WA N BZHERE (R, Wb e A= 2 b R
I HEE AF T T 3T 30km PR RE AL ) L7245 55 (Avouac et al., 1993), WA 2EACHL 2 2 7] it
B HIRE R R AR T mFUIRIR (GEENGE, 2006). HrAEAR LK TS SR & 2 R L P
HHER M, WEft i, R, B e il g, £ 0L AEAE LR
e guh ARG SR e A B AR B 7-D).

B RO RRENE S A REN

Liegeois (1998) A HABMFFEE WG 1038 1P hy Jo il 42 1) 32 2R, B XA g 2
PE RS SR MR G A3 o IX = AMRFAEAE BT B AL AR AR A 1AL, Allen et al. (1993,
1995) AAy, I Z M RIAENES /R Gt o — B 2 v BY D)4 F T iz 23 it (& 2-10B).
TEh, AR E ARG LU ) 7 v M DRI 25 LAVG G se b Bl frva i X (1 2-7), B R
TRARHERR A W0« R Un MIRUE K L 5 B Py T It e g M A e B i,
AR A RIE TR AR O R IR, IR PEBE A B A R wE A AER] (Allen et al., 1995;
R RS, 2005). BARM TR A . IR Ei. R ZEh . A e 7t
LR 7 it B A 7 3 2 M IR ARPAIE, (H 28 4838 S8R 3K 5 TR 9 R o 72 B AL e g b i il
KB BRI BE-W R EAR R REI W, ade R IR, Rl W, Ihfe e, & 4m
Py Wi sE (K 7-2), 83hy (WY, Fiw) Mb s CR/NE) WI9TRy], XLl
2N & TR AAE 290 Ma~245 Ma (3R 7-1) WA RERIPEBT D)4l (Cai et al., 1996; Yin et al.,
1996; Bazhenov et al., 1999; Shu et al., 1999; Zhou et al., 2001; Laurent-Charvet et al., 2002,
2003). Sengér et al. (1993) Al Allen et al. (1995) A\ A, M a] &3 8Y VUIAE B 7E 224 7 Hb
XAk, JF HAE O L AE s R A 0. AL fOR- R RS A
WIWT A SRR, AR A R -1 — S 30 a), DAL s BRI e IR s B —ik2, AR T RS HUR
WR LI B D)3 R AR T 1000 km 2647 (K47 BEM A7 F% o

T76°B T80°E___ o~ T84°E T$8°E
s L)

(4N [ ] pea A RAR A
] =snens
KSR 4 N7

[ A+d-s24

= —EaAREE

|43°N

“//’L jﬁ T g i}g\’g 7" é'%\L i‘@‘ 0 km 100
AN SR S 0_km 10
42°N L & 5
oo L 42°N
JT6°E == | 80°E | 84°E | 88°E -

Kl 7-2 A PR IR S 2K . R AR R

CRAH A AT T EEANVE R, (H R A K s R B V) A (]
7-2). AL DRSS L, P AR A 84 U-Pb 4084 290~260 Ma (£ 7-1), 5
Rb-Sr Al Ar-Ar FFiSEAR—3, HAHBAERERY, R E A 26 W 2E R
M. R 7-1 WJLLEH, ZAe s AR IR S A6 R L v By D) A AR o i, SRk
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B TR T BE S M BT DIVE G 0% o FEFERAT AL, ARARTERURLAR B 75 A B e AR A 2T
AR R, TE B S8 A U-Pb 4E# A 25244 Ma. RF58 98X 2 BF 5 b R 8 5 G0
B A S OB AT b 2, IR BEqE 5 5 A7 152 I hor B2 T 24 BT DI P 1405 v of O A= I A
B, WAREARELE, Hh—RBIEIER A8 A U-Pb 4FI4 4 27743 Ma. {E 5% & AR
AW T A AT, BB X s P 4T U-Pb SHRIMP 4E§#4 289+5Ma (FF RA2%,
20050, i4b, MUARHLIX i K H &K FUK LA RITE R, FRILESE (1994; 2000)
MK e A7 3R 45 280~270 Ma [ K-Ar Al Ar/*°Ar 465 .

K 7-1 AL E K ARIX S Ak AR AR AR R
Hb = My HA v Ik FER (Ma) 15 &
JER L HPRSL RRIERE BaB Ar-Ar 260.1£3.4  Yin et al., 1996
B NI WA HHRIAIR BIAEN S AR Ar-Ar Plateau 267.7+1.8  Zhou et al., 2001
B NI WA HHRIAIR BIAEN S 2 ABE Ar-Ar Plateau 275.3+1.9  Zhou et al., 2001

JeR il WA BRI IR s 4 Ar-Ar 285-245 A
NI vKiEYR AL e 4% Ar-Ar 275-255 A
NIRRT VKK Jr R MaBE Ar-Ar 290-245  Laurent-Charvet et al., 2003
AR bz e EEAER  BREKE MK A  Ar-ArPlateau 265.3+2.4  Zhou et al., 2001
TSR 2 TR CEfmE s BEME AT Ar-Ar 250+7.9  SARTHE, 1996
CTBARKIEN ORI RS 4% Rb-Sr 292415 FAEMAE, 1990
PRSI fERE BAEE Ar-Ar 254.5+4.8  Yin et al., 1996
PRSI e BT U-PbICPMS 272+6 A
PRSI TR B:F U-PbICPMS 2666 '
W AR IR TR B:F U-PbICPMS 2805 '
W AR IR TR BEF U-PbICPMS 294+7 AT
B el A BIKFT  Ar-Ar Plateau 274.8+0.4  Wang et al., 2004
LERFE  fERE - K-Ar 285 B s, 1993
LEARFER  ERE MARE K-Ar 265.5 Hu et al., 1986
BEARFER  WRE WATE K-Ar 256.3 Hu et al., 1986
B@aARFE XA #4640 U-Pb SHRIMP289+5 F R, 2005
W B s - K-Ar 292 EEMAE, 1990
WIS iaska - K-Ar 293 BroEeT R, 1993
FER ViAEE e BABE Ar-Ar 286 Yin et al., 1996
/R Ak Ak INA Ar-Ar 262 Yin et al., 1996
K AT FidsE A U-PbICPMS 25244 p 'S
Ly 75 Pk Bifi U-PbICPMS 277+3 AT

AR, a4 mKad Tt RS, Kl BT CURs s, kb2
RN S RIS EFREE (Allen et al., 1992; Chen et al., 1999; BRITAE4E, 1994, 2000;
Shu et al., 2005). B4l A KA E LR PIMEBT I /0 A, Fpe o] g B B UME R AR,
“HEE RIS, R I EE R E AR, AR Re Al FU R AR R R R
PRy PN o 900, P IR i A IR 2 B P R SR B A Ar SRR 25943.3 Ma
F124540.3 Ma (ZARTHEE, 19955 MARSE, 1993),

AR, WE 72 iTLLE, —BLa s . ME AR X % im A 5
CHristhy J5, 1993; Caroll etal., 1995; Allen etal., 1995; &M, 1996), H bk
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B AN B FARER AT, AEN LI “ B DURRI R S A S AE T B AL R
2 b, RUTELR, RilaRiEEH Caas ), AR ILBEN B A BB

=1 R RSB KA &R 7
1. HEES T RENARE

WA SCATIRIR, VUK IR B BRI SR 2 e iy A e s AR e, e 32 AT A B 5
TV KA KBTE SR In-S AR BIG3. Bol, FER. S Ll TR A -
KA (B 2-7). —HLBSK, EEEFTE- KA a e sl aea i gl 2 b R L 4E &7t
(Windley et al., 1990; Allen et al., 1992; Gao et al., 1998; Zhou et al., 2001), {HJ&, ZEF]: 1)
B VA e 2 e U B A TS ISR MR e - ot TR A T WA Rt ) 5 B
Putk, DIz SRR A% o dse 2 T8 U ISHARN Ay W A i H A o AT PR 22 2 R R A7 2R AR AR AR
PR, V- KA b sk s I ACY I B F - R AL 2) [ i ariR A h s LU rd A
AL e Tt A R A0 55 K B IR, TR KA sk iR s i LR Ik B B p 4l - B Al b R
By, db R K L UK G ARSI SR A i 2 18] CEB DY i),
I, ARRSCIAK, VAR - KA b e R A 51 8 T PN AN RTINS AN [F) A 1 A7 L 1Y)
g, Hoh s st des arohdb R ihgg Gy, AERIER IR (HIPHSE, 1992) [
F AT A E R, I S ELE K BN TE A 2% . JbR - ik A 408 K L By ) T
WA R 524 G A 0, A T320 A i sgm,  Jb R g sgii s HAb Rl -1
&I By IR - g 5 1) A6 38 A R K R B AT Bt 2. |, bR L SR A 5 i
TEARR IV Repl i sa feHEE AR 2 P k. 7EEl 7-3 v, dbRILgES Wikl S3,
R L Lty O S TR S5 (A e R [ — 4548507 o

T76°E T'80°E T84°E TRS°E
[ ] =&Z-#ER 13 ol R o N
) \57 i’@
% YR A ’ %‘] b
AN ;mérﬁmi\z _ N\ A
- - iﬁf«%/ﬁ«%%% v __—Ki o 3LF 44°N
T MR A% R ik . 5 a |
pryyep o Fe o L PS3 Ty
: VA RV 36 S #wE v,
R S B v ° y SLiTIImErIEN VS
= wELASH = = v —T e .
. o 5 et & &
[ +4rez 451
43N [ AdRAR o [ 1L : Sl
- — EBE Tl I e =S D) Py L43°N
= ARHE 4 3 S Y
-@ Mg s k% R :
q AITTD
oFT A5 ‘ﬂmlﬂl]])
BB AW 0 km 100
| 80°E | 84°F . 88°E 2N

7-3 PUR i A
(S1, Bl AR ISR A S2, MR IR H - AR 4851 83, JLR B AR A &A1)

B L VA AT R ATV S SRR A A A, PR L e e SRR A 1 B 1 ) — /M )i
ey, W “pR LS (Windley et al., 1990; Allen et al., 1992). B AN N, “FiRil4%
Gt R TE A B R v I i T AR T BT A by v 3 —afy i A T e 0 A e AT e )
J& T “BERINEE S 10 e RS HE R AR B KR . “RIR LA G A7 RN ARk —
LR iy, JF S AL R BN TE A 5% (Gao etal., 1998; Klemd et al., 2005;
KBRS, 2005).

bR b, ARBTE - PR R BB SR A AR 410-440 Ma, 54 KA VA SRR A%
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AT — B, W A A i R AR A I AR 350-330 Ma (Gao et al., 2000; Gao and
Klemd, 2003; Klemd et al., 2005), I AH A2 B A HI g T~ 350 Ma, %k v Al
IBAR A AR 330-316 Ma (LSS H#), XU LU AL S 9IUE 3 A AR (389 Ma
~310 Ma) HUNERE, RMEEZIUE 5RARIVERIGE 2 WA BEK R 55—,
b5 95 2 F AR I AT - R AT VA e 2R TR A s 2 25 b i 38 Fi 7 A R 1) A6 B D)4 12 )
i GERFE). [N, BP0 E RO K a7 2 08 B A R A VA e 4RI
T DARE S ISR 3R R LA AN AT DUAEHBIX . PRI, b o 5 i e AR S AT ¥ KAy dr 4
IRAEA T REAR K ] — s sk e (AT ABTIE “mRIEE”, AR SCRR “ Rl . 7
HFZAR, RILVETFAR I BN IT, i AR 7 - A R G, TR ROR L4445
O N R I DX B R — N Ay, B 7-3 R ST EROR.

o, HERERI MBI A7 By RS 5 BLT VR VA - R AT — iy ()i
BAE, MR L, SN R T e - Roa . G, JEh &K
FHERY N 400~380 Ma; fEIZzh b, Krieskiden b kK 8 AR A, HigmM
ra AL BY UIHEE B 1), 53R B X SR A A AL G B R-Je R s FUREL S )
1B ) FARE T8 B IR AR TR IE A SCRAZ IR SRIR A 2 2 AL R L S 5 I A A 1)
I, T2 MEEE (2005) 05 BLI RS R I R W], XU s iR i T 90 s %6
IR, SRS E e E A . Bk, EE A, AL TR LR S
MLk e T RER K — N E R IR G s AR sl & &, B IRE— MR T 5-
He IS Zh e, AR A R AR, e R - O R R A OC I . R 7-3
W, ZEEGT RN S2. PR LB ERIR A A Al 2 %4 Gl R m AL ) 51 e A F R AW ) b 4
BICR, T ICIE A S A T R R L W3 —5, 1) A< U o T 5 LR 2 Ak 2 b -3 2
RV Z T o TEPEIRBILUAR, BT P& e S b b X8 LRSI AL, JR&id oK AT LARS,
JIRGEIF NP

2. RUEWFI—ELWERTR S

e xb e AT R L SRR AT R A S B, B 7-4 iR T S AR g L
RGeS, BI_ESCRT A I = AN At Me AT 1T 20 b B 0 2 aE ot M /R (JBR
D AL RN B .

S

BER RN Ak EPHE F I vl -5
2 s1 o S22

=
3 !

F B R ERAABRARE A RE #p sl P-F A R AR
B E R BRI BRLRER-TE Aungns s [T 1 LEG-PRAGHRE S
T IS BB AR Rl b AR £ R B R e B R RE-5G 7 HEKL-ARE

K 7-4 PRI — B MG K

R HENE SRS BUR IR IE SR Pk, irSC G 5D ek, BEARET - PMAAT
AL R R KRR CL o AR BT T T, B ARG R Ay S B R R P e H 7347 AE R X
(EA VR SC A2 TS O AR oy AR AR B4 DRI LR A 2R A DA — A Bty AR A QR KBl e o A2
bR g G (830 LU, BRI w3208 — A s s 2s 44, i BV B A
AMELRR A A ARG 2R, JER I AR K By, R AR AR AR et X o Al B
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& AN EAT U RS R A s KRl 4, DA RRAL- 7 B AL KRS AR O R
FEME A (P - R AL W, il T AE R R b, 3 — s s KA %,
RN By S AT RS OB L o BUARARALMB R LI IR L 200 7, (H B RS (2
s AER IR — B0 CAAFAE . P, DA B AN A JE R L ph 2 (g
SRR o AETRLI- AR IE By IS P AR H AT AN 28, (HR SR T RE S AL 91
SEF LAER i e 2 A s, SAER e bV A 0, LA AR I A7 B0 7T g
CRAE P LOH AR A R LR AR .

ORI TR IS (ST MEgRILMESHRICE T (S3) 20, HIo ALK
e ORG-S A AL RSO, 8 T AR b . B R - B AR LA
KBRS A A G R, R IR R A B — & s KL 2k, FOs ] g b (0 T ALt b
AR L 2 B R L 17 R PR S MR VR T A % AE P RS, RASRIME R E
AR TR AL LA ST i He AR ity B e i Aty v A0 AR TR s 82 (B 7 AN 1) B £
STUIHERLAE T o AE TP R I Bk, Th e A AP IRAE BT S s ORI S5 H T 1) SR R AE
BRI E S Ve s R KB KR TR P INEAS T, AT RE S R (L e SRR A% R AR
P 1) L AR BT OIHERL AR P AT 5% o N AT R GE Rt e o e MR AN 5 60 i A L oy AR AU R R g 2
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Ak R R IR B AN ) T D A

ORI ZIA LA ERIRZ A 0 1, ASCRILIDhRR L, BIR R g 2k e 4
FOREER b R Ll b By B AR 2 (] I8 St (S2). BRI A i R BRI R AL 2
AAEAEEZR M, 1288 At v] BEARGR LA LS b i R PR i R R Ll 9IS Fi GA 2R
F R e SR 2% T R A e 2t S poR ik, ARSIV Bt e 8 SC TR IR ). R
g2 LA (0 ot AR A 2 3 DR IR UORR ) 3, DRSS AR T AR, B A
il 7 T o R NS e SN e = S e /0 )i = N 2 T o G R RS 7
H R, AERE FURAL GG B A0- Ve R A0 2 A R LA AR 5 g R Ll 9IS st s b A SR 02K
W FAMR N, W] e R LR ZE B S UL/ L 7 5K T e DL K B A o £
SRR K

B A R ARAR bR A A ER B 7 AR S

FE_EIRVHE IEERS B, AR T AN AL bR R Rty AR A QR S T 1 — 4
PR (B 7-5), iz s th B 21 A<00 [l 38 1 BT DDA AREaE L s i s A1 R
1 LA R b fia 3 i 2 R 3 LA W

FERFRLE- R B, AR UONIES BUAC — N, AR PHAL BT R - B AR R 2
AR N RFE TS, BIORIITE o ORI £ I Bl - v s B A b g v DR - R AR B
AL LU LA A SN TR e o AV QI G s RN RE S D R (S P R AP NN N e /A0
ISR, B IIVS EHOITATE R, TR IRt B B ORI BT dn i . BEi, (7
R HAL TS KA G A2 B - e ], U RRS o, r R IR
W HIT, JEEH RIS SRR T . LRI, 7R ALFIHENE R 18], f7AE
AN, BAER I e A I - e A R - AR AT, R LR BRI AR . SR HA
TEGHALBRT R OR L R R, $EE N, IR RE R . BE R
G ST A6 17 B PR b AR A R OG AL, TR R g sk, Bk
PR S B ARG o bR, AR R P B e F T dm 1) F O of s (P AL bl A
HHEEN KB G FA A, JER IVE R ARELAT R, A5 G A Rl B AT DR L 4 5t b X3 Jl
JERIRAER], Sk AR R PR TR, R AEIRAR T E ] o WA R, JER I G A 2%
P, PRSI R Bh A A, WA R A2 P I8 AR MR e Se i TR HERA 2 i, TR RRER
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SRR A o BRATRIEAR, VORI EEE L E ] sE M, AR el a3
S, SRR R R R AT T AR A —

PO oy A AR TR (R s R P PT RE R R R, AT A Sl i 7 o
) _E R3O0 A ORI, i 0 R 3SR e AR P AR 1 e O I A A
Bz Ta) A R age s A A e B DI A o BRA R TR B LS00 I), ARAL . MEME KRB AR Z
()RS 390 I B T e L IR I 1) 5 9 BT U T AR B L3I, R AEAE R A B A
FEGETALAZIE 1000 km iy, FEORGE Ly W ISR IE ISR A TSR BrEAR
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BNE FEGR

1. R JEiE L2 B S 4 b A L 7 i B 2 usE F Rk 3R

Rl —AN b ARARIE Ly, 128 o il v B D) AET A ARk 3 Ll FH 9 208 50
DA TS AR, B A AR LUK R b 5 4 R R B A AR H g b8kt il T 3 2411
R 3 2 A T, Ay AR AR A B PR R T, EE R s AT A R AT AR .
HREAIE TR B, TEM A - — St ), F AL fERES ZRAE R T LR R AR I 50°38
I, T BRI R L BRI B DA A el W, BT PR EIA 1000 kme W1iEK
(Y DI R AR AT BEAT ST R R i S 32 B IR, M BRI ARG B R A AR Ak . DRI, ST R L
KA I R IE A, AT ZER BR T AR AR IS AR T IR 5, 30 575 22 7% 18 31 )5 4 8 D) E
VERDO AR ARIE Ly 1 s, 15 3 7R AT B Al T AN
2. DM rp-mEaE A 2 AR 3G LR R MR R R EE AR E TR

Fay 325 1 02  AFEAR A R bR 27 45 SR AR I, R K BRE W BT D)y (1) A2 JE AR 18 /T 300Ma,
7 BT VAR TE I AR DA S 5 368 1L A SR I SRR s B A AR 2 5T 300Ma, 7+
Ay R 328 M T 2 0 B AN S DS T TR LB MR R W, B R T DR, R
i X Z R (RS R PRHALRIBE A 2 RS Bm 4 Lz, IF HAEM A k-
Mo — B A (R DL A i — St UK, SR (M R A BT A3F, R R &
JERPEZE 2 238 R F D E A R R D 45 A, T ASSE 3 = B el 1 1 il i
3. BN ARATES KA &M AERHRA

PRI X A 7 Z2 KLU R PR IR N A TE I AR 389~301Ma, FLra Kim s s
WEHA R 359~301Ma, HAEPHFALHIERG . JLFIl— 3. X Ee R I Bk A 2% H A i iy
B A R, 1T [ R AR I B AT R BT B HE 5 2%, 42 T Ebse sk
DURRIIRAAEH o i GA 0% KIEEWRIT I 5 2 A A B IRE E A A AR, A
SCINA, AP AL HBERAE e 2 R A R SR W R 6 S K A R s . A AE S e LA 19k
Rilifw Z K s B 50 AL RO —BUR S AR 22 R R A 2R AE, R =& T Re 8 T
[ —AN Kl B, e T4 AR B nT e 2 e R Al e e B UME R4 4.
4. bR LZEEHHTE B B INFE AT BE ) 2R R 1L SEf

BT T - KA e S A AN -G e, AL FAC R L SR LRg, ARl i
ppak e AR L B - o, B TR AL AL R i Ak, SRk 2 4kie
SRR ME T 2 MARFIEES W« BV SRR A A T A Rk 40 R B DA I 7 B
FEJT RN I, SRV A T B AR Ry e A A, TV A vh AR TR I8 ) R IR FR
JER R v mE AR, I SRR R L ST I 5% BB Rl S ) AR 42 1
ISR AR R, BRIAR R SCHEWT, JbR &8 &5 il BEZ 1Ak Ll AR ) A e . H AT7E ik
15 K AR AR W SR A 1 8k, A ke i TRk i fe b B AR BRI, &
ORKTIHERG A, IPBZSE ST R IE D 5
5. RIEERMBL M EmT, MEAHERCHME, SHEEBINTX

A A -} 5 TR — 5 IR S 8 5 TA R ATV SR AR — 3, Bl o 93 VT B AR i
(06 F 2 FOE AR 2R 1 A T 16 Ar/Ar 4R34 330~315Ma, BT FTAR I F o 148 i 4 i
} 345~350Ma, IS AEREAA OCH s (Bl kD AR PR 22 /b kA2 A 350Ma LA
R, IXLEAERS T LU AR AL SR B 9GBS e AR ) S B o bk, Rh e b DX oo e A s
AL G IR PR AL TR At LA S i S TR A% 5 iy v I AR T3 3 4 4R 7R R Ll vt ) s AR
I SR A B N TR TE K o AR E AR v Ih-Ta KAV LAR,  BR-35 fE 4l b 2 h
KE B RS 75, B R LR B8 R 20 46 0] e RF T Bk Ll B, e 2t
R R AR
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6. FaR INMBERE %A 2 R IR R 2 h i ARG L S

EIR L d P S PRI R 5 37 - PR DS L L - PE - 5 BU T J-PEOK AT — 7, MBS A rh B AR e
N - R R A, T R BRI A IR - A A, s RIS R AL 18 2l
S NEEI LB WiioF 1 B e il PR (= EARH -2e b i VY | A el (R ST /7 BN P SN e
gl il AR R LG5 o AR IS I MO BRAL A SR, 4 5l T e oK
LA 1] P 0 o N PR B8 R I A B 5 o A T R LA Sty g R R L 2 5y 2 ) R o 2
A IR, & TRt e, PR pAL B e T 2 g AE R 1Ly A8 & VKA — i
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