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Fig. 1 Map showing the structural architecture of the Qinghai-Tibet Plateau
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4—Extruded-displaced terrane ; 5—Euarly Paleozoic subduction complex zone and active continental-margin zone;6—Early
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A—Early Paleozoic Altyn Qilian-Kunlun composite terrane ; QL—Qilian terrane; QDM—Qaidam terrane; N, EKL—
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Fig. 2 Map showing large strike-slip structures of the Qinghai-Tibet Plateau
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Fig. 3 Deep mantle structure and dynamic model of the Qinghai-Tibet Plateau
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I—Crust; 2—Lithospheric mantle; 3— Asthenosphere; 4—Partial melt; 5—Deep melt; 6—Granite; 7—Mantle
diapir; 8—Voleanic rocks; 9—Ultra-high pressure metamorphic rocks; 10—Sinistral strike-slip fault; 11—Dextral
strike-slip fault; 12—Thrust; 13—Normal fault; 14—Compression; |5—Uplifting force; IND—Indian block ;
HM—Himalaya accretionary terrane; GDS—Gangdise terrane; QT—Qiangtang terrane; BYSG—Bayan Har-
Songpan-Garzé terrune; QDM-KL—Qaidam-Kunlun terrane; QL—Qilian terrane; ALSB—Alxa block; MFT—
Main Front Thrust; MCT—Main Central Thrust; STD—South Tibet detachment ; ZBS—Zangbo suture ; JL—Lhari
fault; BN—Bangong Co—Nujiang suture; JSJ—lJinshajiang suture; KL—Kunlun fault; QDM—Qaidam terrane
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The Qinghai-Tibet plateau and continental dynamics:
A review on terrain tectonics, collisional orogenesis,

and processes and mechanisms for the rise of the plateau
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ZHANG Jian-xin, ZENG Ling-sen, JIANG Mei
(Key Laboratory for Continental Dynamics, MLR, Institute of Geology,
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Abstract  Recent studics on the compositions and structures of multiple terrains within the

Qinghai-Tibet plateau have offered us an opportunity to examine how this plateay was assem-
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bled in the context of terrain tectonics. The formation of this plateau resulted from long-term
teclonic activilies since the late Paleozoic which is represented by (1) convergence and welding
of a number of exotic terrains, and (2) collision induced “orogenic plateaux” and has reached
its climax in the Cenozoic. Large-scale strike-slip faults ( commonly act as terrain boundary
faults) has played a central role in controlling the relative offset, magnitude of lateral extru-
sicn, and the geometry of these terrains. The final assembly and rise of the Qinghai-Tibet
plateau may result from a combination of contemporaneous processes, c.g. super-deep subduc-
tion { >600km) at its southern margin, intra-continental subduction at its northern margin, in-
land deep thermal processes, and NE-trending right lateral uplift of mantle lithosphere.

Key words  Qinghai-Tibet Plateau “non-in-situ” terrane assembly compounding-collisional

corogeny  strike-slip structure  multi-component driving force
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Fig. 7 Tectonic map and structural eross-section showing the Late
Triassic Bayanhar-E. Kunlun mountain chains of"oblique transpression” type
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An orogenic plateau-the orogenic collage and orogenic
types of the Qinghai-Tibet plateau. Earth Science Frontiers

XU Zhi-gin LI Hai-bing YANG Jing-suj
(Key Laboratory for Continental Dynamies of MLR, Institute of Geology, Chinese
Academy of Geological Sciences, Beijing 100037, China)

Abstract The Qinghai-Tibet platcau, a major collisional orogenic collage up ta 1500km wide,
was formed by tectonic processes related to the opening, consumption and closure of the Proto-
Tethyan, Palco-Tethyan and Neo-Tethyan occans. The breakup of Gondwanan supercontinents
produced numerous continental blocks and microcontinents that eventually converged and collid-
ed against Asia. Thus, the platcau contains a long record of oceanic (or small oceanic basin)
subduction, terrane collision and intra-continental convergence. The present-day collage is com-
posed of numerous distinct terranes separated by ophiolites, are voleanic rocks and foreare sedi-
mentary rocks. The observable tectonic framework suggests that voleanic arcs and related
mountain chains are common on active continental margins, such as these that occurred on both
sides of Paleo-Tethys. Subduction and collision was both normal and oblique, depending on the
direction of block movements and on the configurations of individual blocks. Oblique collision
led to the formation of strike-slip faults, many of which played a major role in mountain build-
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ing. The initial of India and Asia in 50 —~60Ma not only formed the High Himalaya along the
southern margin of the plateau but caused uplift of pre-existing Palaeozoic mountain belts far-
ther 1o the north. These rejuvenated belis now form significant intra-continental mountain
chains accompanied by intra-continental subduction. The Qinghai-Tibet orogenic collage formed
by progressive accretion of blocks and terranes to the Asian continent as orogenesis migrated
from north ta south over a protracted period of time. The tectonic evolution of the region was
episodic, with multiple periods of basin formation, subduction and intracontinental block colli-

sions. The plateau has had a longer and more complex geologic history than many of the other

orogenic belts mm the world.

Key words orogenic plateau  Qinghai-"T'ibet plateau huge crogenic collage  orogenic types
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Fig. 3 Field photo showing deformation structure in the N-S-trending Kangmar ductile detachment
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Fig. 4 Photomicrograph showing N-S-and
E-W-trending detachments in the Himalaya accretionary terrane
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Fig. 5 Quartz fabrics in N-S-and E-W-trending detachments in the Himalaya accretionary terrane
(analyzed by EBSD)
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Fig.6 Interpretation of the seismic reflection profile across the Himalayas
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Fig.7 Tectonic map of the Yadong- Kangmar area
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Fig. 8 Field photo showing deformation structure in the E-W-trending Yadong ductile detachment
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India-Asia collision: A further discussion of
N-S- and E-W-trending detachments and the
orogenic mechanism of the modern Himalayas

XU Zhi-gin = YANG Jing-sui QI Xue-xiang CUI Jun-wen
LI Hai-bing CHEN Fang-yuan

(Key Laboratory of Continental Dynamics of the Ministry of Land and Resources,

Institute of Geology, Chinese Academy of Geological Sciences, Beijing 100037, China)

India-Asia collision formed the Himalaya aceretionary terrane, which is composed

from north to south of the Tethys-Himalaya ( THM), Greater Himalaya (GHM), Lesser Hi-
malaya (LHM) and Subhimalaya (SHM) subierranes. Comparison of the compositions, meta-

morphisms and evolutions, deformation mechanisms and formation ages of metamorphic base-

ments and covers in the Himalaya accretionary terrane indicates that the southern Tibet detach-

ment (STD) on the northern margin of the GHM subterrane extends northward beneath the
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THM subterrane and is connected with' the Kangmar-Lhagoi Kangri detachment (KLD) that
formed at > 6307 and has the nature of north-directed shear slip motion, and that partial
melting of the crust and marerial upwelling resulted in granite emplacement and uplift of the
KLD, forming the Kangmar-Lhagoi Kangri gneiss domes. An E-W-trending subhorizontal duc-
tile detachment (GHI)) is found between the metamorphic basement and cover in the northern
part {Burang-Gyirong-Nyalam-Yadong arca)} of the GHM subterrane, which is characterized by
E-W stretching lineation and gently dipping mylonitic foliation and shows the casi-directed hor-
izontal slip shear sense; whercas near the north side of the Main Central Thrust (MCT) in the
southern part of the GHM subterrane there occur ductile strike slip-thrust faults of transpres-
sional nature. From south to north the GHM subterrane has the features of continuous defor-
mation and transition from Thrust—=obligue thrust—E-W trending extention—oblique exten-
tion—>8-N trending cxtention, which are the response to the composite deformation under the
orogenic mechanism of coupling of vertical and lateral extrusions. The existence of the E-W-and
N-S-trending detachments in the Himalava terrane provide a basis for a further discussion of the
modern orogenic mechanism of the Himalayas.

Key words Himalaya N-S- and E-W-trending detachments vertical and lateral extrusions

orogenic mechanism
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Timing and mechanism of formation and exhumation of the
Northern Qaidam ultrahigh-pressure metamorphic belt®

Xu Zhigin®  Yang Jingsui Wu Cailai  Li Haibing
Zhang Jianxin Qi Xuexiang  Song Shuguang  Qiu Haijun
(Laboratory of Continental Geodynamics, Institute of Geology, Chinese Academy

of Geological Sciences, Baiwanzhuang Road 26, Beijing 100037, China)

Abstruct The Qilian Caledonian orogenic belt on the north margin of the Qinghai- Tibet Plateau were
formed by convergence and collision of the Alxa terrain, Qilian terrain and Qaidam terrain. The 350-
km-iong, WNW-ESE-trending North Qaidam ultrahigh-pressure { UHP) metamorphic belt, lying be-
tween the Qilian and Qaidam terrains, was formed botween 495 and 440Ma by deep subduction of the
South Qilian Sca and the Qaidam continental crust beneach the Qilian terrain. The UHP belt was ex-
humied by a process of “oblique extrusion’ during transformation from ‘normal’ to ‘obligue’ intracon-
tinenta! subduction between the Qilian and Qaidam terrains. Exbumation began at 470~ 460Ma and
was completed by 406 -- 400Ma. Exhumation structures are well-preserved in the UHP rocks and
record extensive retrograde metamarphism.

©2006 Elsevier Lid. All rights rescrved.

Key words  Northern Quaidam  UHP metamorphic bolt  Exhumation  Mechanism

1 Introduction

The northern Qinghai- Tibet plateau {NQTP) is a mosaic of multiple terrains and island/
continental arcs. The NQTP composite terrain is composed of the Qilian terrain, Qaidam ter-
rain, northern part of the eastern Kunlun terrain, southern part of the eastern Kunlun terrain
and Altyn terrain. Lying in the northern margin of the Qinghai-Tibet Plateau, the Qilian Cale-
donian orogenic bcll form a WNW-ESE trending belt about 800km long and 400km wide
(Fig.1). This belt is bounded on the north by the Hexi Corridor, on the south by the Qaidam
basin, on the east by the West Qinling Mountains and on the west by the Altyn Tagh fault. It
is considered to be the product of convergence and collision of the Alxa terrain { west segment of
the North China plate)}, the Qilian and the Qaidam terrain during the Caledonian. Subduction
complexes along both sides of the Qilian terrain separate the three terrains {Xu ez al ., 2000) .

Late Devonian molasse deposits rest unconformably on the Lower Palaeozoic folded metamor-

@ Journal of Asian Earth Sciences 28(2008) 160~ 173.
@ Corresponding author. E-mail address; xzq@-ccsd. on (X, Zhigin).
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phic rocks and Caledonian granites, indicating the end of the Caledonian orogeny.
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Fig.1 Tectonic map of the Qilian terrain and the northern Qaidam area,

The subduction complex between the Alxa and Qilian terrains consists of ophiolites,
mélange and high-pressure (HP) metamorphic rocks (Xiao et al ., 1978; Wu et al., 1993).
The North Qilian continental arc complex to the north, combined with an accretionary wedge,
records an active continental-margin accretionary system on the southern margin of the Alxa
terrain (Xu et al., 1994; Xia and Xia, 1991; Xia et al., 1998: Zhang and Xu, 1995).
Geochronological studies on the timing of either formation or peak metamorphism for the HP or
magmatic rocks from these terrains by using various radiometric methods yielded the following
results: (Dgabbros from the ophiolite of the northern Qilian indicating the North Qilian sea have
a SHRIMP U/Pb zircon age of 500 £ 17Ma (Shi et al., 2004), and the HP eclogites have
SHRIMP U/Pb zircon age of 463 —468Ma representing the North Qilian sea was subducted to
a depth of at least 60km (Song et al., 2004). These ages are earlier than the formation age
(440 —~460Ma) of the blue schist (Wu er al., 1993; Xu et al., 1994; Zhang and Xu, 1995).
@ The northern Qilian volcanic arc formed at 486 —438Ma and the marine volcanic rocks at a
back-arc spreading ridge formed at 469 —454Ma (Xu et al ., 2000).

The Caledonian arc-trench-basin system distribution and ductile thrust structures with
south-to southwest-directed polarity in the North Qilian active continental margin between the
Alxa terrain and the Qilian terrain suggest that the North Qilian Sea was subducted northward
or northeastward beneath the Alxa terrain (Cui ef al., 1996; Xu et al., 2000).

72



Timing and mechanism of formation and exhumation of the Northern Qaidam ultrahigh-pressure metamorphic belt

Recently, an ulirahigh-pressure { UHP) belt, 350km long and 10km wide, named the
north Qaidamm UHP metamorphic belt, was found in the Da Qaidam-Xitieshan-Dulan area be-
tween the Qilian and Qaidam terrains (Yang et al., 1998, 2000, 2001; Zhang ez al., 1999,
2000a, b}. Coesite inclusions in zircon from garnet-bearing muscovite gneiss that hosts the Du-
lan eclogite {Yang er al ., 2001) demonstrate that the belt formed by deep subduction of eonti-
nental crust. Estimated conditions of the peak UHP metamorphism are P=:2.8GPa and T=
700~ 800 .

The study shows that voleanic rocks of the Tanjianshan Group on the northern margin of
the Qaidam terrain are islandare in character and inferred the existence of a major tectonic
boundary between the two terrains. LA-ICP-MS U/Pb analyses on zircons from a tholeiite of
the northern Qaidum volcanic arc yielded an age of 514.2 £+ 8.5Ma (Shi et af., 2004). U/Ph
zircon and SHRIMP U/Ph zircon ages on the cal-aikaline volcanic rocks have ages from 496 to
440Ma (Li ez al., 1999; Wu et al., 2001). In summary, these analyses show that the ophi-
clite representing the south Qilian oceanic hasin has an age of about more than 514Ma, and the
subduction of this oceanic basin and formation of the wvolcanic arc complex occurred at about
500~ 440Ma.

Previous studies have shown that the Qilian terrain and the Altyn terrain which are on ei-
ther side of the Altyn Tagh strike-slip fault have similar structures, age of formation, and com-
positions. In particular, the northern Qilian HP belt and northern Qaidam UHP belt can be
correlated with the northern Altyn HP belt and the southern Altyn UHP belt (Liu e ol .,
1996; Zhang et at., 2001}, respectively. Correlation of these two belts suggests a left-lateral
offset of at least 400km on the Altyn Tagh Fault {Xu er af., 1999).

In this paper, mainly through an intensive study of the Caledonian tectonic system of the

Qilien terrain, we further confirm the existence and nature of the terrain boundary and reveals
' the formation mechanism of the northern Qaidam UHP metamorphic belt, and through a study
of the tectonic styles and geometric and kinetic characteristics formed in the process of exhuma-
tion of the UHP metamorphic belt and its geochronology, we analyze the mechanism of ex-

humation and timing of the belt and present a model for its formation and exhumaticn.

2 Caledonian tectonic system of the Qilian terrain and the northern
Qaidam UHP metamorphic belt

2.1 Caledonian tectonic units of the Qilian terrain

The Qilian terrain, about 600km long and 240km wide, is located between the Alxa and
Qaidam terrains. Its northern and southern boundaries, respectively, are the northern Qilian
subduction complex and the northern Qaidam subduction complex. From north to south, the
Caledonian tectonic units of the terrain may fall into four parts; (1) the Huangyuan metamor-
phic basement, (2) the South Qilian Caledonian fold belt, {3) the Oulongbuluk block, and (4)

the northern Qaidam Caledonian volcanic island-are zone {Fig.1).
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2.1.1 Huangyuan metamorphic basement

The Huangyuan metamorphic basement is mainly distributed in the northern part of the
Qilian terrain. It is composed of 900~ 1000Ma high-grade metamorphic series (high amphibo-
lite facies) and its overlying greenschist-facies metamorphic series. Study suggests that the
Huangyuan metamorphic basement is similar to those of the northern Qaidam, Qaidam terrain
and Yangize block, being the basement that developed during the formation of the superconti-
nent Rodinia in the Jinningian period at 900~ 1000Ma (Wan et a/., 2000). The metamorphic
basement is superimposcd by the Caledonizn metamorphic event (Nd-Sm age 396 ~ 567Ma)
(Juang and Sun, 2002} and intruded by Caledonian granite, suggesting that the Huangyuan
metamorphic bascinent was reactivated in the Caledenian period and involved in the Caledonian
orogeny. In addition, several ophiolite zones and ultramafic zones occur at Lajishan in the east-
crn part and Danghe Nanshan in the western part of the Huangyuan metamorphic basement.
2.1.2 South Qilian Caledonian fold belt

The Scuth Qilian Caledonian fold belt is located in the southern part of the Huangyuan
metamorphic basement, where Cambrian-Ordovician strata are widespread. Cambrian-OQrdovi-
cian strata, which consist of lava flows, pyroclastic rocks and abyssal and bathyal deposits,
contain both ‘Southeast China-type’ and transition-type’ faunas. Silurian sedimentary rocks
and Early Silurian graptolite faunas belong to the ‘Southeast China’ type (Bureau of Geology
and Mineral Resources of Qinghai Province, 1991). This flysch series was strongly folded in
the Caledonian orogeny, resulting in the formation of tight upright folds accompanied by flow
cleavages in argillaceous rocks and gentle upright folds accompanied by fracture cleavages or
spaced cleavages in arenaceous rocks, and are intruded by late Caledonian granites.
2.1.3 Qulongbuluk block

The Oulongbuluk block in the southern part of the Qilian terrain is composed of the gran-
ulite {acies and amphibolite facies rocks of the Daken Daban Group (Zhang et al., 2001). It
mainly formed at 900~ 1000Ma (Wan et af., 2000). Overlying the metamorphic basement
are Sinian to Ordovician covers, and platform-type sediments containing typical ‘ North China-
type’ faunas occur in Cambrian-Ordovician strata composed of limestone and phyllite { Bureau
of Geology and Mineral Resources of Qinghai Province, 1991), implying that the Oulongbuluk
block may possibly bc a block divorced from the Alxa terrain. Sinian to Ordovician strata suf-
fered Caledonian folding and thrusting. The tectonic styles in the Cambrian-Ordovician strata
are manifested by the gradual transformation from syncleavage folds with a north-dipping axial
plane to recumbent folds from north to south. These folds are accompanied by ductile thrusts
with southward shearing and intruded by late Caledonian granite. The features of Caledonian
tectonic deformation in this block show the south-ward orogenic polarity and its boundaries are
constrained by two ductile sinistral strike-slip shear zones formed at 240~ 250Ma (Xu et af . .
2002).
2.1.4 Northern Qaidam Caledonian volcanic island-are zone

On the southern margin of the Qilian terrain, the greenschist-facies volcanic and voleani-
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clastic Tocks of Tanjianshan and Shaliuhe Groups (Bureau of Geology and Mineral Resources of
Qinghai Province, 1991) extend intermittently for nearly 400km along the belt and are accom-
panied by a subduction complex. It is very narrow, heing only more than 10km wide. The vol-
canic rocks are unconformably overlain by Late Devonian molasse deposits.

Recently, through a study of the voleanic rocks of the Tanjianshan Group in the northern
Qaidam marginal area it has been indicated that the volcanic rocks belong to the cale-alkaline se-
ries. They are characterized by enrichment of LREE and their trace element distribution pat-
terns are similar to those of Pearce’s island-arc volcanic rocks. This indicates that these Early
Paleczoic voleanic rocks are island-are tholeiite and that the tectonic environment of the voleanic
rocks should belong to the volcanic island-arc one (Shi et af., 2004). Moreover, the gabbro
intruded into the Tanjianshan Group has a zircon U-Pb age of 496.3 + 6.3Ma ( Yuan et al .,
2002) and the island-arc tholeiite and intermediate-acid volcanic rocks of the same group have
zircon U-Pb ages of 514.2 £ 8.5Ma by LA-ICPMS analysis (Shi et af., 2004) and 486 +
13Ma, respectively (Li ez al., 1999), implying a Late Cambrian-Early Ordovician age for the
voleanic island arc produced by subduction of the south Qilian sea.

A suite of [-type monzodiorite-quartz monzodiorite-granodiorite-monzogranite of cale-
alkaline affinity also occurs along the Aulaoshan-Luliangshan area, west segment of the north-
ern Qaidam zone, exhibiting marked negative Th and Nh anomalies as well as positive P, Ti
and Ba anomalies, features typically of [-type island-arc granitic rocks (Wu er af., 2000,
2001) .

Both the I-type granites and volcanic rocks were formed at an active continental margin
during subduction of the South Qilian Sea. The subducted sea crust was metamorphosed from
greenschist facies through amphibolite facies to eclogite facies. Dehydration of the crust during
metamorphism expelled fluids into the overlying mantle wedge, causing partial melting to form
the island arc lavas and I-type granites.

2.2 Northern Qaidam UHP metamorphic belt

The northern Qaidam UHP belt is intimately associated with Cambrian-Ordovician island-
arc volcanic rocks and intruded by Caledonian granites. It extends discontinuously for 350km
and is the most important compoenent part of the northern Qaidam Caledonian subduction com-
plex zone. This UHP metamarphic belt is comprised of eclogite, coesitebhearing gneiss and gar-
net peridotite. Metamorphic conditions varied between the eastern and western segments of the
belt. In the west, the Da Qaidam eclogite formed at temperatures of 620 —730°C and pressures
of 2.3~2.8GPa and the Xitieshan eclogite at 810~850C and > 1.4GPa. In the eastern seg-
ment, the eclogite was formed at temperatures of 610~ 6801 and pressures of 2.6GPa. The
presence of coesite in the garnet-muscovite gneiss in Dulan, which hosts the eclogites, indicates
that it reached temperatures of 700C and pressures of 2.8GPa {Yang et al., 1998, 2000;
Zhang et al., 2001). The presence of coesite in these rocks provides strong evidence that the
supercrustal rocks were subducted to a depth of at least 100km (Liou ef al., 1994; Coleman
and Wang, 1995).
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The Dulan UHP metamorphic rocks have zircon SHRIMP age ranging between 495 and
465Ma and Sm-Nd ages of 496 ~444Ma. The Da Qaidam garnet peridotite has zircon SHRIMP
ages of 497 ~436Ma and the Da Qaidam eclogite formed at 495Ma (Yang et af, 1998, 2000,
2002; Zhang et af., 2000a, b) . These dates indicate that the northern Qaidam UHP belt
formed approximately at 495 —~440Ma.

2.3 Caledonian tectonic regime of the Qilian terrain and formation of the northern Qaidam
UHP metamorphic belt

Based on the above analysis, we make the following preliminary observations of the Cale-
donian plate regime for the Qilian terrain.

(1} According to the composition of the Qilian terrain, it may be found that the Qilian
terrain is composed of several small blocks. To the north lies the Huangyuan metamorphic
block, to the south is the Qulengbuluk block composed of the metamorphic basement and Low-
er Paleozoic *North China-type’ platform deposits, and in the center is the abyssal-bathyal sea
basin composed of Lower Paleozoic (Cambrian-Silurian} flysch deposits, containing ‘ Scuth
China-type’ faunas.

(2) In the southern part of the terrain there is an island-arc volcanic-magmatic zone,
which formed in Late Cambrian-Early Qrdovician. It is inferred that its formation was related
to the northward subduction of the South Qilian Sea. It is an accretional island-arc terrain re-
sulting from subduction. A thick ( >3000m) sequence of mid-late Ordovician-Silurian (460 ~
410Ma) flysch crops out extensively in the northern part of UHP belt. It consists of sandy
slate, phyllite and intermediate-basie voleanic rocks, representing deposits formed in a back-arc
basin.

(3) On the convergent boundary between the Qilian and Qaidam terrains, there occurs the
northern Qaidam Caledenian subduction complex zone, which is composed of ophiclites and
UHP metamorphic rocks. The northern Qaidam ophislite consists of peridotite, gabbro, cumu-
lates and diabase-gabbro dike swarms (Xia et al., 1998; Yang ef af., 2000). Xia et al.
(1998} thought that the northern Qaidam ophiolite represents the tectonic environment of the
South Qilian Sea and formed in the Early-Middle Cambrian. Therefcre it is inferred that the
North and South Qilian seas may have been linked and that the terrain occurred in the same
Sea.

{4) Coesite was found in eclogite-bearing country rocks-garnet-muscovite gneiss-in Dulan
(Yang et al., 2001}, suggesting that the UHP metamorphic rocks are the product of deep
subduction of continental crust. The UHP rocks formed at 495 ~440Ma BP, after the forma-
tion of the island-arc volcanic-magmatic zone accompanying the subduction of oceanic crust. As
now no exact evidence indicates that the protoliths of the UHP rock were a {relic) component
of the Early Paleozoic south Qilian Sea. Therefore, there is a possibility that the UHP meta-
morphic slices formed by the deep subduction of Sea crust beneath the South Qilian may have
been ‘delaminated’ down and not have been exhumed or may have been exhumed but not have
been found. Later, the continental crust of the Qaidam terrain continued to be subducted to
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very great depths to form the North Qaidam UHP metamorphic zone,

(5) The Caledonian tectonic deformation of the Lower Paleozoic strata in the south-central
part of the Qilian terrain is manifested by the features of south directed polarity: the deforma-
tion changes from upright folds— south-overturned congruous folds — recumbent folds from
north to south, accompanicd by southward ductile thrusts. This provides tectonic evidence for

the northward subduction of the Qaidam terrain beneath the Qilian terrain.

3 Exhumation structures of the northern Qaidam UHP Terrain

The principal structures prescrved in the northern Qaidam UHP metamorphic belt were
formed during exhumation. Structures formed during the subduction stage are only rarely pre-
served because of the extensive retrograde metamorphism. In this section, we discuss the strue-
tural styles, mechanisms, and timing of exhumation in the northern Qaidam terrain.

The northern Qaidam UHP metamorphic belt may be divided into an eastern segment
{north Dulan UHP metamorphic zone} with striking NW-SE and 10km of width, and a west-
ern segment (Da Qaidan-L.uliangshan-Xitieshan UHP metamorphic zone) with striking E-W
and exceeding 3~ 5km of width.

3.1 Structural featores of the Dulan segment

The Dulan UHP metamorphic zone is located at the Yematan-Shaliuhe area of Dulan,
eastern segment of the North Qaidam UHP belt. It is accompanied with the late Cambrian-ear-
ly Ordovician island are voleanic rocks and intruded by Late Caledonian granites. Late Devonian
molasse deposits rest unconformably on the island arc volcanic rocks at the south. The cast ex-
tending of the Dulan UHP zone is cutting off by a NNW-SSE striking fault (Fig.2a).

The Dulan UHP rocks consist chiefly of K-feldspar-plagioclase gneiss, biotite-K-feldspar-
plagioclase gneiss, plagioclase gneiss, granitic gneiss, coesite-bearing garnet-museovite-plagio-
clase gneiss, amphibolite, K-feldspar-plagioclase schist, felsic biotite schist, jadeite quartzite,
taurolite-bearing garnet-bictite-plagioclase gneiss, kyanite-bearing biotite-plagioclase gneiss,
kyanite-bearing two-mica-quartz schist, two-mica-quartz schist and marble. There are many
nodules and lenses of gabbro, diabase, serpentinized harzburgite, dunite, eclogite and garnet
amphibolite in the gneiss and schist. During exhumation, the rocks underwent retrograde meta-
morphism, which is expressed as; (DOmp—Cpx + Pl (Ab>75%), @ Omp + H;O— Amp + Ab,
@Omp + Grt + HbO—~Amp + Pl, @Phe + Qtz+ Ca?* + Na* —Bi+ Pl, and ® Rt + A** +
Ca“—"Spnl (The abbreviation of mineral names after Kretz, 1983)}. These reactions suggest
that the rocks were first retrograded under amphibolite facies conditions (500 — 650C and
1.5GPa) at mid-crustal levels, but that as exhumation continued, the rocks moved into the
greenschist facies, as indicated by the presence of hydrated minerals, such as muscovite, chlo-
rite and actinolite. This later stage is estimated to have occurred at T <\ 500°C and £ < 0.5GPa
in the upper crust (Song, 2001).
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Fig.2 Geological sketch map (a) and stereoscopic structural model (b) of Dulan UHP meta-
morphic zone (modified from the 1:200000 Geological Map of the Dulan region, Qinghai Bureau of
Geology and Mineral Resources). Diagrams at Fig.2(h) border show projection of foliation (8) and
stretching lineation (La) of the Dulan UHP metamorphic rocks: (Schimith circle, lower hemisphere
projection) : (1) Yematan overturned anticline; (2)Shaliuhe ductile dextral shear zone. @ . lower hemi-
sphere projection of gently dipping foliation (S) and stretching lineation (La) in the middle part of the

overturned anticlinal structure, @, ©, ©: lower hemisphere projection of steep dipping foliation

(S) and stretching lineation (La) in the southern limb of the overturned anticlinal structure.
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The exhumation structures of the Dulan UHPM terrain are composed of the Yematan
averturned anticline at the north and the Shaliuhe dextral ductile transpression shear zone at the
south.

3.1.1 Yematan overturned anticline

The foliation in the Dulan UHP zone generally strikes E-W and is folded into an over-
turned anticline. In the north limb of the anticline, the steeply northward-dipping foliation
gradually flattens to the south, whereas along the southern limb the foliation is overturned and
becomes the steeply north dipping (Fig. 2a,b).

The most striking structural feature of the Dulan UHP zone is the development of longitudinal,
subhorizontal stretching lincations in the foliation, i.e. the stretching lineation is parallel to the strike
of the zone and the orientation of the mountain belt. The lineation is manifested as stretching
and breaking of eclogite bands, stretching and preferred orientation of kyanite grains, stretch-
ing of felsic minerals and development of boudins in granitic rocks and chert bands.

On the hasis of measurements of faliation and stretching lineation in the overturned anti-
cline, it shows that the stretching lineation has a constant attitude whether foliation varied.
Where the foliation is steeply dipping, we found that the vertical stretching lineation is cut by a
horizontal stretching lincation, which may represent the vector of movement at great depth
during the early stages of exhumation.

Shear strain in the Dulan UHP zonc is marked by ¢-and 8-type porphyrociasts systems, S-
C structures, asymmetric drag folds, domino structures and rotation of inclusions in garnet. In
the gentle foliation of the top of the overturned anticline, the shear strain caused hy the east-
ward slip of the hanging wall can bc observed on the XZ plane perpendicular to the foliation
(Fig-3(a)) . Steeply northward-dipping foliation zones are developed on both the north and
south limbs of the overturned anticline and the shear strain is manifested by sinistral strike-slip
movement on the north limb and dextral strike-slip movement on the south limb {Fig.3c).

The sense of the shear strain was also determined hy measuring the preferred orientation of
3 types of quartz in the subhorizontal foliation zone (Fig.3b); stretched quartz, rectangular
quartz in guartz bands and mylonitic quartz { <(.1mm). Stretched quartz is chbserved on the
XZ plane where the grains show marked wavy extinction and a subgrain structure. X:Z ratios
may reach 10:1 or even 201 in these grains. The preferred orientation of these grains is
formed by a basal-face fabric with the system (0001) < a>>, a rhombic-face fabric with the slip
system 11010} <a> and a prismatic-f&ce fabric with the slip system {1010} <a>, reflecting
the fabric patterns of quartz grains medium to medium-low temperature (600 —350°C }. The
rectangular quartz grains have length to width ratios on the XZ plane of 1.5:1~2:1, The patterns of
preferred orientation are similar to those of stretched quartz showing medium-to medium-low-tem-
perature fabrics of the slip systems (0001} <a>, {1011} <a> and {1010} <a> (Main-
price ez al ., 1986). The mylonitic quartz is characterized by very small grain size (<0, 1mm}
but its preferred orientation is the same as that of stretched quartz and rectangular quartz.

Therefore, preferred orientation of quartz from the subhorizontal foliation shows also east-

79



WHEMFRRFES(—) F&SRAES D F (1984 -2006)

Fig.3 Shearing strain and Letters Preferred Orientation of quartz of the Dulan UHP metamorphic

rocks: (a) Photomicrograph on the gently dipping foliation of granitic gneiss at the middle part of the
Yematan overturned anticline showing shearing sense eastward. (b) Lattice Preferred Orientations of
quartz [rom granitic gneiss at the middle part of the Yematan overturned anticline showing shearing
sense eastward. (Equal-area projection, lower hemisphere: 150 grains, Contours: 1-3-5-7-9-11% ).
(¢) Shear strain of granitic mylonite in the Shaliuhe ductile dextral strike-slip shear zone. (d) Lattice
Preferred Orientations of quartz from granitic mylonite of the Shaliukie ductile dextral strike-slip shear

zone (Equal-area projection, lower hemisphere; 150 grains, Contours: 1-3-5-7-9-11% ).
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ward slip of the hanging wall.
3.1.2 Shaliuhe dextral ductile transpression shear zone

The Shalivhe ductile shear zone composcd of granitic mylonite, mylonizated gneiss and in-
tense sheating stain schiste is characterized by subvertical foliation and subhorizontal stretching
lineation. A-type folds are well developed and the dextral strike-slip feature is shown on the XZ
plan. In addition, southward thrusting is observed on the YZ plane, which indicating forma-
tion in a ductile transpression zone.

The preferred crientation of quartz in this ductile transpression shear zone is shown in Fig.
3b. The quartz grains show three types of preferred orientation, (0001) <a>, {1011} <a>
and 11010} < a2 . These formed at medium-high to medium-low temperatures (400—650C )
and reflect the dextral strike-slip motion of the hanging wall {Fig. 3d). The mineral assem-
blages in this foliation zone are Ab+ Q + Bi+ Mus, Mus+ Bi+ Mic + Pl+ Q and Bi+ An+ Chl
+ Q, suggesting that amphibolite-facies to greenschist-facies metamorphism occurred during
strike-slip shearing.

3.2 Structural features of the Da Qaidam segment

The NW-SE-trending Da Qaidam terrain is made up of the Xitieshan, Luliangshan and Iqe
sub-terrains, each with a width of ~ 3 ~4km. The country rocks are composed of granitic
gneiss and paragneiss of the Daken Dawan Group, and these contain nodules and lenses of
eclogite, garnet peridotite and ophiolite lithologies. Although no coesite has been found in the
Da Qaidam terrain, the P-T conditions of the eclogite and presence of coesite pseudomorphs
provide evidence of UHP metamorphism (Zhang et af., 2000a,b}.

The exhumed structures of the Xitieshan terrain are characterized by overtured anticline
form caused by refolded foliation. The regional foliation generally strikes NNW. A NW_SE,
subhorizontal stretching lineation marked by elongate sillimanite and feldspar grains, as well as
felsic veins in the foliation, is similar to that in the Dulan terrain (Fig. 4).

Greiss of the Xitieshan UHP terrain and Cambrian-Ordovician volcanic rocks have both
been mylonitized and they exhibit southeast-oriented shear strain in the subhorizontal to gently
dipping foliation at the top of the Xitieshan overturned anticline. The preferred orientations of
mylonitic quartz and recrystallized rectangular quartz in the mylonitized gneiss are manifested
by transformation from medium-to high-temperature { > 600 — 450 ) fabrics 11010] <c>
and 11010} <a> to medium-to low-temperature (450~ 350C ) fabrics {101 1} <a> and
(0001) <a> (Fig. 5a,b).

Gneiss of the Xitieshan UHP zone and Cambrian-Ordovi-cian volcanic rocks have both been
mylonitized in the southwest part of the Xitieshan anticline. The foliation of mylonite zone dips
steeply to the north and the stretching lineations dip gently to the southeast with rake angles of
20°~30°. The preferred orientations of mylonite quartz and recrys-tallizing rectangular quartz
also show a transformation from medium-high to medium-low temperatures, and the shear
strain indicates dextral strike-slip movement (Fig.5¢}. The dextral strike-slip on the XZ plan

and compression deformation on the YZ plan, which indicating dextral transpression features is
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Fig.4 Gealogical sketch map and steresscopic structural model of the Xitieshan UHP metamorphic

zone: (a) Geological sketch map of the Xitieshan UHP metamorphic zone. (b) Projection of gently

dipping foliation (S) and stretching lineation (1.a) of the middle part of the Xitieshan everturned anti-

clinal structure. (¢ ) Stereoscopic diagram of foliation (S) and stretching lineation (La) in the
Xitieshan UHP metamorphic zone.

similar to those of the Dulan UHP zone.

4 Timing of exhumation of the northern Qaidam UHP zone

In order to determine the exhumation age in the northern Qaidam UHP zone, we dated
muscovite from the subhorizontal foliation in the Dulan overturned anticline and the subvertical
mylonite foliation in the Xitieshan dextral transpression shear zone. We also dated granitic plu-
tons intruded into the Dulan terrain.

In order to date the horizontal mylonite foliation we separated muscovite from coesite-bear-
ing granitic gneiss. The rock dips 20°N and is mylonitized. The muscovite formed during my-
lonitization and shear deformation displays east-directed slip features. The sample 99-Y-117
was dated by the *Ar-*"Ar method at the Institute of Geology, Chinese Academy of Geological
Sciences, Beijing. The sample yielded a very good plateau age of 401.5 + (0. 5Ma (Fig. 6a).
On the isochron diagram the " Ar-**Ar intercept age is 209.2 + 52.5Ma and the isochron age is
406 +4.5Ma, in good agreement with the plateau age ( Table 1) (Fig. 6a,b). The muscovite
closure temperature of 350 £ 50C for the K-Ar system reflects the time at which the UHP
metamorphic terrain reached shallow depths of ~ 10km.
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Fig. 5§ Diagram showing the lattice preferred orientations of mylonite quartz in the Xitieshan UHP
metamorphic zone. (a) Preferred orientation of rectangular recrystallized guartz in gentle-dipping my-
lonite foliation at the top of the Xitieshan overturned anticline (Fqual-area projection; lower hemi-
sphere; 150 grains. Contours: 1-3-5-7-9-11% ). (b) Preferred orientation of mylonite quartz in gen-
tle-dipping mylonite {oliation at the top of the Xitieshan overturned snticline {Equal-area projection;
lower hemisphere; 150 grains. Comtours; 1-3-5-7-9-11% ). (c¢) Preferred orientations of mylonite
quartz {left) and recrystallized quartz (right} in the Xitieshan ductile dextral strike-slip shear zone

{Equal-area projection; lower hemisphere; 150 grains. Contours; 1-3-5.-7-9-11% ).

Table 1  *Ar-**Ar data for muscovite from granitic gneiss on the horizontal mylonitic foliation

T(CT) (“A/®Anm (Ar®Anm (YA/TAarm PAR <107, meD) BAr (%) Age (Ma, 2a)
400 22.9034 0.0276 0.06595 99.19 1.07 302.9+5.90
500 18,6586 0.0073 0.0745 236.08 3.61 336.014.70
600 19.9941 0.0063 3.0314 ins.s7 6.9 366.1+£3.70
700 20,4162 0.0032 0.0185 839.40 15.96 390.1 +3.90
800 20,8262 0.0028 0.0132 860.45 25.22 399.5+4.00
900 20,8751 0.0020 a.m02 1639.08 43.09 404.9+4.20
980 20,7693 0.0026 0.0081 835.61 52,00 399.9 + 4,00
1080 20.8971 0.0028 0.0146 679.56 59.42 400.8+ 4,40
1180 21.2045 0.0038 0.0242 1057.32 70.81 401.0+3.,90
1280 20,8729 0.0025 0.0038 149220 86.88 402.314.10
1440 20.8007 0.0022 0.0411 1217.60 100 402.7+4.60
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Fig.6 Muscovite ®Ar-*"Ar age diagram of the northern Qaidam.
UHP metamorphic rocks: {a) Muscovite ®Ar-*Ar plateau age diagram of garnet-muscovite gneiss in the northern Du-
lan UHP zome. {b) Muscoviee PAr-*Ar isnchron age diagram of gamct-muscovite gneiss in the northern Dulan UFP
zone. {c) Muscovite PAr-"Ar plateau age diagram of mylonitized granitic gneiss in Xitieshan. {d) Muscovite ¥ Ar-

M AT isochron age diagram of mylonitized granitic gneiss in Xiticshan.

Muscovite from the mylonitized granitic gneiss sample ST18M of the south side of the Xi-
tieshan zone was used to date the steeply dipping foliation. The mylonite foliation in this sample
dips SE at 80° and the stretching lineation dips 145° at 30°. The plateau age obtained through
12 heating steps is 405.7 £ 0.9Ma, and the * Ar-* Ar intercept age on the isochron is 191.50 +
13.80Ma. The isochron age is 404.66 + 4.3Ma, similar to the plateau age (Table 2) {Fig.
6c,d).

The Yematan granite, intruded into the Dulan terrain, was dated at 397 + 4Ma using the
zircon SHRIMP method sample (Wu ez af., 2000). The Ar-Ar ages of mica cited above sug-
gest that- the gently-dipping and steeply-dipping or subvertical foliations in the zone formed at
approximately the same time (400 ~406Ma). This corresponds to the last stage of exhumation

of the zone to shallow depths. The intrusion of the 397Ma granite marks the end of exhumation
of the UHP belt.
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Table 2 *Ar-**Ar data for muscovite from granitic gneiss on the subvertical mylonitic foliation.

Data step heating for ST-18M {Weight = 91.00 mg, J = 0.012948)

T(TY  ("Ar/¥Ar)m (PAY¥ADm (TAYM AN F BAr(K 10T, mol}  FAr(%) Age{ Ma)

500 36.66670 0.08890 0.52190 10. 43660 9.00 0.09 228.70%27.80
600 18.66670 0.00370 0.03130 17. 581103 300.00 2.96 370.00+4.70
700 79.48950 0.00110 0.03600 19.17720 666. 00 9.34 400,10+ 4.40
800 19.65430 0.00060 0.01530 19_48060 1562.00 24.31 405,80+ 4.50
900 19.64010 0.00060 0.01830 15.45590 1306.00 36.82 405.30% 4,50
1000 19.95830 0.00080 (. 02000 19. 70900 1200.00 48.31 4103.00 £ 4,50
1100 19.79770 0.00060 0.02310 19.60990 1338.00 58.26 408.20*+4.50
1200 19.64290 4.00090 0.02140 19.37610 1120.0Q0 68.99 403,80+ 4,50
1250 15. 80580 G4.00120 0.02730 19.45920 515.00 73.92 4}5.40 £ 4.50
1300 19. 64910 0.00060 0.02800 19. 47400 1710.00 90.30 405.60+4.50
1350 19.94900 0.00130 0.06110 19. 57260 784.00 97.82 407,50+ 4.50
1400 19.21050 0.00220 0.42020 18. 59380 228.00 L00. 00 389.20+4.30

5 Mechanism of exhumation and model of evolution of the northern

Qaidam UHP belt

5.1 Mechanism of exhomation of the northern Qaidam UHP belt

Exhumation of UJHP metamorphic rocks from the deep mantle to the shallow crustal levels
iz a difficult problem that has not yet to be completely solved. A number of different models
have been proposed, which fall into four categories: (1) erosion and bueyancy (Platt, 1993),
(2) extension (Harrison, 1992}, (3) vertical extrusion {Chemenda er al., 1995, 1996), and
(4) extension of the upper crust and shortening of the lower crust ( Anderson and Jamerit,
1990; Ballevere et al ., 1990; Blake and Jayko, 1990).

The most striking exhurmation structures in the north Qaidam UHP belt are the antiform
formed by arching of the foliation, the longitudinal, subhorizontal ductile stretching lineation,
and the shear strain displaying evidence of eastward slip and dextral transpression. Based on the
isotopic age data (400—406Ma), which show that the eastward slip and the dextral transpres-
sion structures are coeval, we suggest that exhumation involved a combination of vertical extru-
sion and transpression.

The vertical extrusion model suggests that during plate collision and deep subduction of
continental crust, the UHP metamorphic slab ruptures and plate convergence causes the sub-
ducting slice to be exhumed by buoyancy forces. As a result of upward extrusion of soft material
within rigid walls, the foliation in the upper part of the subducting slice is arched and a hori-
zontal stretching lineation forms. This process is distinguished from simple horizontal compres-
sion in that the latter usually produces a vertical foliation and vertical stretching lineation.
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The overturned anticline in the north Qaidam belt dips to the southeast and east and sinis-
tral and dextral transpression structures occur on both limbs of the overturned anticline. The oc-
currence of the transpression structures at the south margin of the overturned anticline indicates
that the driving force during exhumation was oblique convergence. Thus, the combination of
oblique collision and subduction results in both °vertical extrusion’ and ‘transpression’ . We
call this combined mechanism ‘cblique extrusion’.

The Black Mountain axial zone of the Hercynian orogen in France is a metamorphosed
dome composed of Precambrian gneiss, where the antiform due to foliation folding and longitu-
dinal ( nearly E-W-trending) stretching lineation are quite similar to the basic features of the
northern Qaidam UHPM terrain (Fig. 7a). However, there are differences between the two
belts. For example, the sense of shear strain on the east and west sides of the Black Mountain
axial zone are just opposite to each other, i.e. the shear strain on the east side has an easterly
sense, while that on the west side has a westerly sense, showing bidirectional shear. In con-
trast, the northern Qaidam UHP zone is not a domal anticline but an elongate body and the
shear strain has an easterly sense, showing unidirectional shear. Matte ez af . (1998) proposed
that the Hercynian Black Mountain axial zone is not a metamorphic core complex but an anticli-

nal nappe resulting from N-S coaxial compression and longitudinal extension.

'
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Fig. 7 Three-dimensional model for exhumation mechanism of the north Qaidam UHP metamorphic
zone: (a) Three-dimensional model for the formation of the Black Mountain metamorphosed dome in
France. (b} Exhumation model of 4 UHP metamorphic slice. (¢) Three-dimensional model for the
exhumation model of the north Qaidam UHP metamorphic terrane. Abbreviations: Pp, direction of
the principal stress of oblique collision and subduction; (Je, oblique extrusion; L, eastward slip com-
ponent; Ve, vertical extrusion component; Ss, sinistral transpression component; Sd, dextral trans-

pression component.
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The mechanism of obligue extrusion for the northern Qaidam UHP belt is much more
complex than that for the Black Mountain axial zone. Fig. 7h, ¢ show a hypothetical three-di-
mensional model of *oblique extrusion’, showing that under the principal stress {Pp) produced
by oblique plate convergence the UHP metamorphic slice is subjected to ° oblique extrusion’
{Oe), which may he resolved into an eastward slip component (1.}, a vertical extrusion compo-
nent {(Ve), a sinistral transpression component {Ss) and a dextral transpression component
{&8d) (Fig. 7).

‘Oblique extrusion’ implicates the Qilian terrain was moved easterly opposite to the
Qaidam terrain at about 400Ma. It is not unique, but has its counterpart, the Alxe terrain was
moved easterly opposite to the Qilian terrain at the same time (Xu et af., 1996). It is inferred
that relative convergence between the Alxe and Qilian terrains was transformed from ‘normal’
to ‘oblique’ intracontinental subduction in late Caledonian.

5.2  Model for the formation and exhumation of the northern Qaidam UHP metamorphic belt

Paleomagnetism and global tectonic reconstruction studies ( Hallam, 1992; Gradstein er
al., 2004) suggested that the proto-Tethys Oceanic basin was present at the southern hemi-
sphere between the Gondwanaland, Siberian plate, North America plate, and Baltic plate at ~
550Ma, while the North China plate, South China plate and a series of other small terrains that
constitute the northern Qinghai-Tibet composite terrain such as the Qilian-Altin terrain, the
Qaidam terrain, the northern part of the eastern Kunlun terrain and the southern part of the
eastern Kunlun terrain, were located probably hetween the proto-Tethys Oceanic basin and the
Gondwanaland. These small terrains were separated by some seas such as the North Qilian Sea
and the South Qilian Sea linked with the proto-Tethys Oceanic basin and formed a Caledonian
chain of archipelago at late Devonian. During 500~ 440Ma, the Nerth Qilian Sea was subduet-
ed beneath the North China plate to 30 ~ 60km deep and resulted in the northern Qilian HP
metamorphic belt, while the South Qilian Sea and Qaidam continental crust were subducted be-
neath the Qilian terrain to 100km deep and led to the formation of the northern Qaidam UHP
metamorphic beit. Later arc-arc, arc-continent and continent-continent collisions at 410 ~
400Ma led to the juxta-position and amalgamation of these terrains. Such collisional events
were responsible for the intensive deformation of the accretional wedge above a subducted slab,
formation of the Devonian molasses basins and large amounts of granitic intrusions in this re-
gion. Eventually, these terrains were welded with the North China plate to form the ‘Farly
Paleozoic China collage’ .

Above-mentioned studies provide the following geclogical records for the formation and ex-
humation of the northern Qaidam UHP metamorphic belt: O the proto-Tethys ocean basin
formed at 515Ma before; @the voleanic island arc by the subduction of the ocean basin and seas
occurred at about 515 ~ 485Ma; (3 the north Qaidam UHP belt formed between 495 and
440Ma; @ the exhumation of the UHP terrain began at 470 ~460Ma and completed at 400 ~
406Ma. The evolution history of the north Qaidam UHP terrain should be divided into the four
stages (Fig.8).
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Fig.8 Moadel of the formation and exhumation of the northern Qeidam UHP metamorphic zone;

{a} Subduction of the South Qilian ocean basin { Late Cambrian-Early Ordovician). (b) Continentao

deep subduction of the Qaidam-Fast Kunlun plate {495 ~440Ma). (&) Exhumation of the Northern
Qaidam UHP metamorphic slice (470~ 400Ma), {d) Caledonides {after 400Ma) .
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5.2.1 Subduction stage of the South Qilian Sea

The South Qilian Sea lying between the Qilian terrain and the Qaidam terrain was formed
during Early-Middle Cambrian (about 515Ma before) . The South Qilian Sea was subducted
northward beneath the Qilian terrain, the interaction of the subducted lithosphere and astheno-
sphere in the manile wedge between the two terrains made the side of the obducted Qilian ter-
rain to he weaked and spreaded, and the voleanic island arc was happened at 515~ 485Ma.
5.2.2 Continental deep subduction stage of the Qaidam terrain

After the South Qilian Sea subduction, the continental crust including metamorphic base-
ment of the Qaidam was carried deeply to be a great depth of more than 100km and underwent
UHF metamorphism between 495 and 440Ma. Meanwhile the continued deep subduction, the
exhumation of the subducted slice began at 470~ 460Ma.
5.2.3 Exhumation stage of the north Qaidam UHP zone

The UHP zone was exhumed by a process of ‘oblique extrusion’ during transformation
from ‘normal’ to 'oblique’ intracontinental subduction between the Qilian and Qaidam ter-
rains. Overall exhumation was occurred at 460 ~ 440Ma and was completed by 406 ~ 400Ma.
Meanwhile, extensive retrograde metamorphism, reactivation of the metamorphic basement in-
tensive folding of the Lower Paleozoic strata occurred and intruded of a large number of S-type
collision granites.
5.2.4 End of Caledinian orogeny

The Qilian Mountains were built by Caledinian orogeny. Late Devonian molasses deposits
indicating the end of Caledonian orogeny were cumulated in the foreland of the Caledonian fold-

ing belt by uplift and ercsion at 372 ~354Ma,

6 Summary and conclusions

The South Qilian Sea basin was subducted northward beneath the Qilian terrain beginning
at 515~490Ma, while a volcanic island arc, I-type granites and a fore-arc accretionary wedge
(pyroclastic rocks + marble) formed along the southern margin of the Qilian terrain. Later
(495~ 440Ma), deep subduction ( > 100km) of continental crustal rocks (including 900 ~
1100Ma metamorphosed basement) of the Qaidam terrain produced the north Qaidam UHPM
zone. The initial stage of exhumation {or the UHPM slice began at 470 ~440Ma. The overall
exhumation occurred at 440 ~410Ma. The final exhumation happened at 400 ~ 406 Ma accom-
panied by retrograde metamorphism and intrusion of voluminous S-type collision granites. Deep
subduction of continental crust slice and exhumation of the UHPM slice were happened alter-
nately during 470~ 440Ma.

The entire UHPM slice was exhumed by ‘oblique extrusion’ was transformed from *nor-
mal’ to ‘oblique’ intracontinental subduction in late Caledonian and underwent retrograde
metamorphism. Driven by buoyancy forces, the UHP block was indented into the volcanic is-
land-arc and fore-arc belt and was juxtaposed against the island are.
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A New Caledonian Khondalite Series in West Kunlun,
China: Age Constraints and Tectonic Significance"

Xu Zhiqin® Qi Xuexiang Liu Fulai
Yang Jingsui  Zeng Lingsen and Wu Cailai
(Key Laboratory [or Continental Dynamics, MLR, Institute of Geology,
Chinestc Academy of Geological Sciences, Beijing 100037, China)

Abstract The Kangxiwar ductile surike-slip shear zone marks the southern boundary of the West
Kunlun terrane, a large, nearly E-W trending metamorphic terrane in the western Qinghai Tibet
Plateau region. This ductile shear zone is — 7km wide, and consists of mylonitized khondalites, Pro-
woliths of the khondalites were alumina-rich pelitic sedimentary and subordinate voleanic rocks. The
pelitic khondalites have pronounced positive Th anomalies and subdued positive Ce and Zr anomalies,
whereas the metavoleanic rocks have positive Nb and Zr anomalies. Both types of khondalite are
LREE enriched, and show weak HREE depletions and moderate negative Eu aznomalies. P-T condi-
tons for the formation of the khondalites arc cstimated to be 6.8 kbar and 700C . The khondalites
formed in the Caledonian orogeny (428 ~445Ma} and underwent strong shear deformation during the
Indasinian (250~ 210Ma). SHRIMP dating of detrital zircons in the khondalites suggests that they
were derived from an older metamorphic bascment, probably older than 644Ma. The Kangxiwar
khendalites are similar in their protoliths, trace-element and rare-earth element geochemistry, P-T
conditions, and age of formation o those of the South Altyn Tagh khondalite series. This lateral cor-
relation suggests that the West Kunlun and Aliyn Tagh terranes were once contiguous, and provides

evidence for the existence of a Caledonian orogenic belt in this region.

Introduction

THE NEARLY E-W-trending West Kunlun terrane is located in the northern part of the
western Qinghai Tibet Plateau. It is a narrow terrane about 100km wide, bounded on the
north by the Tarim Basin, on the south by the Karakorum Mountains, and on the cast by the
Altyn Tagh fault. Geologic observations suggest that it can be divided into two subterranes
South Kunlun and North Kunlun separated by the Kiidi-Oytog suture. The Kangxiwar suture
that separates the South Kunlun from the Tianshuihai terrane (the western extension of the

Bayan Har terranc) defines the southern boundary of the West Kunlun terrane (Matte et af . ,

1996; Pan, 2000) (Fig.1).

©®  International Geology Review, Vol.47. 2005, p. 986 — 908,
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Fig.1 Tectonic sketch map of the West Kunlun.
Legend: 1 = thrusts 2= sinistral strike-slip faults 3= dextral strike-slip faults 4 = fault; 5= khondalites. Abbrevia-
tions: WKL = West Kunlun terrane; ALT = Altyn terrane; TSH = Tisnshuihai terrane; QDM + EKL = Qaidam-
East Kunlun terrane; BH= Bayan Har terrane; QT = Qiantang terrane; ALT F= Altyn Tagh fault; EKL F= East
Kunlun faulty KXW F = Kangsiwar faults KR F= Karakunlun fault; KGS F= Konggushan {ault; KD S= Kidi-Oy-
tog suture; RQ F= Ruogiang fault; QM F= Qiemo lault. Legend: circled number 1= North Kunlun tectonic zone;

circled number 2 = South Kunlun tectome zone.

The oldest North Kunlun basement rocks have a zircon U-Pb age of —2261Ma and a Sm-
Nd isochron age of —2800Ma. They are overlain by Precambrian schists, gneisses, and mar-
bles with subordinate quartzites and mafic to intermediate voleanic rocks. Ordovician to Lower
Silurian sedimentary sequences consist of deep-water sedimentary rocks and fan deposits that
formed in continental shell and continental slope settings. The Lower and Middle Devonian
strata consist of terrestrial elastic and carbonate rocks, whereas Upper Devonian strata are
marked by marine variegated clastic rocks intercalated with continental equivalents which con-
tain plant fossils (XBGMR, 1985).

A granodiorite intrusion has **Ar-’ Ar ages of 449 and 474Ma, and a zircon U-Pb age of
458Ma (Matte et al ., 1996), suggesting that the North Kunlun terrane experienced a Caledo-
nian magmatic event. Such an inference is also supported by biotite Ar/Ar and whole-rock Rb-
Sr ages from 384 to 480Ma for cale-alkaline plutons in the North Kunlun (Xu et af., 2000).
The Kiidi-Oytog ophiolitic melange, which lies in the Kiidi-Oytog suture zone, consists of dis-
rupted ophiolite rocks, siliceous pelites, and derivatives from arc volcanism. The ophiolite se-
quence consists of ultramafic rocks, mafic cumulates, mafic dike swarms, and tholeiitic basalts,
which we regard as fragments of oceanic crust and uppermost mantle. The sequence as a whole
represents rocks formed in either an island-arc or a continental are environment (Jiang et al .,
1992; Ding et al., 1996). The juxtaposition of ophiolitic malerial and an arc assemblage sug-
gests that the West Kunlun terrane experienced Sinian to Early Paleozoic seafloor spreading,
subduction, and finally collision (Ding er a/., 1996).
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The South Kunlun subterrane is a broad dome 15km wide that contains Paleoproterczoic
intermediate-to high-grade granitic gneiss in its core, overlain by low;amphibolite to greenschist
favies schists, marbles, and metavoleanic rocks. These high-grade basement rocks were intrud-
ed by granitic plutons that fall into two age groups: a Variscan group with ages of 377Ma (U/
Pb zircon}, 392 £35Ma (whole-rock Rb-Sr), and 381 + 4Ma (biotite Ar/At) (Arnaud ef al .,
1991} : and an Indosinian group with ages of 211 £ 8Ma (whole-rock)}, 180 + 10Ma(K-feldspar
and plagioclase Ar/Ar), and 180 + 10Ma (whole-rock Rb-Sr isochron) (Matte et al ., 1996).
Thesc results suggest that: (Dthe granitic gneisses underwent metamorphism sometime between
420 and 380Ma; and @ the metamorphic basement of the South Kunlun was involved in both
Caledonian and Indesinian orogeneses.

The Kangxiwar fault is located along the southern margin of the South Kunlun subterrane,
and extends eastward from Uzbel Pass, Kazakhstan through Bandinorth of Taxkorgan, Mazar.
Sanshiliyingfang, Kangxiwar, and Muztag 10 Qong Muztag, where it is cut by the Allyn Tagh
fault. The rocks of the South Kunlun sublerrane are similar to those in the North Kunlun. Pre-
cambrian metamorphic basement is exposed in the northwestern part of the Tianshuihai terrane
and is overlain by Lower Paleozoic ((3-S) continental-margin slope flysch and siliceous rocks of
abyssal basin facies, which are strongly foliated and folded. Middle Devonian strara were
formed in a stable marine depositional environment, whereas Upper Devonian strata consist of
continental variegated coarse clastic rocks (Ding et af., 1996). A very thick Permian-Triassic
(P-T) flysch sequence consists of Paleo-Tethyan sedimentary rocks, which have been strongly
foliated and folded and intruded by Indosinian granites (Xu et af., 2000; Matte et al.,
1996) . Most of the regional deformation and metamorphism in the Tianshuihai terrane is be-
lieved to be related to the Indosinian orogeny. The Taishuihai terrane and the Bayan Har-Song-

pen Garzé terrane together constitute a large-scale NW-trending Indosinian orogenic belt.

The Kangxiwar Khondalite Series

Khondalite-series rocks have recently been identified within the Kangxiwar shear zone.
The Kangxiwar ductile shear zone is up to 7km wide and consists of mylonites and mylonitized
metamorphic rocks. Althongh the rocks in the shear zonc have been subjected to strong brittle
and duetile deformation, their compositions and textural characteristics are sufficiently pre-
served to allow identification of their protoliths. Such data are critical for reconstructing their
environment of formation, and for tracing the deformaticnal history of the shear zone. We have
analyzed a suite of rocks from the shear zone in order to characterize major, trace-, and rare
earth element compositions. Zircons were extracted from one of the samples for SHRIMP U/
Pb dating. The radiometric age data, combined with the geochemical data, are used to constrain
the tectonic history of the Kangxiwar khondalites. Field, petrologic, and geochemical studies
(presented here) indicate that the protoliths of rocks in the Kangxiwar ductile shear zone were
khendalites.
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Khondalite series

Khondalites have long been considered to be alumina-rich, high-grade metamorphic rocks
that formed during the early stages of continental crustal development. They consist dominantly
of highly metamorphosed supracrustal rocks, potassic granites, and granulites that contain alu-
minous minerals such as sillimanite and garnet. Khondalites have been found on all continents
and share a number of common features in the nature of their protoliths, metamorphism, mag-
matism, and ore potential ( Narayanaswami, 1975; Banerji, 1982; Chacko er al., 1987; Lu
et al ., 1996). In China, most of the khondalites occur in Precambrian terranes in the north-
ern and central parts of the country (Jiang, 1991; Lu and Jiang, 1992; Lu et al., 1992), al-
though one occurrence of Phanerozoic (450Ma) khondalite has been described from Qiemo, in
the South Altyn Tagh Mountains (Zhang et al ., 1999).

Field and petrographic observations show that the khondalites found along the Kangxiwar
ductile shear zone have complicated lithologies dominated by aluminous gneisses (e.g., garnet-
sillimanite rich gneisses and pyroxene-amphibole gneisses) with subordinate marbles (Fig.2).
Two types of gneiss as well as serpentinized marbles are present in the South Altyn Tagh moun-

tains.

Fig.2 Photomicrographs of the Kangxiwar khondalites.

A-C—=Sillimanite-gnrnet-rich  gneiss. D—Pyroxene-amphibole-garnet-hiotite monzonitic gneiss.  Abbreviations:
Sil = sillimanite; Gt= garnet; Bi= biotite; Mus = muscovite; Cpx = clinapyroxene; Q = quartz; Hb = harnblende:

pl= plagioclase.

L. Garnet-sillimanite-rich gneisses (khondalite series sensu stricto). The garnet-silliman-
ite rich gneisses possess medium-to coarse-grained, nematoblastic to granoblastic textures and a
gneissic structure. They consist of sillimanite, biotite, almandine, graphite, quartz,
K-feldspar, and plagioclase. Based on mineral compositions, this suite of rocks includes garnet-
sillimanite-biotite-plagioclase gneisses, sillimanite-biotite-plagioclase gneisses, garnet-silliman-
ite-two-mica-plagioclase gneisses, and garnet-graphite-biotite-(two-mica) plagioclase gneisses.

2. Pyroxene-am phibole-bearing garnetbiotite- plagioclase-K- feldspar gneisses . These vari-
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eties occur along a ~ 50 m wide belt in the central part of the ductile shear zone. They have
medium-to fine-grained, nematoblastic-granoblastic textures and a gneissic structure, or augen-
mylonitic textures and a banded structure. The dominant minerals are diopside, zoisite, horn-
blende, with or without garnet, titanite, scapolite, biotite, quartz, microcline, plagioclase,
and calcite.

3. Serpentinized phiogopite-olivine marbles. The marbles occur as lenses 1 to 2 m wide
in the khondalite serics in the northern part of the ductile shear zone. The marbles in the middle
of the lenses have weakly deformed, weakly foliated, granular textures with a grain size of <
Imm to lem, whereas those at the edges of the lenses have strongly deformed, pervasive-foliat-
ed mylonitic textures. The dominant minerals are forsterite, diopside, phlogopite, and horn-
blende, with minor euhedral-granular apatite. Some of the rocks are extensively serpentinized.
Geochemical characteristics of the khondalite series

Major, trace element, and REE anzalyses were carried out on 12 samples of the Kangxiwar
khondalites at the Chinese National Research Center for Geoanalysis, Beijing. Major oxides and
some trace elements were determined by standard XRF technigques, whereas the remainder of
the trace elements and rare earth elements (REE) were determined by ICP-MS. The analyzed
samples include garnet-sillimanite rich (GSR) gneisses { WKL30-18a, WKL30-18b. WKL30-
22, WKL30-33, WKI.30-3, WKL30-19, and WKL30-20a} and pyroxene-amphibole-garnet-
plagioclase ( PAGP ) gneisses { WKL30-35, WKL30-36, WKL30-31, WKL30-32, and
WKL30-28). As shown in the following discussion, the protolith of the garnet-sillimanite-rich
gneisses was a peraluminous sedimentary rock, whereas that of the pyroxene-amphibole-garnet-
plagioclase gneiss was a volcanic rock (Fig. 3). Analytic results are listed in Table 1 and are
discussed in the following scctions.

1. Major element geochemistry. The major element geochemistry of the khondalites pro-
vides 1 good guide to their protoliths. The GSR gneisses have the foliowing characteristics;
@ their Si0), contents are mostly between 59.09 and 66.85 wt %, with the exception of sam-
ple 30~20a that has 71.44 wt% SiO;; @ their K,00, MnO, and TiQ, contents are negatively
correlated with 510;; @) they have Aly(); contents ranging from 10.66 to 19,58 wt%, with
three samples (30-18a, 30-18b, and 30-33) having more than 17 wt% Al,5. Such high
Al Os is typical for peraluminous sedimentary rocks of the 1ype formed in a stable continental
margin environment. Samples of PAGP gneisses have: D Aly(O; contents ranging from 9.70 to
11.73 wt%, far lower than those of the GSR gneisses; @ SiO, contents that vary between 65
and 72 wt%, similar to those in the GSR gneisses; and @ high CaQ) of 5.04 ~7.39 wt%.
Major element compositions suggest that they are cale-silicate rocks. When major element com-
positions of both types of rocks are converted into Niggli values and plotted in an Si { Al + fm)
(c+alk) diagram, the GSR gneisses concentrate close to the pelitic end-member in the pelitic-
psammitic sedimentary rock field, whereas all of the PAGP gneisses fall in the voleanic rock
field (Fig.3). Thus, protoliths of the analyzed samples are believed to be either pelitic sedi-
mentary rocks or intermediate-silicic volcanic rocks. The association of pelitic sedimentary
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Fig.3 Si-{Al+ [m)-(c+ alk) diagram of the Kangxiwar khondalites (after Simonen, 1953).

Legend: 1 = sillimanite-garnet-rich gneisses: 2 -+ pyroxene-amphibole-garnei-plagioclase gneisses. Sample numbers

are the same as in Fable 1,

rocks with intermediate-silicic volcanic rocks is typical for rocks formed in an arc environment
(Salechby and Busby, 1993), and we suggest that protoliths of the Kangxiwar khondalites
formed in the margin of an extinct continental arc.

2. Trace element and REE geochemistry. Concentrations of the large-ion lithophile ele-
ments {LILEs)} such as K, Rb, and Ba, as well as Th, Nb, and Cec in the Kangxiwar khon-
dalites are far higher than the MORB values given by Pearcc et al. {1984). In contrast, the
P;Os contents and St, Zr, and Sm concentrations are highly variable, all lower than MORB
values (Table 1). In primitive mantle normalized spider diagrams (Fig. 4}, the GSR gneisses
show pronounced positive Th, Ce, and Zr anomalies, reflecting a crustal source of the pro-
toliths, The PAGP gneisscs have no Th anomaly, but do have positive Nb and Zr anomalies,
which distinguish them from the GSR gneisses. Both the trace element and major oxide compo-
sitions of these khondalites suggest that they originated from igneous rocks.

The total REE contents of the khondalites range from 115.43 to 187.28 ppm (Table 1).
The LREE/ HREE ratios vary from 2.34 to 3.63, indicating relative enrichment in LREE
over HREE. Such enrichment in LREE is also consistent with the chondrite-normalized trace
element distribution patterns (Fig. 4). Eu shows moderate depletion and Eu/Eu” is generally
scattered around 0.6, with values up to 0.83. All of the samples have high (La/Sm)y ratios
ranging from 2.59 to 3.65, and (Gd/Yb)y values exceeding 1.0. High {La/Sm)y ratios indi-
cate enrichment of LREE over HREE, whereas near unity ratios of (Gd/Yb)y signify weak or
no HREE fractionation. In summary, the rare earth element geochemistry shows that the
khondalite series is characterized by relative enrichment in LREE, high degrees of REE frac-
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Table 1 Chemical Composition of the Kangxiwar Khondalites®
Bample 318 30-22 30-33 k30-3  30-18b  30-19  3(-20a  30-28 30-31 30-32 30-35  30-36
5i0), 60.93 66 83 58,08 6549 62,63 6562 TL.44  65.87  09.95  TZ.07 o9.91 69.2
Tidy 0.84 0.43 0.7 0.74 0.87 .88 .58 .67 0.46 0.44 0.45 1.38
Al Oy 19.58 10.66 18.07 13.71 17.43 15,97 13.35 15.78 11.73 10.32 9.7 12.06
Fe; 05 2.09 1.02 2.55 1.12 0.59 0.681 0.33 1.14 0.74 0.353 0.64 1.27
Fel 4.67 2.57 3.75 4.02 5.91 5.26 4.22 4.01 2.53 2.34 3.2 2.35
MnO 0.07 .08 .07 0.1z a.07 0.0 0.1 .07 .06 018 011 0.14
MgO 3.3 2.64 3.02 2.3 3.24 2.46 1.91 2.3 2.24 1.89 3.85 1.97
Ca( 1.23  10.56 04.76 1.92 1.4 1.53 1.4 2.52 5.04 6,66 6,91 7.39
Na,O 2.08 1.38 2.81 3.17 1.84 2.73 2.16 3.37 2.19 1.1 1.65 1.59
KGO 3.61 1.39 6.73 2.86 3.5 3.12 2.73 2.95 2.6 1.36 1,01 1.5%
P05 0.19 .09 0.14 0.21 0.34 0.17 0.27 0.16 .08 .08 .07 0.08
H,0* 1.39 Q.72 1.74 1.22 1.5 1.28 1.35 0.6 0.84 1.08 .68 0.62
0, 0.22 2.06 0.22 [L D09 0.015 0.07 0.4 1.1 1.8 1.32 (.93
Tenal 100.2 100.45 99.65 99.36 099.41 99,77 99.91 99.64 99.73 99.9 99.5 99.49
St 156 175 55.2 207 133 197 181 113 185 153 204 267
Rb 130 36.1 176 93.3 134 113 90. 8 93.5 77.7 58.6 33.7 52.8
Ba 549 441 717 459 508 480 460 314 420 249 204 267
Th 14.1 8.73 16.9 10.9 13.7 12.8 9.72 .61 8.27 6.91 7.71 8.4
N 13.3 8.59 13.4 11.8 12.8 12.6 9,24 176 497 31.6 138 37.4
Zr 206 100 168 208 197 208 162 192 163 169 278 128
Sm 7.04 4.46 6. 86 5.72 T.62 6.27 5.38 5,31 3.78 3.59 7.66 4.1
Y 24.7 22 30 28.8 32.06 23.2 26.1 23.1 18.2 17.5 33.5 19.4
Se 15.4 9.33 14.6 12.5 13.8 12.3 10.3 9.98 6.47 6.23 8.2 7.74
La 38.4 39.8 30.4 31.4 29.3 2.z 22.9 28.8 22.3 21.5 43,8 22.6
Ce 78.8 82.2 62 73.3 GR.8 34.8 45.8 31.7 43.5 af 85.8  45.6
Pr 9.14 9.24 7.32 9.26 8.36 6.69 5.44 6.73 5.02 4.77 10 5.32
Nd 34.8 34.7 27.9 34.8 31.3 24.7 21 26.5 19 17.9 37.8 19.9
Sm 7.04 6.86 5.72 7.62 £.27 5.38 4.46 5.31 3.78 3.59 7.66 4.1
Eu L.3 1.27 1.39 1.44 1.51 1.42 0.%9 1.12 0.81 0.81 1.61 0.8
Gd 5.38 5.45 4.76 6.97 5.38 4.95 3.71 4.96 3.61 3.4 7.51 3.78
Th 4.9 {364 0.83 1.16 0.86 0.87 0.67 0.82 0.55 0.55 1.2 0.6
1y 5.11 5.64 5.24 6.71 4.78 5.28 4.00 4.64 3.4 3.3 7.23 3.75
Ho .94 1.13 1.11 1.27 0.93 1.06 (.85 0.91 0.72 0.69 1.49 0,74
Er 2.56 3.32 3.34 3.37 2.59 2.9 2.55 2.5 2.12 2.13 4,31 2.28
T (.34 0.48 0.5 .44 G.37 0.43 .34 0.38 0.32 0.32 0.62 0.34
Yh 2.22 3,15 3.34 2.69 2.4 2.67 2.35 2.43 2.14 1.97 3.97 2.22
Lu 0.35 .48 0.53 0.4 .38 0.41 0.36 0.36 .33 .32 0.63 0.34
ZREE 187.28 194.66 154.4 180.43 163.23 133.77 115.43 143 107.6 101.3 213.6 112.4
LREE/
9.52 B.45 6.84 .86 8.23 6.2 6.73 7.41 7.16 6.99 6.92 7
HREE

8Eu 0.62 0.61 0.79 0.59 0.78 0.83 0.65 (.66 0. 66 a.7 0.64 0.6
{La/Sm)y 7.41 7.41 7.41 7.41 7.41 7.41 7.41 3.39 3.71 .77 3.6 3.47
(Gd/Yh)y 2.62 2.62 2.62 2.62 2.62 2.62 2.62 1.65 1.36 1.39 1.533 1.37

@ Units for major elements are in wt %3 trace elements and REE are in ppm.
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Fig.4 Trace element spidergram and REE distribution patterns of the Kangxiwar khondalite series.
A—Sillimanite-garnet-rich gneiss. GB—Pyroxenc-amphibole-garnet-plagio-elase gneiss.  C—Sillimanite-garmet-rich

gmeiss. 17— Pyroxenc-amphibole-gamet-plagioclase gneiss. Sample numbers are the same as in Table 1.

tionation, relatively low degrees of HREE fractionation, and moderate Eu depletion.
Estimates of P-T conditions for the formation of the khondalites

Six samples of fresh khondalite were selected for microprobe study at the Electron Micro-
probe Laboratory of the [nstitute of Mineral Resources, Chinese Academy of Geological Sci-
ences (CAGS), Beijing. Operating conditions were an accelerating voltage of 20kV and a beam
current of 20nA. The analyzed samples contain fresh biotite, muscovite, plagioclase, and gar-
net that are thought to represent equilibrium assemblages. The P-T conditions of metamor-
phism were calculated from the mineral data using Thermo Calc software developed by Powell
and Holland (1994) and Holland and Powell (2001). The results show that peak metamor-
phism occurred at 7= 668 ~729T with a mean of 701°C and P = 6.6~—7.1 kbar with a mean
of 6.8 kbar.

Zircon SHRIMP U/Pb Ages of the Kangxiwar Khondalite Series

Sample 30~36, a PAGP gneiss, was collected from the khondalite series in the Kangxi-
war ductile shear zone, West Kunlun. The rock is greyish white and has a mylenitic structure
with well-developed foliation and stretching lineation. The dominant mincrals are garnet, silli-
manite, diopside, biotite, microcline, K-feldspar, and quartz. Zircon grains were separated at
the Langfang Institute of the Geological Survey, Hebei Province, and euhedral crystals were
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handpicked under the microscope. The grains were then mounted and polished for laser Raman
and SHRIMP analyses. The crystal shapes and internal structure of the zircons were observed
with a laser Raman spectrometer and microscope at the Laboratory for Continental Dynamics of
the Instituie of Geology, CAGS. Cathodoluminescence images were obtained at the Laboratory
of Electron Microprobe of the Institute of Mineral Resources, CAGS.

Most zircons are prismatic with a length of 0.1~0.2 mm. The length/width ratioc aver-
ages about 2.5:1 but may reach 3.5:1 in some grains. A few zircons have relatively complete
crystal edges or faces, whereas others are rounded or granular in shape, with small sizes rang-
ing from 0.05 to 0.1mm. Some grains contain cracks parallel to the prismatic face, suggesting
that these zircons were modified by late-stage geological processes after formation. Cathodolu-
minescence (CL) images show two different types of structures in the zircons—those with a
distinct overgrowth around a primary relict core, and those showing obvious growth lamellae
characteristic of magmatic crystallization (Fig.5). The different shapes and geometries of the

zircons in this sample indicate that they are the products of multi-stage geological processes.

7 1923Ma

200pm

Fig.5 Cathodoluminescence images of zircons from sample 30 ~36 of the Kangxiwar khondalite series.

SHRIMP analyticsl spot numbers and the corresponding **Pb/**®*U ages are shown in the images.
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The zircon U-Ph dating was carried out with the SHRIMP II ion microprobe at the Iso-
tope Laboratory of the Institute of Geology, CAGS. Detailed analytical procedures have heen
deseribed by Stern (1997). lon microprobe analyses were made on 26 spots of different types of
zircon {relict core, overgrowth rim, and growth lametlae). The analytical results are listed in
Table 2, and plotted on a U-Pb concordia diagram (Fig. 6). Most of the data fall on the
H7ph/B5U2% phb/2¥ U concordia, and the others points plot close to the concordia. Four age
groups: 197 ~214Ma, 245~256Ma, 428 ~445Ma, and 618 ~718Ma can be recognized in the
diagram (Fig. 6}.

Tabie 2 SHRIMF U-Pb Data for Zircons from the Khondalite Serfes (sample 30~ 36)

Comtent — Age, Ma—
Sample Zircon domain
Th  #%pL* Th/U By, /28y Wrph* PR * Wph/ B
30-36-63 Rim 679 5i 18.4  G.08 322 £3.5 0.0488 +5.0 197.1 +t6.7
30-36-58 Rim 628 22 17 0.04 32 +3.5 0.053 t4.5 198.5 +6.8
30-36-30.2 Eim 462 & 138 o0.02 29.5 £33 0.0582 +9.5 214.8 +7.5
30-36-41 Rim 158 85  5.43 0.55 25.75 +3.7 0.0528 +12.0 245.6 8.8
30.-36-34 Ritn 351 182 12.4 0,54 25.64 £3.7 0.042 +24.0 246.6 *9.0
3(-36-50 Rim 669 2882  23.2 4.45 25.44 +3.5 0.053 +6.0 248.6 8.5
30-36-42 Core 530 5 185 001 24.91 +3.5 0.0541 3.7 253.7 +8.%
36-36-48 Rim 1224 478 43,2 0.4 24.65 f3.4 0.0499 +3.3 256.4 +8.6
30-36-54 Rim 470 131 17.6  0.29 23.37 13.5 0.0532 +6.3 270.1 +9.2
30-36-33 Mantle 460 194 18.6 0.43 21.57 3.5 0.0562 14.1 292.2 +0.9
30-36-37 Mantle 667 218 32,1 0.34 18.09 +3.5 0.0652 2.9 347 +12.0
30-36-38 Mantle 1031 364 43,7 0.36 20.55 £3.5 0.0509 *5.9 306 +10.0
30-36-47.1 Core 248 155 15.4 0.65 13,98 +3.5 0.054 4.7 445 *15.0
30-36-46 Core 227 68 13.7 0.31 14.58 +3.5 0.0636 16.% 428 +15.0
30-36-32 Cure 416 251 25.1 0.62 14.39 t3.5 0.0578 £3.2 433 +15.0
30-36-56 Core 318 97 19.3  0.32 14.38 3.5 0.0546 +35.5 433 +15.0
30-36-67 Care 306 11 211 0,04 12.62 3.6 0.0668 5.2 492 £17.0
30-36-44 Core 433 73 39.z  0.17 9.32 +3.5 0.08952 +1.6 644  +21.0
30-36-49 Core 176 37 16.4 0.33 9.44  £3.,5 0.0647 +5.3 649 +22.0
30-36-59 Core 48 21 4.39  8.46 0.95 £3.9 .67 +15.0 618 *23.¢
30-36-45 Core 562 23 56.4 0.05 8.65 +3.4 0.1438 £1.3 705 +23.0
30-36-35 Core 235 21 24.7 0.09 8.49 +£3.5 0.0631 *6.6 TIB +24.0
30-36-31 Care 232 246 29.2  1.09 6.80  t£3.5 0.0726 £2.3 873 +28.0
30-36-60 Core 70 50 15.1 0.74 4.06 +3.6 0.1091 +3.4 1419 +46.0
30-36-42.2 Core g7 52 116  0.14 2.878 +3.5 0.16671 +0,50 1923 t£57.0

Pb" = corrected for commen Pb using *™Pb, All errors are 1 sigma of standard deviation.
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Fig.6 Concordia diagram of SHRIMP U-Pb zircon ages for sample
3036 of the Kangxiwar khondalites.

The first group includes three data peints from the zircon overgrowths, which have ages of
197.1Ma, 198.5Ma, and 214.8Ma, with a2 mean of 203Ma. U and Th contents are relatively
constant, varying from 462 to 679 ppm and from 8 to 51 ppm. respectively, giving Th/U ra-
tios of less than (. 1. Thesc features are similar to those of metamorphic zircons ( Claesson et
al., 2000; Rubatto, 2002)(Fig. 5).

The second group includes five spots from concentrically zoned zircon, which have ages of
245.6Ma, 246.6Ma, 248.6Ma, 252.7Ma, and 256.4Ma, with a mean of 250.2Ma. These
zircons have widely varying U and Th concentrations. Except for spot 30-36-42, which has a
Th/U ratio of <0.1, all the grains have Th/U ratios >0.4. Because of growth zoning, these
zircons are interpreted as having a magmatic or anatectic origin (Hanchar and Miller, 1993;
Sue et al ., 1999).

Zircons in the third group yielded four ages of 445Ma, 428Ma, 433Ma, and 492Ma, with
an average of 435Ma. A few individual data points fall below the concordia, suggesting a possi-
ble loss of Pb. The U/Th ratios of these grains are relatively constant, ranging from 0.31 to
0.65 {(Fig.7). In the cathodoluminescence images, these zircons have distinct growth zoning,
implying that they may represent a growth stage related to an important regional tectonother-
mal event. The ages obtained from these zircons provide a key constraint on the timing of the
Caledonian orogenic event.

Ages of 644, 649, 618, 705, 718, and 873Ma, all of which fall on or close to the concor-
dia, comprise the fourth group (Fig.6). Their mean value is 667Ma. Zircons from this group
have highly variable U concentrations but relatively constant Th concentrations, with Th/U ra-
tios varying between 0.05 and 0.46 (Fig. 7). As shown in the CL images, all of these analy-
ses were carried oul on relict cores, and the ages probably represent the ages of the old meta-
morphic basement in the surrounding regions.

In addition to these four main groups of ages, two other clusters were obtained, one with
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Fig.7 Plots of U versus 2" DPh/38U ages {A), Th versus 200pp/2¥Y ages (B), and Th/1J versus
6pL/U ages (C) for zireons from sample 30— 36, showing that these zircons can be divided into

ages of 873 ~1923Ma and the other with ages of 292 — 347Ma. Analytical spots of the first
group ate all from the relict cores of zircons, and these ages may reflect the prescnce of event
older metamorphic basement components in the Kangxiwar khondalites. The second age group

represents spots located in the transitional area between the relict cores and overgrowths. These

2PpANTT Age(Ma)

four age groups.

are mixed ages and have no geological significance,

Discussion and Conclusions

A 7km wide ductile shear zone at Kangxiwar in the southern part of the West Kunlun ter-
rane contains a mylonitized khondalite series. The rocks are chiefly garnet-sillimanite-rich
gneisses, pyroxene-amphihole-bearing garnet-biotite-plagioclase-K-feldspar gneisses, and ser-
pentinized phlogopitc-olivine marbles. The khondalite protoliths were aluminum-rich pelitic or

pelitic-psammitic sedimentary rocks and interlayered intermediate to silicic voleanic rocks.
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Khendalites derived from pelitic sedimentary rocks have pronounced positive The anomalies and
relatively subdued positive Ce and Zr anomalies. In contrast, those derived from metavolcanic
tocks have pasitive Nb and Zr anomalies. Both types are relatively enriched in LREE, relatively
depleted in HREE, and moderately depleted in Eu. This khondalite series may have been de-
rived from rocks that formed at an ancient rifted continental margin. Khondalites in the vicinity
of Tura in the western segment of the Altyn Tagh terrane are composed of peraluminous gneiss-
es with garnet-hornblende-two-pyroxene gneisses, whose protoliths were alumina-rich pelitic
and peliticpsammitic sedimentary rocks and basalts. This khondalite series is also thought to
have formed in a continental-margin environment (Zhang et al., 1999). The Kangxiwar
khondalite series is similar to that of the Altyn Tagh khondalite series.

The Kangxiwar khondalites have experienced granulite-facies metamorphism, as suggested
by peak metamorphic temperatures and pressures of 800 + 50C and 6 ~9 kbar, respectively.
However, relatively Jow metamnorphic temperatures in the range of 650C 1o 750C determined
for a few samples, suggest that metamorphism may have been transitional between high-amphi-
bolite facies and granulite facies conditions (Lu et al., 1996). Because no granulites have been
found in the Kangxiwar khondalite series, the peak metamorphic P and T of 6.8 kbar and
700 for the peraluminous gneisses imply that they have also undergone transitional metamor-
phism. Granulites in the Altyn Tagh khondalite serics have peak temperatures and pressures
700 ~8507C and 8 ~ 12 kbar, respectively ( Zhang et af., 1999}, similar to those of the
Kangxiwar khondalites. Therefore, we conclude that the P-T conditions for the formation of
the West Kunlun khondalites were comparable to those of the Altyn Tagh khondalites.

Zircon SHRIMP U/Pb dating of the Kangxiwar khondalites indicates that: (D detrital zir-
cons with ages from 644 1o 873Ma or older in the khondalites represent materials derived from
pre-existing metamorphic terranes older that 644Ma; @ the khondalites were formed by high-
grade metamorphism of pelitic sedimentary rocks and subordinate volcanic rocks at 428 ~
445Ma; and (D the khondalites underwent strong shear strain in the Indosinian (250 ~
210Ma). Zhang et al. (1999) reported U-Pb and Pb-Pb ages of 447 ~462Ma for metamorphic
zircons, and upper intercept ages of 1027 and 2571Ma for relict zircons from the Altyn Tagh
khondalites. The older ages probably represent ancient source components in the pretoliths for
the Altyn Tagh khondalites. The sparse U-Pb zircon age data reported by Zhang er af . (1999}
do not put a tight constraint on the potential old source components in the Altyn Tagh khon-
dalites, as it is the case of the Kangxiwar khondalite. The available data indicate that the meta-
morphic ages of the two khondalite series are similar, and that the relict grains represent detri-
tal zircons derived from an older metamorphic basement.

Khondalites in Kangxiwar and the Altyn Tegh are similar in age, chemical composition,
protolith chemistry, and P-T conditions of formation (Zhang et af., 1999), and we suggest
they may be originally part of the same terrane. SHRIMP dating on zircons collected from the
ductile shear zones of the Altyn Tagh fault suggests that the main trace of the Altyn Tagh fault

to the south of the Altyn Tagh terrane might have been initiated in Indosinian time (Li et al . .
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2001) . Recent field, petrologic, and geochemical ohservations demonstrate excellent correla-
tions between the Caledonian subduction complexes (e.g., the Northern Qilian subduction
complex with the Northern Altyn Tagh, and the Northern Qaidam Mountain ultrahigh pres-
sure metamorphic complex with the Southern Altyn Tagh) (Yang et-al., 1998, 2000; Zhang
et al ., 2000a, 2000b) . Such correlations on both sides of the main trace of the Altyn Tagh
fault suggest an approximately 400km left-lateral strike-slip motion along it (Xu e af ., 1999).
The ENE-W8W-trending Ruogiang fault that is subparallel to main trace of the Altyn Tagh
fault may be one of the abandoned branches of the paleo-Altyn Tagh fault and defines the
northern boundary of the Altyn Tagh terrane (Fig. 1). It joins the Altyn Tagh fault ar its
southwestern end. Field observations and satellite images around this juncticn indicate that it is
probabiy where the South Kunlun terrane meets the Altyn Tagh terrane. If the Altyn Tagh and
South Kunlun terranes were once a coherent block and later offset by the Ruogiang strike-slip
fault, then about 150 to 200km left-lateral strike-slip movement can be added to the total
amount of slip on the Altyn Tagh fault system. Therefore, we suggest a total dextral slip of up
to 600km along the Altyn Tagh fault since the Indosinian.

The khondalite series has long been considered a peraluminous, high-grade metamorphic
complex that developed in the early stages of crustal formation ( Narayanaswarni, 1975; Baner-
ji, 1982; Chacko et at., 1987; Lu et af., 1996). Khondalites occur mainly in Early Precam-
brian terranes in the northern and central parts of China {Lu et al., 1992; Jiang, 1991). The
khondalite series discovered at Kangxiwar of the West Kunlun and Qiemo of the South Altyn
Tagh Mountains (Zhang ez «f., 1999) consist of high-grade metamorphic rocks located in the
mountain root zones formed during the Caledonian, and thus have great significance for under-

standing the Caledonian orogeny and tectonic cvolution of this region.
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B B EERhiRE 55+ 10Ma UREIEERE B Y5 BOE KRS B T8 B o 2 A d o, A T3
FHEE DR SHEN- FERERNEAANTREREEAANEEMBEESTERILASH
EREA RS, MEAHEOPE T SHRIMP U-Pb M EERHE, B TiIDFT 20Ma 1A
TR A PEAE R A, SRR T 520—457Ma RSB R E A DR, BAERT T ERH
{(>835Ma) BV {FE. RIB 20Ma DB EN EN IR HE S PR S ETBAEHM N E
g U R A A SR RO, S SR RN R RSB KRB E- R s
RS HRRLRTAEHER, RNE U T EFROERREENERERF AL T T iEE-
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NTEHSEEZUE SR EA LM ESORAME, HHAIHRBE. W
EHEHE EW [ ER 2500km, 58 300~ 500km, KR A A REABA DLW, ESRANED
PORERTRG v Br R (HFT) . Mtk 7E BT BEAR B v Ak o & AR 038 40 08 A% S i 4R Y Nanga Par-
bat ¥y 35 45 M Namche Barwa #5455, 7 Wit & & s w il b &, 4 B A
QRIS HITERBP LM EETERERWE 1),

B SRR R 55+ 10Ma DA€ I FE A B 55 W0V AC el Tl 498 T P2 0 ) 3 A MUHE (Argand,
1922), B FEREMR R SGEAE KRG RIE S B D I maE s S (R R 2%,

@ HAFER.Z0SESE 2 HEH.
A FEABF [F] o VT U5 B0 b B (75 R D A R ) B R R B IR R R R I L e R

BEHRA ATER, o, 1941k, DEBEER L, B A ENEE. ORI AR S RPN, SR H
R R

109



HFEEHERERF(—) FHEDRKLES 7 F (1984 ~2008)

28"

84° 8I6° 8I8° 9I0"
g 2 3 4 s [*]s
B 1 DR A b

Fig.1 Tectonic Sketch map of the Himalaya terrane
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l—metamorphic basement; 2—thrusts 3~—suture zome; 4—detachment; 5—locations; 6—collected location,
THM—Tethys-Himalaya tectonie unit; GHM--Greater Himalaya tectonic unity LLHM—Lesser Himalaya 1ectonic
unit; SHM—Subhimalaya tectonic unit; GDS—Gangdisc terrane: INIZ—India plate; YILZBS—Y¥aluzangha su-
ture; STD—South Tibetan Detachment; MCT—Main Central Thrust; MBT-—Main Boundary Thrust; MFT—

Main Frontier Thrust

BASHMER) O NAEZH A (Argand, 1922; Gansser, 1964 ; Tapoponnier et af .,
1982;Le Fort et al., 1983; Le Fort, 1996; Harrison et af ., 1997 ; Hodges, 2000; DeCelles et
al.,2000,2001}.

BT R A A MR RS TN AR AR T R LR BT A S R
TR PAER T RF A AU, MRS FTIDRABEABIIR, BRIk S
AR 4 PHERT RN YNBSS B E SR ST R SRR
BREITEXESHUBNESRT, FEG ZE3NEUEL AU THE R THE W (YLZB
SHOEREHT AR R(STD) 2, FE S BENERTHERE N EPER(MCT), BED
HREHE BT R A MBI (MBT), R E SRR A T E R SRR
(MFT) 5 B BEAR 52 4 H2 (Burg and Chen, 1984; Burchifiel ez af., 1992; Brookfield, 1993; Le
Fort, 1996; Yin and Harrison, 2000)

BRI R LR ER A G I ES B S O RAs M T RS &
SHRAERTHNAKA- RS W 4 T ERSHEY, SEIRRANBEALTHEA
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BEEMEIELHERNAR, £ 3F LR ARE, A —ESHBNEE- S EHME
FHRAER UEERG. TF0 WETNERMARSRITRENE, RENE KBS EG
B, FEASTEMNRASD S RN LS (TRAAESR), ARG EIERTH
FEE, S 6000—~9000m. B APFEIZEEE, RIRAR BT Z RO ANA S AHER N 728+
2Ma( Krummenacher, 1961), & /R H AN A T 5 819 + 80Ma ( Krummenacher,
1961), I AFRE =R S FE A U-Pb T4 1250Mal Xu Ronghua et af ., 1985), &
ABRABHARE DHIEAKLTE R S Rb-Sr AT 2841 3 1050Ma( Acharyya, 1977) LA &
FEFEMXERIH A 25 St 284 H 1800 + 100Ma( Thakur, 1980), ZERIAREE
hfu FE B A7 B 40 70 BUE R R B 0 BT IR E BN 1000 ~ 1300Ma, RSB H 1500Ma Hl
2500Ma( Gehrels ez al ., 2003) B i .

RN SR ER RS REEE IR E —ES AN a2 A2
MEERER UEERE  FFE WRaNEEO S ARERERNFERE N E, B
EFHERYIHEDE DI EERBASLARNER SN, 5SEE DR ERA
BEAEAL
. ESummArRHERREST S, Sl ER PR R R A H S A TR B8
SRR, HAERER LA —EXRSTHEA . REN BB WE SRR,
BAEHGTIRER, BJE 3300 &%, A THILESERAEE TN EESHEDH
FERE BT B R Z HBRIRE(STD), iR LN EE ERAEATHEREGER
BREBRARRELRELE, FARE M TEIREREN ERBEILEF2 %L, =
BRARAESES SO REREEZ L,

HTHESUHE AN P RO ENERERMCRERSH MRS R, FREE
B AL T AT R R T i Y B 45 (Gehrels er of ., 2003) . 5 1964 £ Gansser RiixFESIx
TG BT 5 A LAY I S L3, Stocklin and Bhattarai¢ 1977) VStocklin(1980) . Le Fort
et al . (1983) . Garzanti er al. (1986) . Thakur (1992 ), Brookfield { 1993}, Valdiya ( 1995 ) f1
Gehrels et a. (2003 )83 R IHAR B AL M XA T/RE B0 A, TEEEN T (1) HE
TH 2R BT i A - o A A M B A 1R 2 1L A9 2E T 53 1% ( Stocklin and Bhattarai, 1977 ; Stocklin,
1980), dLEN BB B Er i e A1 208 o 1B HE BT BFH{ R 534Ma(Sm-Nd, Argles et al., 1999), W& T
WAL A B 488Ma B 7R BB R LA AL P B TR A () A FR4E 8 & 467Ma( Foster, 2000), &
JEIH/RAE A N 484Ma(U-Pb, M B 445 ; Godin et af ., 2001), B K AW ER K
484 Ma, R IEH LE 4 B BKBYEEHS g 472Ma F1 476Ma(Gehrels et al ., 2003), 7 B /R AR
SEH% A 436 ~ 548Ma( Th-Pb, M /B ; Catlos et al ., 2002) ; (2) Bl 4 R - 5 2 h iy iF 38 .
FEILENEM S, PR AT A E RS B AR LKA TR TEL 2 (Garzanti
et al ., 1986); TEF BIIR, BRAMEN K A ERICFE T M W i #4E H (Stocklin and
Bhattarai, 1977; Kumar et ol ., 1978; Stocklin, 1980); A EH /R, W — B 30m EH &
40cm B2 R A # B M 5Bk 2 (Gehrels er al ., 2003); ANEREEZ LA BEL REL
MRS H K E 480 ~ 530Ma FEH# Y 85 7 BB (Gehrels ef al ., 2003),

B, FERASE RN E AN EN- E DR B DS RN R B
FIREBRA (RS0 %, 2002; B2, 2004), 388 MR #E A T NS e S EM B R S F
BT, 2004),
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A THBF 7T f BN B o e i (A TR B B SR S AR B S IR A BE U, A e A R 3
W E SRS R TTRE (W) TR (FLA) RFRT- 5 ERT(ES . &
k) 28 2R 9 A R B0 AR UL R e R TE B T BR R RE R 9 85 0 #E4T SHRIMP U-
Pb [Fl A R M, BRI T 88 . (1) B 5 0 o fe A% 386 00 P 4 1 ) B o R S AL I 524
35 ()RR SHrfE i D H eI ER B,

2 ESWAEMEKTREKES N SHRIMP #  F

2.1 MidHcatE R RER

AR A THREN-F SRR TR TR S E S RMa g T
HIME AR FAZEFIAR (E 2),

o HH-S i PR R BB S e T PR A SRR AT RS
SGUIM, RS A R ERFEHEZ ENRAE. s RS WALAHE RS R B R
MR _Z_RKRAREFAM, HHS B EBT 0BRSS TR BRE, Bl fm w1 & 454y,
FRORME, EEVPAR. SR AE+ RO+ AR+ B2+ RT0 + ARG, Beap
PIFE A HEF s HH-42 S TR H- S D R 8 TR IG B 2 B4 P 20 o B L A s i
BY, 1: 150 77 7 95080 IR R 40 DX 4tb. I 181 ( 0 0 4t J0 2 o 60 B 0 P B 2, 1988) LR B %
EORYER S, ERERAERNRA, ST HRFL5HZLREBHBE Y7, FREHN
HAGTHSA R ARE, Wk RA Ras i, 5 R, S BT masy. 885+
FRA+ DR+ BEH+ A8+ BE0%, BREBSL, B FASRP LSy 2L
A R VTR, SO ETR, LS R IE W R, WAEEETE I KRR B R R R
WA, EFLMEEN I HE R MY R ED NN ERA T AR P A EE A E S a0
B Bkm b, ERMEME AT ENAEVARZAKE RS DAEZAEERE — 2
SRERE R KRRE S HH-32 ARG R B SR RS, R R 451,
ARG, TRV YPEARN S LG+ AR+ BB+ AG + WAL S, BaTwEn
HEFURAR s HH-72 10 T B By 8 28 T A0 S iy A RN R G 13k A IR IE, BHLA
WX EODEEHYETE  Z _RARE B OWERE —Z ke AR s
WE BZMKARY ST EAERERESAEMBRL K HE S %A%, HH-72 V4%
O s TR A BRE, OR-ERRE G, RS, LET AR Y . FREE + 8K
A+ AR+ BEZE+ A58+ 08 +WEESE2),

2.2 MRFEE

1 F BAUR 655 SHRIMP U-Pb JE AL B4R g 77 B3 SR AR R TRV B . R
WAITIE SRR SR A R, TE T E S T PR N R IB A B O B A 4 S R S A
RS NS TEM EBMR L AR EM I E B 008, RIS BT B 59 B R 5% i AT,
PR 2 Ot MR o o PR B AL B 0 P IR RS B TR AT 52 . U-Pb A L B 4R 8 i
SE FRTE R I M R4 g o B B 9 B AL B 3R 4R R D SHRIMP 11 _E 52 A i, SHRIMP U-
Phb 57 77 5 2% Williams % (1987) #l Compston Z5(1992),

2.3 SIRER
2.3.1 FREE(HH-5)
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Fig.2 The geologic map and profiles of the collected location of the SHRIMP U/Pb dating
(by the 1/1.5 million geological map of the Ginghai-T'ibet plateau, 1988, revised)

(AY R RAIUPE N — SR ER T RRER 2 — il R 3Ry b e e a—vh S R,
SRR 6 BN 7R AR s—FBAE 9 BHUE 10— HERS 11— 5
(B SRHE (37 B M ) i P - o— B0 -0 B MR B AT 5 b — 55 B LA o A S - 20 L 3 0 T s — F 25 L 5 S 1)
OHAHE — B A SR R ERIE G, — RS 2 B - B — s B, s T =,
6 - LEME, TRAMSIEDIER TN S8 - REEE
(A} The geologic map: 1—Precambria metamorphic hasement of the Himalava; 2—REarly Palenzoic strata; 3—Late Pale-
ozoic sirate; 4 Mesazoic strata; 5—thrust; 6—detachment: 7—national beundary; 8—the main road; 9—eollected
locations; 10—sample's numbers 11=-loeations
(B) The geologic profiles: a—the profile from Kangma to Shacgang: b—the profile from western Poikucuo located in the
north of Jilong to the Malashan; ¢—the profile from southern Yadony to the Naiduilashan pass; d—the profile from Niela-
mu-Zhangmu to the friendship tunnel; 1—gneiss; 2-—schisty 3—sediment; 4—thrust; 5— lault; 6—shear sense: the

upper wall northward and the lower wall southward; 7—sample’s numhber; 8—collected locations
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T ORZZRKAREHH-SPHRIET 15 P&, 0 EER, ZiEsgHEk
H, B HAFRE.

(1)504~ 528Ma, ¢ i85 41 B9 PL/>® U 4E 8 308 (528 £ 14Ma, 528 + 14Ma, 522 +
14Ma, 518 £ 15Ma, 511 + 15Ma, 511 + 14Ma, 510 + 14Ma, 507 + 14Ma, 504 + 13Ma) &3 7F &
MEL(FED(E3), THENS15.4129.3Ma, SRS EEZE, B TFHEREREN
PEER(E 4(A)P HHS-5.1), B R AT R EHEREL(E 4(A)F HHS-15.1), B=HK R
FERAEFREG(E 4(A)F HHS-2. 1), A8 Th/U EEH>0.1, XHEFERICFETEE
H{FAYAER

*1 BESAESTPET SHRIMP U-Ph REHE
Tabel 1 SHRIMP U-Ph data for zircons from the kangma gneiss

Content{ ppm)

Sample Th/T BIApy 2887/ 206p, * Age: " Ph" /2*U(Ma)
U Th p)
HH5-9.1 670 555 83.2 0.85 0.7519£0.6233  6.93+0.1871 860+ 22
HHs-3.1 236 122 28.3 0.53 0.7849+40.0290  7.18+0.2010 840122
HH5-12.1 116 115 13.9 1.03 0.79050.0372 7.230.2386 835+ 26
HH5.8.1 632 487 50.5 0.80 1.42250.0469 10.790.2913 571x15
HHS.i3.1 272 276 21.2 1.05 1.40250.0589 11.08¢. 3102 55715
HH5-14.1 346 275 26.3 0.82 1.39860,0517 11.320.3170 546+ 15
HHS.7. 1 438 600 32.2 1.42 1.46410.0542 11.720.3282 528+ 14
HH5-15.1 462 354 34.0 0.79 1.55760.0592 11.710.3279 528+ 14
HH5-4.1 760 556 55.3 0.76 1.54320.0525 11.850.3200 522+ 14
HH5-1.1 144 154 10.3 1.11 1.43680.0790 11.950.3705 518415
HH5-6.1 157 163 11.3 1.07 1.76990.1770 12.130.3639 511%15
HH5-2.1 395 143 28.0 0.37 1.46200.0512 12.110.3301 511+14
HH5-10.1 367 305 26.0 0.86 1.54800.0619 12.140,3399 510+ 14
HH5-16.1 250 201 17.7 0.83 1.65840.0912 12,220.3544 507+ 14
HH5-5.1 459 347 3.2 0.78 1.60260.0657 12.290.3441 504+ 13

Note: Ph* corrected for common Ph using *™Pb. All errors are 1 sigma of standard deviation.

(11)869~ 835Ma, 3 4% 4 B1°° Pb/>® U 4= i S0 48 (869 + 22Ma, 840 + 22Ma, 835 +
26Ma) RTETEMEE (3K 1) (E 3), FIHEH 849 £ 27Ma, £ 35F I3 (500 ~ 600Ma) BT i1
FUIOT, ORI R (E 4(A)F HHS-3.1), BHR GF B A g0 5R ) & 2
mEZ AR, Th/U tE >0.1, HBEREEEKET .,

2.3.2 HHE(HH-42)

FRIADZTRARS (HH-42) B T 15 BisE 4, kg Kk mhR B E|
R, BRI — 2488 B 529 - 483Ma, FL17 10 FH45 13 B9 Ph/ 28 U 4R 5 (529 + 14Ma, 523 +
14Ma, 522 £ 15Ma, 521 + 14Ma, 519 + 13Ma, 516 * 14Ma, 511 + 13Ma, 511 % 13Ma, 510 +
13Ma, 483 £ 13Ma) P I XU S B E WAL B (K 2) (3 B HH422), FHEY 514.0 +
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Ehiammhea . PEA KB LERESEE

w6ph/os| |

WpHAY

B3 FD¥hidE REKE GH SHRIMP U-Phb 5% i 29
Fig.3 Concordant diagram of the SHRIMP U-Pb age for the metamorphic
basement rocks in the Himalaya terrane
IIH-5: B HH-42: % HH-32. A HH- 72 B h k
HH-5: Kangma sample; HH-42: Jilong sample; HH-32: Yadong sample; HH-72; Niclamu sample

115

0.12
a.16 HH-5 Hii-32
L 7
014t 0.10 (siif,olt;.l_12.1,13.1,14.1,17.1.19.1)
Mean=512+10
3 [ R ANTR [ [29%]2s
012} 730, h:ér::.t:swiz? ) ;D MSWD=0.80
: [3.1%] 2s % 008t
MSWD=0.63 -9
2
010} -
?lsf?sldlSIE)l?IlUllSllﬁl} 06
008 Mean—s153 203"
4500 [1.8%] 2s
r MEWD=041
006 L 1 1 M A i 1 1 i 004 i M 1 M L i 1
0.2 04 0.6 0.8 1.0 1.2 i4 1.6 0.1 03 05 0.7 09 11
2IJTPbI|r135U 107ij135'lj
0.5 0.11
| HH-42-1 2400, | HH-42-2
B 010k
04 2000
03} 1600 D009
HY
=3
o
o2} % % 008
L 1 $prts without
80 (15181100131
01F 0.07F Mean=514 4488
3 [1.7%] 2s
400 [ 4004 MSWD=052
00 L 1 i X . 1 L 1 L 006 = . . 1 N I 1
0 2 4 6 8 10 04 0.5 0.6 0.7 0.8 0.9 1.0
2IJTPbJ{2]5U ZUTPbe’Z.‘i[J
06 0.105
| HH-72-1 HH-72-2
0sf
2400 0.095 -
04k 2000, oossk
D.uoad ,ﬂ?‘ '
3F 1603, ots (31,5 1,809 1,12.1
0032 'g“. Mean-501 13 ’
. B {2.4%2] 2
02F 120079 E 0.0030 0.075 Msw%:-:o.zs
’ ’ éfo.tms 3 spoty I
80 00026 § 0.065 F 3 spots (2.14.1,11 115117 1)
0.1k i Mean=450+11
OO0 o4 0608 BT G0TE D06 57 [2.3%] 25
I U gt p MEWD-0.095
00 I FE— | i L n 1 L — L L 0055 L L L L L L i Il L 5
] 2 4 & 8 10 12 14 0.4 0.5 0.6 0.7 GR 0.9 1.0
2meF.35U m?bezSSU



PSR ET (—) RS R EE ) F(1984-2006)

HH32-19.1

100 m . Stipem

S0um SO S0pm

Bl 4 B S e 708 BT E IS A 0 il 0 PR DG I8
Fig.4 Cathodoluminescence image for the zircons of the metamorphic
basement rocks in the Himalaya terrane
(AYEYS HH-S: (B) & B 111742 (C) L4 HH-32; (D) 2 A HH-72
(A} Kangma: HH-5; (B} Jilong: HI-42; (C) Yadong; HH-32; (1) Nielamu: HH-72

8.6Ma, XA L RREER-EHERNS RSO0 (E 4B HH42-3.1,14. 1), 85 A FA B
s SIHE A B i, BT R 4 an 09 8RS (8 4(B) HH HH42-15.1), 8 KB4 E
AHE Th/U HAE<0. 1, XA EENAE MZEF 055

T AR AT 1 B Y £ Y 4R VR R R T I 15 420 Ph/2 Y Ph 18 O 2183 £ 24Ma, 75 Tl I ZR
F(E 3 4 HH-42-1) ([ 4(B) Y HH42-1.1), 800 Jo ity 2 09 i & 85 0 E 8, b TEIE R
b, Qs

2.3.3 E4(HH-32)
CE FE 5 0 2 0 B8 2 RS B R (HH-32) P Bk T 18 el &, 85 0 SR IR

FEDR A 2 [0 4K 5%, i 19 A, BB AEW N 525 ~ 494Ma, H b 7 B0 A W
206 /238 LI 41 % 40 (525 + 14Ma, 520 + 14Ma, 519 + 14Ma, 518 + 13Ma, 513 + 14Ma, 496 +
13Ma, 494 + 13Ma) #L I FIZE B (3K 3) (18 3), T"HI{HHM 512 £ 10Ma, #i0 EEREHE
ghih 4 (18 4(C)HH32-12.1,19.1), B HEH S0 K34, Th/U HE>0.1, ZAF
B e T iz dE- ol AR ey A AR R
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E ok FHERSELESFHILE

2 HIEABEE T SHRIMP U-Pb BERIE
Table 2 SHRIMP U-Pb data for zircons from the Jilong gneiss

Content{ pptn)
Sample Th/U By py 2By 208, Age:"™Pb* /I Ma)
I_] Th 2l]6Pb
HH42-1.1 496 35 167.0 0.07  0.1353+0.0041  2.5510.0688 2134+ 49
HH42-10.1 1328 190 111.0 0.15  1.1820£0.0355 10.860.2776 599+ 15
HH42-7.1 775 16 57.1 0.02  1.4430+0.0462 11.69+0.3156 529+ 14
HH42-14.1 833 73 60.8 0.09  1.6120+0.0629 11.82+0.3191 523+ 14
HH42-6.1 319 3 23.3 6.12  1.7094+0.1214 11.87+0.3442 522+ 13
HH42-9.1 932 44 67.4 0.05  1.5291+0.0489  11.89+0.321 521+ 14
HH42-11.1 3984 50 287.0 0.01  1.5480+0.0433  11.93+0.3221 519+ 13
HH42-15.1 439 a1 3.5 0.07  1.536120.0614 11.99+0,3357 516 * 14
HH42-2.1 805 146  57.2 0.19  1.536120.0476  12.11+0.327 511+ 13
HH42-12.1 739 36 52.5 0.05  1.612920.0532  12.13+0,3275 511+13
HH42-4.1 939 60 67.9 0.06 1.5361+£0.0476 12.1340.3275 510+ 13
HH42-3.1 595 43 39.8 0.08  1.5699+0,0534 12.85+0,3598 483+ 13
HH42-5.1 527 65  34.4 0.13  1.736120.0694  13.18+0.369 471 £13
HH42-8.1 391 116 25.0 0.31  1.6835+0.0606 13.45%0.3766 462+ 12
HH42-13.1 1717 733 105.0 0.44 1.8868 +1).0623 14.05+0.3794 443+ 11

Note: Ph" corrected for common Phb using ®™Ph. All errors are 1 sigma of standard deviation.

F3 TERABEPEA SHRIMP U-Ph & FHIE
Table 3 SHRIMP U-Pb data for zircons from the Yadong gneiss

Content{ ppm)

Sample Th/T R A 2y 2y, * Age:™Pb" /P U(Ma)
U Th Wepy,
HH32-3.1 514 28 131.00 0.06 0.1395+0.0030  3.37+0.0909 16764 40
HH32-7.1 1165 353 155.00  0.31 0.3660+0.0102  6.49%0.1752 924 £23
HH32-15.1 935 656 105.00 0.72 .836140.0242  7.64 +0,2063 793 %20
HH32-4.1 216 66 18,70 0.32 1.2987+0.0623  10.00 + 0.2800 614+ 17
HH32-11.1 680 179 54.20 0.27 1.319320.0475  10.80 + 0.3024 571+15
HH322-8.1 1803 155 132.00  0.00 1.3699 £ 0.0397  11.77+0.3178 525+ 14
HI132-17.1 714 107 51,60  0.16 1.555240.0529  11.91 +0.3216 s20+ 14
HH32-12.1 358 258 26.00 0.74 1.6529+0.0909  11.94+0.3343 519+ 14
HH32-10.1 1627 23 117.00 6.0 1.5432+£0.0478  11.96+0.3229 518 +13
HH32-13.1 485 76 34.70  0.16 1.70940.0701  12.07+0.3380 513+ 14
HH32-19.1 427 195 29.50 0.47 1.6584+0.0779 12,49+ 0.3497 496 + 13
HH32-14.1 291 115 19.90  0.41 1.5337 +0.0014  12.54+0.3511 494 %13
HH32-1.1 257 97  17.10  0.39 1.7361+0.1059 12.99+0.3767 478 + 13
HH32.5.1 120 48  7.94  0.41 1.6026 20,1362 13.08+0.4055 475+ 14
HH32-20.1 131 61 8.51 0.48 2.212420.3540  13.46 £ 0.4307 462+ 14
HH32-16.1 93 7 5.8  0.08 1.2225+0.0978  13.79+0,4551 451 15
HH32-18. 1 375 9 1.35  0.03 15,8479 £1,3154 237.90+9.2780 27+1
HH32.3.2 40 1 0.30  0.03 342.00 £ 24966 19+14
HH32-6.1 109 T 0.38  0.01 546.00+212.94 12+5

Note: Pb" corrected for common Ph using *™ Pb. All errors are 1 sigma of standard deviation.
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WESHWEERFT(—) FRH KK T F (1984--2006)

FINEIE 3 A EREPH/PBU 8 (27 + IMa, 19 + 14Ma, 12+ 5Ma) (£ 3), X 44
GRS HFEROERSE D (B 4(C)F HH32-6.1), 827 EHZ S (H 4(C) 4 HH32-
3.1) MRS H T B AL (F 4(C) % HH32-3.2), EiITH Th/U B <0.1(0.01 ~
0.03), HERE AR E DB H45E,

2.3.4 FHHLA(HH-72)

WERAM 2 & FARE (HH-72) b dkak T 22 W4, SR v 2, SRR, 3=
5 P R R

( I )509-~457Ma, H 1 10 0085 A BI2°Ph/2* U 4R HE (509 + 14Ma, 507 + 13Ma, 500 +
13Ma, 495 + 13Ma, 492 + 15Ma; 466 £ 12Ma, 461 + 12Ma, 460 + 12Ma, 458 + 12Ma, 457 +
12Ma) 2R E BB E (3R 4) (F 3 4 HH-72-2), FHE 4514 501 £ 12Ma 1 460 +
HMa, XEET LA EEN, W BFHF(E 4(D) b HH72-12.1.2.1), Th/U H{EF—
H,ER>0.1, HH<0.1. ZAFHNREZE-EHEATERER, ERTENE, 28&H
HRNFEEAVROE - K F A (HH72) 25 T Em P G R G 1E B, 204 65 75 7T 48
AERERIRPIERA, Rk, RAFEH TR AR T LA ZIREEES,

Fe4 BEKRFFE DT SHRIMP U-Pb T E 8T
Tabel 4 SHRIMP U-Pb data for zircons from the Nienamu gneiss

Content{ ppm)
Saraple Th/U APy B/ 2epy” Age: ™Pb " /U Ma)
u Th H8ph
HH72-6.1 k) 29 12,2 0.94  0.0970£0.0038 2.21£0.0730 2404 + 66
HH72-7.1 368 149 66.6  0.42  0.36630.0114 4.76+0.1285 1228 4 31
HH72-10.1 2986 336 454.0  0.12  0.4237+0.0114 5-65+0.1526 1051 26
HH72-1.1 966 212 136.0 0,23 0.564310.0158 6.13£0.1655 975+ 24
HH72-18.1 580 156 77.2 0,28  0.6238+0.0187 6.4550.1742 929+ 24
HH72-20.1 167 133 18,5 0.86  0,8197+0.0361 7.79+0.225% 776 %21
HH72-16.1 1733 209 138.0  0.12  1.2092+0.0375 10.8240.2921 570 +15
HH72-8.1 251 100 17.8  0.41  1.4006+0.0560 12.18 20,3410 509 + 14
HH7Z-5.1 1683 123 118.0 0,08 1.5480£0.0449 12.22+0.3299 507+ 13
HH72-12.1 1701 138 118.0  0.08  1.5625+0.0469 12.41+0,3351 500+ 13
HH72-3.1 1422 1132 97.8  0.82  1.6556+0.0546 12.52£0.3380 495+ 13
HH72-9.1 141 112 9.7  0.82  1.5645+0.0908 12.61+0.3909 492+15
HH72-15.1 4084 210 263.0 0,05 1.7271:0.0484 13.33 £0.3599 466+ 12
HH72-17.1 1434 116 91.5  0.08  1.7637+0.0529 13,494 0.3642 461+ 12
HH724.1 1948 206 1240 0.11  1,7331£0.0503 13.52 +0,3650 460+ 12
HH72-2.1 3605 147 228.0  0.04  1.7483+0.0490 13.59 + 0.3669 458+ 12
HH72-11.1 523 479 331 0.95  [.5504+0.0543 13.620.3814 457+ 12
HH72-14.1 3897 79 231.0 0.02  1.9011£0.0532 14.52£0.3920 429+ 1]
HH72-22.1 4031 7 10.8  0.00 78.7402%16,5354  328,10£9.5149 20+0.6
HH72-13.1 9171 3 238 0.00  60.975615.2439  335.00+9.3800 19+0,53
HH72-19.1 3795 12 14.9 0.80 56,1798+ 4. 6067 337.60 19,4528 19+£Q.5
HH72-23.1 18403 52 432 0.00  49.4315%1.8290  366.50 + 9.8953 18£0.5

Note: Ph™ corrected for common Pb using 2*Ph. All cerors are 1 sigma of standard deviation.
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AL Etudez .t o kg LFESESHCR

(11 )20~ 19Ma, 3 B4 A R92°Ph/PP U 4285 (20 £ 0.6Ma, 19 + 0.5Ma, 19 £ 0. 5Ma) R 7E
EFIR MR (R 4)(E 3 7 HH72-1 /NED, PHI{ER 19.29 £0.63Ma, XHEA NEHE
(R0 B A8 TR (B 4 (D) HH72-19.1), S 6 T, Th/U B0 BRME, FHEARK
LS RW AR TE SR ERHAFH NS,

FFk, M 1 A L ERE (B 4(D)F HH72-10.1) B2 Pb/2° Ph i 2513 +
36Ma, B L (F 3 b HH72-1), (BEEEL, RiEg#,

3 ELURNEHNEEREEREREENL

HULSIHNEL, B ST ERF S DRREERT T A i B AN ESE,
INRE SN REREB R BT E,
300 BERuREESER

FAl, B PRahe F- 2000 i 53 J2 SR Bt 9 65 R R0 28 4% O 357 50 oy B 30 T i R S e
BF AU R AR (B AR, 2002) . 8 1h 4 J8 M a1 F E0 BE B B p b 4, 1RIE T Mt Ay B2 7
AR, T 1000~ 750Ma #il8), ABF KB RO, BABKCH T W B FTEMT g5
W I TR VR RIRAN S dE R B, T A% B 8 R I A% Ao (Hoffman, 1991 ; Condie, 2001),
PG ER /MRS BV F IR W SR BB (14, o2 al ., 1995, 1996a), HB143 B K
3 2 R ED BEREE o5 B30 12 AR AR RO G B, (0 2R 38 LA BE A R T REBR  BIAR G B 4k 3
ik 2 (], 750 ~600Ma 8] % it 2 WAD K & S A FH A BEMHESE . — ) B
TR ANELHNZ MRS LAY, L ER Sy EERE, B—&0F K. AEZ W
IE B B E R (Acharyya, 2000), HRIE#E X 4R FUHMANMATRARTHES WG EESD
BREREHY U-Pb i & 628+ 9Ma, LR (75 758 5F 492 I A9 77 7, 1 W 19 25 5 1 o 75 28
Z BN R - B F 37 AR ¥ 4% ( Tassinari e al ., 2001),

500~600Ma H[8], ZIFEHERA S, HMTPEELRE, FRER L SR L BREEE
UIH# (Acharyya, 2000) (& 5), 3% 3638 4 895 68006 25 IRI B0 44 55 78 IR0 B0 40 S Bt etk B
BRI A KRS, AR- B X, NRAKRK 5% F XML& K ES 8 Xk
(Pangea), 50k B WA HARFRET KPR 3K, 69Ma T 4647 T° 7R 38 L) B o JCEN B R e f b2 8
(Gradstein et al, 2004), 50Ma 72 43 57 WK i RETE, J BT B Bif S ) 4% £ 0 08 (3 (R 7 3
KRl 2 T (Besse et al ., 1984 ; Patzelt er af ., 1996), 20Ma I LB R B F HE
WM BN E D5 R b B B 5 )4 % (Molnar and Tapponnier, 1975; Burg and Chen,
1984 ; Burchifiel e al ., 1992 ; Brookfield, 1993; Le Fort, 1996 Yin and Harrison, 2000), B2
2 5 A 55 i HLK VOB AT (Chemenda er al ., 1995; Chemenda ef al ., 2000) .
3.2 BELRRMGLESHRERNT ELEME

AN BT A P E RS RMET KB A NERIR, 7T 0 24508,
FEX BRI E DA L0 SRR ZE RS R E R T DR RS LR
MAFED i ERE D,

(1) 3 T Jar e o 700 O B 0G0 77 BT A R 8

FERFRE-F RN TSNS R Th, RETETHRERNE R LA (ED
835 ~869Ma) iy AF WD R, B DRI FE 1 5 o 5B Je TE O RE B — B4 B R R A
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FEFMFRBRBRA(—) FES R D F(1984~2006)

s FHEERIKTER
(1E Acharyya, 2000 520
Fig.53 Reconstruction of the hypothetical Rodinia Supercontinent
(by Acharyya, 2000, revised)
1— 5438 ; 22— JE 03— RRRL A

1—Craton; 2—Pan-Africa orogen; 3—granulitic zone

FRITHAER CGRELARR 2404 £ 66Ma FITFBERY 2134 + 49Ma), 25 S BT A VT8 . B I /R 44
BR800 5580 1 2 B Y 728 + 2Ma(Krummenacher, 1961), 8 & 2 /R B 0 A
N 819 + 80Ma( Krummenacher, 1961), HHUARABEZHEKABEEPELE UPbEHB N
1250Ma(Xu Ronghua e al ., 1985), R AR AN R E SRS I K S Rb-Sr 2045
£ 1050Ma(Acharyya, 1977) A R FEZ X BB T H B REE B 2 B 0T 28 45 3% 1800 +
100Ma(Thakur, 1980) . ELRIEKGESHENM ARSI ERETRBEANER B Y
1000~ 1300Ma, HE5MEF 1500Ma FI 2500Ma( Gehrels of al ., 2003) FIEE# % #—HiFHE
R B R B B R AR OV B T AR,

()E SR IE- Rl A H MR

P AEH A ETE K 550 £ 100Ma BT &4 0 — R B AIE B3 0, H B mpy 369 4y
TR AH 4T R (XD BL 4 3 X R B 2498 JE 1% LU HF (Kennedy, 1964), 35 36 & (L #F AL 15 25 57 f1 28 T g 32
Foar R R B G LRI, R BIAE 3 5 b 5T Wy 2 R M1 B H R TE %5 B 4 (Windley B F, 1978),
ML R, RN EO YR MBS E SRR FE 4P, H 36 &5
SHRIMP A% 48 75 529~ 457Me #E Hl, H P B 5. 528 ~ 504Ma, FHIFE 84 (5 ¥ 515.4 +
9.3Ma; & M :529~483Ma, THFEBEN 514.0 1 8.6Ma; TZR 525~ 494Ma, P ERBE Y
512 + 10Ma; 3k BLAK : 509 ~457Ma, FHIERS M 501 £ 12Ma F1 460 + 11Ma, iCR T E S
MHAHERRKEAREANZEFEPR, L 500Ma Z 5% EEN B HERAER
.

(NEGHEFMFICHE

ERAE 6 THMEREHE . TR .27~ 12Ma, FHIK 20~ 19Ma, HEEHRETHG

120



bRy PR GEEIIE A K SSRGS

P REF TR, HSRARBRW RS R -2,
IR R R, A E DRI, EERERA AT E TR EROEEGTERNRT
ZAE-Bl = S W H IR,

4 G E

4.1 EDRBiEPZE FETEREHEERICROAE

1B A SHRIMP M ERBE LR E T IREIR S 6 AR EEH Y E- b o,
HREX&EH TZE- RS ERBEGURE SRS 44 HEE B,

AU IR A E SHRIMP M i 3038 5P e R i a3, IR S A I R X &
SHRIMP T-H#4E# B 573 %4 515.4 £9,3Ma.514.0 + 8.6Ma 1 512 + 10Ma, 537 K # X B
THRBRER RS FERE 501 £ 12Ma)4h, B P 2T (P E B 460 + 11Ma) B AR &
W, BT EZAESGATERNMERF-SORBM R E D B ES TR R AT,
EEDRRBAPASTSI R G EE AR,

4.2 BHERBEMGNZIE-BLERESFELTERE

(DZ3E-B RN ER S # .

BRATESNREMAPSE B TR CHLER yRtEHMEESREHR
(STD), kA SN ML 2838 5 BRI 19 1§ B R 20 D 89 U1 R 25 4 9 4E B 1 S b
BATH FAH R (MCT), B SN pf 2R B8 | 13 Jb 48 1 i 538 1 45 1) KR FU 4 4 85 11 A
MR, KRGS — £k BB AR, B h 2R RS A AN S E SR’
M EIL R RS T R G LI R A M A B BB F (Chemenda A T er al .,
1995;Chemenda A 1, et af.,2000), HR-FoENERETHENE N SEFEZRG S
BRAR S AR i B A BUE A AL, B 5 5 L R R G BT R 2 R R T A e R A — B,
TREHSFABRXRECER OB B BENRREE AEA S 2NN A mEI Y
HHEERREY, KSR E3 A EA TE A B E ISR (STD) HE,
BT 52 7 BF) 38 T 1 18 I 4 (S TD) A 6 3l ft B 38 (MCT) B9 7B AR 8 KB 20Ma THIG, B E
S HE i 1D 15 8 P4 (Burg and Chen, 1984 ; Burchifiel et al ., 1992; Brookfield, 1993; Le
Fort, 1996; Yin and Harrison, 2000), 4= #*Z%i%fl’]ﬁ%ﬁﬁ%ﬂ%ﬁ%(ﬂ}%;}? ~—12Ma, =%
FIAR 20~ 19Ma) HRIAB R &,

HARESHRETRERYLAEANEENESERRBEMERRA RS, &
IXEEE R R AR Ok T W B R 4 E (R A RE 4 AN NWW-SEE 3£ 1R 5 81
PRt A, R AN E AR, R T E BRI, e E
RIS - HE P B A BT 08 AR S SRR S 1 S A (R AR A B SR AR R ITT
BUE MR BR BRE, HH32 71 HH72 ¥e5 X F NWW-SEE 77 [ 4 510 i 15 306 b #g % 4
L B ATZIE- Rl A4 X SHRIMP U/ Pb 4 8% RV 17 Bt 3 R RE 45 S A8 1 J% £ DY 5
FEAE FAE e LSRR AR,

(2)ZHE- By R F e RS E

R H R A X ) SHRIMP TR E 2 B4 515.4 1 9.3Ma . 514.0 + 8.6Ma
5124 10Ma, AR R ER T P ER I CPERE 501 + 12Ma) 4, 55 B i (8
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FEFMFELRRET(—) FEHR XS0 F(1984~2006)
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Pan-African and Early Paleozoic orogenic events in the
Himalaya terrane:Inference from SHRIMP U-Pb zircon ages

XU ZhiQin' YANG JingSui! LIANG FengHua! QI XueXiang!
LIU FuLai! ZENG LingSen' LIU DunYi’* LI HaiBing'
WU Cailai! SHI RenDeng'! and CHEN SongYong'
(1.Key Laboratory for Continental Dynamics, Institute of Geology,
Chinese Academy of Geological Sciences, Beijing 100037, China:

2. Beijing SHRIMP Center, Institute of Geology, Chinese Academy of
Geological Sciences, Beijing 100037, China)

Abstract The Himalayan terrane is an accretional terrane formed during the collision between
the India Plate and the Eurasian Plate since 55 £ 10Ma. SHRIMP U-Pb dating has been per-
formed on zircons from the amphibolite facies aluminum-rich metasediments and granitic gneiss-
es from the Greater Himalaya and the Tethyan-Himalayan units of the Himalayan terrane. The
dating results indicatean widespread 529 ~ 457Ma deformation and metamorphism event, and
greater than 835Ma metamorphic basement formation age, except for the latest tectonic event at
12 ~20Ma. Field observations on the Himalayan slice which has been exhumed since 20Ma have
documented earlier than Cenczoic tectonic events represented by the early intense folding,
oblique southward thrusting and concurrent amphibolite facies metamorphism and the Qrdovi-
cian basal conglomerate. Recent studies also yielded a number of Pan-African and Early Paleo-
zoic ages for the metasedimentary and metamorphic basement rocks by Ien Probe U-Ph zircon
dating. These lines of evidence together with our new dating results lead us to propose that the
Early middle Proterczoic metamorphic basement of the India block once located in the southern
hemisphere has undergone the Pan-African-Early Paleozoic orogenic events. The geochronoclog-
ical data suggest that: (1) the Proto-Himalaya formed as a result of the Pan-African and the Ear-
ly Paleozoic orogenic events; (2)reactivation of the Early-middle Proterozoic metamorphic base-
ment of the India block has played a key role in the formation of the Proto-Himalayan Moun-
tains; (3)the building of the present-day Himalaya Mountains may have been initiated as early
as the Pan-African and the Early Paleczoic.

Key words Himalaya Pan-African and Early Paleozoic orogenic events SHRIMP dating
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Fig. 1 Simplified map showing the San Andreas fault and its adjacent costal and in land petroleum-

bearing Cenozoic basins in southern California, USA
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Fig. 2 Blind and exposed thrust fault and fold structures revealed by seismic reffection profiling , oil-
drilling and relocation of earthquake focus in the Los Angeles basin
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Fig. 3 Color shade relief map of the Qinghai-Tibet plateau( a)and the areas from the
northern margin of the Qaidam basin to the Oilian Mountain(b)
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Role of Large-Scale Strike-Slip Faults in the Formation of
Petroleum-Bearing Compressional Basin-
Moeuntain Range Systems

XU Zhi-qin' ZENG Ling-sen' YANG Jing-sui' LI Hai-bing"
JIANG Mei’ JIN Zhi-jun® ZHENG He-rong® GUO Qi-jun’
(1.Key Laboratory for Continental Dynamics, MLR, Institute of Geclogy,
Chinese Academy of Geological Sciences, Beijing 100037, China;
2.China Petroleum and Chemical Corporation, Beijing 100083, China)

Abstract  Understanding the factors that affect the formation and evolution of petraleum-
bearing sedimentary basins plays a critical role in the prospecting and exploitation of oi}
fields. The formation and evolution of the highly-order coastal and inland petroleum-bearing
Cenozoic basins and their bounding mountain ranges in southern California, USA were initiated

and controlled by the San Andreas fault system, a large-scale plate houndary transform fault that
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separates the Pacific plate from the North American plate. The northeast obliqgue movement of
the Pacific plate relative to the North American plate in conjunction with the big bend of the
San Andreas fault in southern California produces intense contractional strain across the Trans-
verse Ranges and leads to the formation of a series of fault and fold structures that shape the
salient Jandscape of southern California. For comparison, we have conducted detailed structural
analyses on the basin-mountain range systems in the northern Qinghai-Tibet plateau to discuss
the role of the Altyn Tagh fault in Ddevelopment of regional contractional stress field ; SHorma-
tion of structures and sedimentary basins; @generation of structures that facilitate the migration
and capture of cil and gas. Results show that the Altyn Tagh fault has played a similar role in
the formation of the spectacular basin-mountain systems to that of the San Andreas fault. The
oblique convergence of the Qinghai-Tibet terrane relative to the Tarim basin resulted in the for-
mation of transpressional tectonic regime to the southeastern of the Altyn Tagh fault.Such
oblique convergence resulted in a series of strike-slip and thrust faults.As a consequence, the
areas from the Kunlun Mountains to the Qilian Mountains form spectacular landforms charac-
terized by alternations of basins and mountain ranges. For both cases of the southern California
and the northern Qinghai-Tibet plateau, thrust faulting not only provides a viable mechanism
for the migration of oil or gas, but also resulted in fault-propagation folds which serve as the
favorable capture structure for oil and gas.One of the key factors that generate such a highly
organized petroleum-bearing basin-mountain system is oblique convergence induced slip parti-
tioning which results in the dextral horizontal slip along a major strike slip faultand vertical stip
aleng numercus blind or exposed thrust faults.

Key words  strike-slip fault compressional basin-mountain range system petroleumn re-
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Fig.5 Shear-wave anisotropy of the Qinghai- Tibet Plateau
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Fig.6 Dlock diagram of the mantle plutne in the deep interior of the Qinghai-Tibet Plateau
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Mantle structure of Qinghai-Tibet Plateau: Mantle plume ,
mantle shear zone and delamination of lithospheric slab

XU Zhi-gin' JIANG Mei"? YANG Jing-sui' XUE Guang-qi’’> SU He-ping!
LI Hai-bing' CUIl Jun-wen! WU Cai-lai'  LIANG Feng-hua'

(1. Key Laboratory of Continental Dynarmics, Institute of Geology, CAGS, Beijing

100037, China; 2. Institute of Mincral Resources, CAGS, Beijing 100037, China)

Abstract By using lour seismic tomographic profiles of nearly 8000km long across the Qing-
hai- Tibet Plateau, we obtained the crustal and mantle velocity images and seismic wave
anisotropy over the depth down to 400km, which revealed significant characteristics of the
crust and mantle structure in the region. The mantle velocity images indicate the presence of a
mantle plume characterized by a large low-velocity anomalous body beneath the interior of the
Qinghai-Tibet Plateau; this feature shows its genetic relationship to the widespread Hoh-Xil
Cenozoic potassic and alkaline volcanism through a thermal channel. The Altyn Tagh, Kangxi-
wa, Jinshajiang, Jiali and Yaluzangbu strike-slip faults extend downward to the depth of 300 —
400km, which demonstrate the characteristics of a vertical low-velocity anomalous zone com-
posed of high temperature material and the cxistence of large-scale translithospheric or mantle
shear zones. The discontinuous anomalous high-velocity zones under the Kangxiwa, East Kun-
lun-Jinsha River, Bangong Lake-Nu River and Yaluzangbu sutures are tentatively interpreted as
the “fossil” slab remnants of Caleodonian, Paleo-Tethyan and Meso-Tethyan oceanic litho-
sphere preserved during the terrane amalgamation and collision; they formed several slab rem-
nants separating the anomalous low-velocity zones, and can be the geophysical evidence for*de-
lamination”. The Indian lithospheric slab, which is marked by a gigantic, discontinuous anoma-
lous high-veloeity zone, was subducted gently northward to a depth of 300 ~400km beneath
the Tanggula Mountains. Based on the new tomographic data across the Himalaya and Tibet
plateau, we proposed a new collisional model for the uplift of the Tibet plateau, which involves
the “roll over” of the subducted Indian lithospheric slab beneath the south of the Tibetan
Plateau, the southward intracontinental subduction of the cratonic lithosphere in the northern
margin of the plateau, the upwelling of the deep mantle plume in the interior of the platean,
and the"dextral uplift” of the plateau within the limits of the deep mantle, as well as the mo-
tion and the extrusion of material toward the east and the northeast.

Key words  Qinghai-Tibet Plateau seismic tomographic profile mantle plume mantle shear

zomes  delamination of lithospheric slab
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Fig. 3 Seismic tomographic section in the 1000km depth range below the western Himalayas
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Fig.4 Scismic tomographic section crossing mantle (in the 2500km depth range)bheneath the Indian,
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Fig. 5 Tomographic P-wave velocity anomaly patterns( left) and cross-section through
tomographic model ( right)in the deep mantle under Siberia
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Fig. 6 Vertical and horizontal sections across the S20RTS model
W g e A A 0 A IR, R e il

R S i A3 1 AR I P2 R, TR, T PR R LA A A T A A A% 1 ol e i
Fo (EMWEPR AR EIR A SR B A H B0 e AR RACZR T e (2 , iX T fE
T2 TR FL A APl 4 2 o BB R 1 B 2R T T ST BB U 45 54

HEAHER , 15 Bk 8 1L AT G B RRAE (Jlfts ) T TR 7R B A BB AS B M B AR )
ARGAT I Hhy M P e f) A B 24 3R B AR Y 12% |, 0] 5 M R A A O PR A LE L T AL
55 Ml D IS A AR A T Y B0 R B X L S SRR T RE S A AN il TR b ) T 4
ikt P I B O S A R A

3 MW EMETEHCEEAATHER

JWER P (4 6k LT BT Mg i Fisher ( 1881 ) 41 HH 36 (9, M 08 6 i A6 45t #F J& Holmes
(1929) ,Hess AYRFIET (B (1962 ) =14 Holmes [ i B X it 2 SERH 1
Ma iz sh i 3= 9 s 10 b ot e, B HRE Y AY  BEEh R T R IA R, B i S ey et ot
PiE ARSI . T S AHRIE T ARV 2 AN e S A i, AR R s 3T e A
B B R S T TR A L I b A TR A &S 1 s
YERIREE FAR R, (E e a3 3t Aok b ok 3 () EL (A Bl ) 2 1 R AT AN [R] 0l « — Rk st v
170



MR T 8 S b b 2 )

A PR AR 2 LA L B9FE 4, BB RE T Mo A8 o 6] J2 20 005 S5 10 5 55— Rl Hhy < AL
I35 A N N B 177 1) € o W 111 1) P S ) O 1) 7 o il A - P
14 P R AE 650km 8 7706 (09 A~ ¥ 2k 1 ] BE S22 90 A4 45 R L ifi

Silver P. G. % ™"/ {£ 1988 44 £ 3 0UZ #1002 1R & Mo bR oAk F b9 o 45 44 1k
PO, (H P A BOE R H AR | 5 5 1 GO 0FF ol AT e AT 97 3k 660km f4 it 52 i ik
AT b BT 25, A AT BETEE AT S Ao SUF R 50 B 8 R 0 o AR e TR A
A i SR 1 | X R 5 600 ~ 700km ., Benioff 11348 b AE 40 1 4% LA — 3.

Davies G. F. (1992) *"' §84A %y, 75 KBl BB B0 T 00 0FF et 1 ri Mo b 45 oot ply 3
TR TR0 R P E 660km 1o YA ] BE % A SR T RO HH 4% , M4k Sk 8 A SR A L iy
T UL 14 Ve s 4 1 A2 39 T A7 sl {2 o0 i I 7 B B

HA IR R 2 M4 53 T Davies G. F. AN , 7 {48 775 b b S 0 A% 3
432 Z { FF PR R S L M et R, O O 8 B Sk B B A L, SR R
S HD D ) DA b 0 IS S () M G 5 B PGS R (D R ) B TR T I T 4 M £y
DROGHR . AT 2 0 25 00 TR SO0 1A % 125 e g 39 0 A 3y SR 1 O 25 SR 8 22 1), T b
WA SRR | S AR | (R AS BT Al At b i I R G, — a2 5 b M 37 Bh A

FET A HI B b 2 S22 BT 445 SR 4 75 22 ML D8 X 3 9 3 |, Mattauer( 1999 ) ' 412ty T 2 )2 iy
XTI B I 7 R T R A B S U M R T MR X R T S
AP AR R B G AT B 4 1) 2R R 1 00 e 58] 356 S R I ) A ks S T 6 M DR R BT L R

FET Mo iy i g,
(415 Mattager, M. , 1999171
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Tectonics beneath plates and mantle dynamics

XU Zhigin'  ZHAQ Zhixing' YANG Jingsui'  YUAN Xuecheng® JIANG Mei'
(1. Lahoratory of Continental Dynamics, Institute of Geology, Chinese Academy of
Geological Sciences, Deijing 100037, China; 2. Senior Consulting Center,
Ministry of Land and Resources, Beijing 100812, China)

Abstract  The latest global mantle seismic tomographic data have revealed tectonics beneath
plates: the lithospheric slab may be subducted 1o the core-mantle boundary and the superplume
may rise from the core-mantle boundary to the upper crust to form a hot spot. The mantle “sin-
gle-layer convection”model challenges the mantle “double-layer convection”model. Through the
introduction of the aforesaid new hypothesis and new model, this paper cmphasizes that to
study the lithospheric plate is necessary to gain knowledge of the tectonics beneath the plate and
that to explore the driving foree of the lithospheric plate”lithosphere dynamics”should be subli-
mated into mantle dynamics” .

Key words  tectonics beneath the plate  superdeep subduetion  core-mantle boundary  super-

lume mantle dynamics
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A Large Ductile Sinistral Strike-Slip Shear Zone and
Its Movement Timing in the South Qilian Mountains,
Western China®

Xu Zhiqin  Li Haibing Chen Wen Wu Cailai  Yang Jingsui
Jin Xiaochi and Chen Fangyuan
{ Institute of Geology, Chinese Academy of Geological Sciences, Beijing 100037)

Abstraet  There is a large ductile shear zone, Zkm wide and more than 350km long, in the South
Qilian Mountains, western China. It is composed of voleanic, granitic and calcareous mylomites. The
microsiructures of the ductile shear zone show nearly E-W extending subvertical faliation, horizontal
and oblique stretching lineations, shearing sense from sinistral to oblique sinistral strike-slip from east
to west, “A” type folds and abundant granitic veins. Measured lattice preferred orientations ( LPOs)
of the mylonitic and recrystallized quartz of the granitic mylonite in the west segment suggest a strong
LPO characterized by the dominant slip systems | 1010} ¢c) formed at high temperature { >650T ).
K-feldspar of the mylonite shows an **Ar/"™Ar high-temperature plateau age of 243.3 £ 1.3Ma, and
bictite, 250.5 ). 5Ma, which represent the formation age of the ductile shear zone. The ¥Ar/*Ar
plateau ages of 169.7 + 0.3Ma and 160.6 + 0.1Ma and the * Ar/*? Ar isochron ages of 166.99 +
2.37Ma and 160.6 £ 0.1Ma of biotites in the mylonite represemt the subsequent deformation age.
These ages indicate that this ductile shear zone is similar to the Altun and South Kunlun sinistral duce-
tite shear zones in its ages of movement, formation, reactivation and duration.

Key words  Farly Triassic  ductile sinistral shear zone  high-temperature LPO  South Qilian

1 Geological Sctting

The Qilian Caledonian orogenic belt is the result of the collision between the Alxa terrain,
Qilian terrain and Qaidam-Kunlun terrain in the Caledonian period (Xu ez af ., 1999). During
the Caledonian collision, a large number of granite masses {470 ~ 430Maza) {Xu e af., in
press} were emplaced into the Precambrian metamorphic basement and the Early Palacozoic
lowgrade metamorphosed and folded rock sequence in the Qilian area. Among the exposed
granites, the largest one is the Qaidam granite (SHRIMP age 457Ma, Wu ez /., 2001) in
the South Qilian. The Middle-Upper Devonian melasse deposits unconformably overlie on the
Lower Palaeozoic strata, which implies the termination of the Caledonian orogeny. Then, the South

Qilian region underwent a local transgression during the post-crogenic period (Carboniferous-
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Triassic). During the Triassic, the Indosinian intercontinental orogeny overprinted the Caledo-
nian orogeny and large strike-slip faults occurred around the Qilian, such as the Altun fault in
the west and the South Kunlun fault in the south. Since the Mesozoic, the whole Qilian uplift-
ed, and as a result, a high mountain chain formed and constituted a barrier during the Cenozoic
at the northeastern edge of the Qinghai-Tibet Plateau.

This paper deals with a large ductile strike-slip shear zone, 2km wide and more than
350km long, which is situated in the northern part of the South Qilian Caledonian ultrahigh-
pressure {UHP) metamorphic zonc ( Yang ez al., 1998; 2000; 2002). The Ordovician-Siluri-
an low-grade metamorphic rocks, Carboniferous-Triassic marbles and clastic rocks, and Caledo-
nian granites are mainly exposed on the northern side of the ductile shear zone, while the Pro-
terozoic high-grade metamorphic basement rocks, Sinian-Ordovician limestone and sandstone,
Upper Ordovician voleanic rock, Upper Devonian continental volcanic rocks, Carboniferous
limestone, Lower-Middle Jurassic coal beds and the Cretaceous-Eocene red beds outcrop on the south-
ern side. The narrow Carboniferous limestone slice stuffed in the east segment of this shear zone hecame
mylonitic marbles due to intense deformation and metamorphism. Because of later movement, the
tectonically superimposed slices composed of the Precambrian metamorphic basement and the

Palaeozoic rocks were thrust southward over Mesozoic-Cenozaic sediments (Fig.1).

0 Wl s B s s L2 [

Fig.1 Tectonic map of the Da Qaidarn-Ulan area in the South Qilian.
1—Granite; 2—UHP (ultrshigh-pressure) metamorphic zone; 3——unconformity; 4—thrusts 5—srrike-slip fault; 6—my-
lonitic zone; 7—{ault; 8—observation locality.
A—Bouth Qilian ductile sinistral strike-slip shear zone; B—South Qilian ultrahigh-pressure { UHP} inetarmorphic zone.
AlLX=Alxa terrain: QL—Qilian terrein; QDM + KL—Qaidar-Kunlun terrain; ALT.F. —Aliun fault; y3—Caledonian
granites ¥s  Yanshanian gravile; Pt-—Proterozoir; Z—Sinian; Z-0—Sinian-Ordovieian; O—Ordovician: (-5—Ordovician-
Silurian; T)3-C—Upper Devonian-Carboniferous; C—Carboniferous; CP—Carboniferous-Permian; PT— Permian- Triassic;
T—Triassic; K-E—Cretaceous-Eocene; K-N —Cretacecus-Neogene; N— Ncogene; Q-—Quatcrnary.
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2 Microstructures of the South Qilian Ductile Sinistral Strike-slip

Shear Zone

The South Qilian ductile sinistral strike-slip shear zone, about 2 km wide, was determined
through microstructure chservations and analysis of latlice preferred orientation ( LPO) of
quartz in the shear zone. There is a nearly E-W extending mylonite zone. The mylonitic zone
composed of granitic mylonite and voleanic mylonite is located between the Qaidam granite and
Late Ordovician intermediate-acid voleanie rocks, including tuff, gravel-bearing (uff, ign-
imbrite, thin-bedded marble and siliceous rocks in the western segment. A long, narrow Car-
boniferous mylonitic marble slice stuffed in the central-eastern segment of the shear zone with
intense deformation and metamorphism is located between Ordovician-Silurian schists, Permi-

an-Triassic strata and Carboniferous phillite and marble (Fig.2).

YQU-1  YQ8-I
NNE YQ92  YQS8-2

F B2 B B [l (21 ol

Fig.2 Structural profile of the northwestern part of the ductile shear zone
{north of Da Qaidam) in the South Qilian Mountains.
]—Uranite; 2—granitic mylonite; 3-—volcanic mylonite; 4—mylonitic marble; S—Ileft-lateral shear; 6— normal

fault; 7—sampte numbers.

This mylonite zone is characterized mainly by subvertical foliation, subhorizontal-oblique
stretching lineation and sinistral shearing strain. The stretching lineation developed on the foli-
ation is shown by elongated volcanic gravels, clongated quartz aggregates, boudinage of granitic
veins, extended and interrupted feldspar porphyroblasts and asyrmmetric pressure shadow strue-
tures. The stretching lincation from east tc west in the shear zone changes from subhorizontal
to oblique toward the west (Fig.3). The mullion structures (X stretching and Y =1Z7) developed in
granitic mylonite in the western segment indicate a complex mechanism of “simple shear + contrac-
tion”. Alot of “A” type folds (with hinges parallel to the stretching lineation) are developed. The
clear sinistral indicators manifested by “6” type and “8” type feldspar and guartz porphyroblastic sys-
tems, 3-C structure, mica-fishshaped muscovite and domino structures can be seen on the XZ plane
[i.e. parallel to the stretching lincation (X), perpendicular to the foliation (XY)]. It is shown that
the progressive cvolution of the shearing sense is from sinistral strike-slip in the east to ohlique sinistral

strikeslip in the west of the mylonite (Fig.3 and 4).
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Fig.3 Tcetonic map of the western segment of the South Qilian ductile strike-slip shear zone.

1—Caledonian granite; 2-~unconformity; 3—mylonite zane; 4— strike-slip fault; 5—thrust; 6~—fault; 7—foliation;

B—stretching lineation. Pr—Proterozoic; Z—Sinian; O—Otdoviciamy C—Carhoniferouss C-P—Cacboniferous- Pes-

mian; J—Jurassic; N—Neogene; ¥;—Caledonian granite. La—stretching lincations S—loliation; a, b and ¢ indicate

three- dimensional deformation patterns from the FSE to WNW side of the South Qilian ductile strike-slip shenr zone, Lo
cality of Bampies SQX32, S3QX34 and SQX36; @ lLocality of Samples YQ8&1, YQ9-1 and YQ9-2.

3  Quartz LLPO from Mylonite

Quartz constitutes an important part in the ductile shear zone of the middle crust. In the
last two decades, cxperiment on deformation and dislocation slip of quartz has indicated that
different intracrystal slip systems and LPQ {fabric) patterns of quartz are formed at different
temperatures. Especially the discovery of high-temperature LPQ of quartz made the study of
guartz LPO perfect {Carter et al., 1964; Brunel and Maliakov, 1972; Boucher, 1977; Hara er
al., 1973; Mainprice ez al., 1986; He ef /., 1988; Xu et al., 1997). Based on previous
studies, Ji (1988) provided four types of quartz LPO patterns under non-coaxial shear strain:
(1) low-temperature basic LPQ) with slip system (0001) {a) formed at <400C and devcloped
in lower greenschist facies; (I ) low to middle-temperature rhombic LPO with slip system
1101 1} {a} formed at 400~ 550°C and devcloped in greenschist facies; ( [[) middle-tempera-
ture prismatic I.PO with slip system {1010} {a} formed at 550~ 650C and developed in am-
phibolite facies; and (V) hightemperature prismatic LPO with slip system } 1010} {&> formed
at >650C and developed in granulite facies (Tahle 1). The studies indicate that the ductile
shear zone accompanied with abundant granitic veins indicating partial melting in the shearing
process may be formed at high temperature ( > 650C ) without high-grade metamorphism
{(Mainprice et af ., 1986; Okudaira et al., 1995).
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Fig. 4 Microphotographs of granitic mylonite on the XZ plane from the South Qilian ductile shear zone.

(A, (B) and (C) are from Samples YQ-16B, YQ-16K and YQB-1 with steeply dipping foliation towards NE and oblique
stretching lineation on the NW side of the mylonite zone, in which asymmetric porphyroclast system of quanz and feldspar
indicutes sinistral and normal slip sense of the mylonite zone; (D) is from Sample SQX36 with steeply dipping foliation to-
wards NE and subhorizontal stretching lineation on the SE side of the mylonite zone, in which asymmetric porphyroclasts of
quartz and feldspar, S-C structure as well as C'-shear layer foliation indicate sinistral sense of the mylonite zone.

Q—quartz; Pl—plagioclase; Kfi—K-feldspar; Bi—biotite; C'—shear foliation.

Tablel [LPO patterns and slip systems of no-coaxial shear strain under different temperatures ( after Ji, 1988)

Type Formation temperature LPO pattern Slip system Metamorphic facies

4

I <400T 69 X (0001) (a) Lower greenschist
/

It 400~ 500°C 69 X (1011 a) Greenschist

°,

V4

m 550~ 650°C @ X [1010] (a) Amphibolite
/

v >650T [1010] {¢) Granulite

(P

When the LPOs of mylonitized quartz and recrystallized quartz from granitic mylonite with

WNW-ESE strike in the western segment of the ductile shear zone were measured, the forma-

tion temperature conditions of different types of quartz in mylonite were determined and further
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