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Abstract

The West Kunlun contains important information about the early evolutionary history of the
Tibetan Plateau. Single-grain zircon U-Pb dating and systematic geochemical analyses were con-
ducted on representative granitic plutons from the Kudi area. The earliest Paleozoic magmatism
(471 ± 5 Ma) possesses characteristics of volcanic-arc granites, indicating that Proto-Tethys started
to close in the Mid-Ordovician. An arc-continent collision occurred in the Late Ordovician, corre-
sponding to the closure of Proto-Tethys. Following the collision, extensional deformation began in
the Early Devonian and gave rise to a post-dynamic, A-type North Kudi Pluton (405 ± 2 Ma) and
coeval lamprophyre dikes. Extension was pervasive throughout the whole Kunlun orogenic belt, and
was responsible for Devonian to Early Permian magmatic quiescence. The reoccurrence of magma-
tism in the West Kunlun took place in the Early Permian, when Paleo-Tethys started to be consumed,
and a new subduction zone developed in the West Kunlun. Paleo-Tethys closed by the Late Triassic
(214 ± 1Ma), and led to rapid uplift and voluminous post-collisional granites.

Introduction

THE TIBETAN PLATEAU is composed of several ter-
ranes of various origins, which were accreted to the
southern margin of Laurasia during consumption of
the Tethyan Ocean (Chang et al., 1986, 1989;
Dewey et al., 1988). The Kunlun Mountain range
lies along the northern margin of the Plateau, and is
divided into West and East Kunlun, extending west-
ward to the North Pamir Range of Afghanistan
(Debon et al., 1987). This mountain belt resulted
from subduction of Proto- and Paleo-Tethys, and
records the earliest stage of plateau formation (Pan
et al., 1994; Hsü et al., 1995). Preliminary studies
revealed that both the West and East Kunlun oro-
gens have similar evolutionary histories (Matte et
al., 1996; Yin and Harrison, 2000). However, some
geological issues are not well understood, particu-

larly in the West Kunlun where steep topography,
high elevation, and widespread glaciers make inves-
tigation difficult. Therefore it is not easy to elucidate
the bewilderingly complex evolution of the West
Kunlun solely by analyses of strata and tectonic
facies. Metamorphism, deformation, and erosion
have greatly obscured the original geologic record in
this old orogenic belt. 

Two contrasting tectonic models have been pro-
posed for the evolution of the West Kunlun. One is
the archipelago model of Yao and Hsü (1994) and
Hsü et al. (1995), which envisages the West Kunlun
as a magmatic arc resulting from continuous con-
sumption of Tethys (sensu lato) since the Late Pre-
c am br ia n .  T h e  s e co n d  m od e l ,  ba se d  o n
geochronological data of granitic intrusions in the
West Kunlun (Pan et al., 1994; Xu et al., 1994; ),
invokes two stages of subduction to explain mag-
matic quiescence during Middle Paleozoic time.
However, the paucity of high-quality geochronologic1Corresponding author; email: minsun@hkucc.hku.hk
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data do not allow us to precisely constrain the timing
of subduction-related magmatism, and the time of
closure of Proto- and Paleo-Tethys. 

Magmatic rocks in this orogenic belt may provide
necessary constraints on tectonic evolution (Sengör
et al., 1991, 1993), because their compositions
characteristically reflect tectonic settings, their ages
are related to orogenic events, and they are more
resistant to erosion than metamorphic and sedimen-
tary rocks (Pitcher, 1993; Pearce et al., 1984; Bar-
barin, 1999). Here we present new zircon U-Pb
isotope results and geochemical data for three repre-
sentative granitic plutons from the West Kunlun.
These granitoids cover more than half of the Kudi
area. The new data, interpreted in combination with
field evidence, provide a coherent picture for the
Paleozoic–Early Mesozoic evolution of the West
Kunlun.

Regional Geology

The West Kunlun is divided into North and South
Kunlun blocks by the Kudi suture (Fig. 1) (Pan et
al., 1994; Matte et al., 1996), which is marked by
the Kudi ophiolite made up of ultramafic rocks,
basalts, flysch sediments, and turbidites (Deng,
1995; Yang et al., 1996; Wang et al., 2000). The age

of this ophiolite is constrained by radiolarian fossils
recently discovered in the flysch sediments, sug-
gesting deposition in the Early Paleozoic (Fang et
al., 1998; Zhou et al., 1998). The North Kunlun
Block is in fault contact with the Tarim craton in the
north and the South Kunlun Block is bounded by the
Karakash strike-slip fault in the south (Matte et al.,
1996), which is coincident with the suture of Paleo-
Tethys (Pan et al., 1994) (Fig. 1).

The basement of the North Kunlun Block is dom-
inated by gneissic and migmatitic rocks, cut by a 2.2
Ga granitic intrusion (Pan, 1994; Xu et al., 1994). A
2.8 Ga Nd depleted-mantle model age was reported
for the gneissic rock, suggesting that this block
probably had an Archean basement similar to that of
the Tarim craton (Arnaud and Vidal, 1990). The
overlying sedimentary cover is composed of clastic
rocks and carbonates, including the Sinian to
Ordovician Kilian Group (Chang et al., 1989), the
Devonian Tisnab Group (XBGMR, 1985), and a
sequence of Late Paleozoic to Cenozoic strata (Pan
and Bian, 1996; Mattern et al., 1996).

The South Kunlun Block consists of a metamor-
phic complex primarily composed of schist and
gneiss with local, lens-shaped ultramafic rocks
(Gaetani et al., 1990; Deng, 1995). The overlying
strata are dominated by Upper Paleozoic to Meso-

FIG. 1. Schematic map of terranes in the Tibetan Plateau.
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zoic clastic rocks, carbonates, and calc-alkaline
volcanic rocks (GITT, 1985; Pan et al., 1994;
Wang, 1996) (Fig. 2). Although this metamorphic
complex is lithologically similar to the basement of
the North Kunlun Block, its age is not well con-
strained. Isotope data for the gneissic complex of
the South Kunlun Block and the associated gra-
nitic intrusions both give Nd depleted-mantle
model ages of 1.1 to 1.5 Ga (Zhou, 1998; Yuan,
1999), suggesting that this block has a much
younger basement (Yuan et al., 2002). 40Ar/39Ar
dates for the hornblende, biotite, and K-feldspar
separates from the South Kunlun metamorphic
complex range from 451 Ma to 350 Ma (Matte et
al., 1996; Li et al., 2000; Zhou et al., 2000), which
were interpreted to record an Early Paleozoic colli-
sional event between the North and South Kunlun
blocks (Matte et al., 1996).

Granitic plutons are widely exposed in the West
Kunlun and exhibit a gradual southward younging
trend (Wang and Fang, 1987). The following three

representative granitic plutons in the Kudi area
(Figs. 1 and 2) were sampled for this study.

Yirba pluton
The Yirba pluton is located about 20 km north of

Kudi. It intrudes the South Kunlun metamorphic
complex in the west and is truncated by the
Halastan fault in the east (Fig. 2). This pluton is
composed of medium- to coarse-grained plagioclase
(55%), K-feldspar (15%), quartz (20%), and subor-
dinate hornblende and biotite. Accessory minerals
include magnetite, sphene, zircon, and apatite. The
pluton is deformed, with well-developed lineation
and foliation defined by hornblende and biotite,
consistent with the NW/SE shearing in the country
rocks (Mattern et al., 1996). Previous geological
investigations suggested that the pluton intruded the
volcanic sequence of the Kudi ophiolite (i.e.,
Yishake Group) along its southern margin (Pan et
al., 1994; Matte et al., 1996). However, more recent
field work casts doubt on the intrusive relationship

FIG. 2. Geological map of the Kudi area, West Kunlun.
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and has identified a fault contact between the pluton
and the Yishake volcanic sequence (Mattern and
Schneider, 2000; Xiao et al., 2002). Previous geo-
chronological studies have not provided consistent
data for this pluton. Conventional zircon U-Pb anal-
ysis yielded 1912+53/–52 Ma and 458+2.4/–2.5 Ma
upper  and lower intercept ages, respectively,
whereas single-grain zircon evaporation provided
Pb-Pb ages of 480 to 510 Ma (Li et al., 1995). Horn-
blende and biotite separates gave 40Ar/39Ar plateau
ages of 476 ± 9 and 496 ± 4 Ma, respectively (Xu et
al., 1994). 

North Kudi pluton (NKP)

The NKP intruded the metamorphic complex of
the South Kunlun Block (Fig. 2). This pluton has a
monzogranite composition, with medium-grained K-
feldspar (>50%), plagioclase (<10%), quartz
(~25%), and biotite (10%). Accessory minerals
(5%) include sphene, apatite, zircon, monazite, and
magnetite. The pluton is undeformed and has a typ-
ical granitic texture. It truncates the fabrics of the
metamorphic country rocks, showing that intrusion
followed the regional metamorphism/deformation,
i.e., was post-kinematic (Matte et al., 1996). Previ-
ous conventional U-Pb zircon dating yielded a U-Pb
age of 384+2/–1 Ma, (Xu et al., 1994), whereas biotite
separates gave similar or slightly older 40Ar/39Ar
ages (397 to 381 Ma) (Arnaud, 1992; Xu et al.,
1994; Zhang et al., 1998).

Arkarz Shan intrusive complex (ASIC)

The voluminous ASIC is exposed mainly along
the crest of the West Kunlun (Fig. 2), covering an
area of more than 2,800 km2. It consists of unde-
formed fine- to medium-grained granodiorite and
biotite monzogranite, intruding the metamorphic
complex and the lower Permian arc volcanic rocks
of the South Kunlun Block (Fig.2). Samples have
similar mineral assemblages, including plagioclase
(30–35%), K-feldspar (15–35%), quartz (25–40%),
biotite (~15%), and rare hornblende. Accessory
minerals include zircon, apatite, sphene, allanite,
monazite, zoisite, and magnetite. K-feldspar and
biotite separates from the ASIC yielded 40Ar/39Ar
ages of 180 ± 10 Ma and 221± 6.6 Ma, respectively
(Xu et al., 1992, 1994). No zircon U-Pb data were
previously available.

Analytical Methods

After crushing, the sample chips were cleaned
with deionized water in an ultrasonic vessel, dried,
and then ground into powder (<200 mesh) in an
agate mill. Zircon crystals were separated using con-
ventional heavy liquid techniques, and then hand-
picked under the microscope. U and Pb were
separated using cation-exchange technique (AG1 ×
8, 200–400 resin), following the procedure of Li et
al. (1995). U-Pb isotope measurements were con-
ducted on a VG-354 thermal ionization mass spec-
trometer (TIMS) in the Tianjing Institute of Geology
and Mineral Resources. The total Pb blank of the
whole procedure was less than 0.05 ng, and the U
blank was less than 0.004 ng. Common lead was
corrected using the model of Stacey and Kramers
(1975), and isotopic data were processed using the
ISOPLOT program of Ludwig (1998). 

Major-element analyses were performed on a
Rigaku® RIX 2000 XRF spectrometer on glass
discs in the Department of Geology, National Uni-
versity of Taiwan, following the procedure of Goto
and Tatsumi (1996). Trace-element data were ana-
lyzed, employing the sinter fusion-ICPMS method.
The Li2B4O7 fused beads were digested with mixed
acid (HF + HNO3). Pure solution external standards
were used for calibration and geostandards (USGS
standards G-2, SY-4, and W-2, and Chinese
National Standards GSR-1 and GSR-3) were ana-
lyzed to monitor the quality of the analyses (Liu et
al., 1996). Measurements were performed on a VG
Elemental® PQ3 ICP-MS at the University of Hong
Kong. Precisions for REEs were better than 5%,
whereas the precisions for Rb, Sr, Cs, Ba, Nb, Zr, Hf,
Ta, U, and Th were better than 10%.

Results

Zircon U-Pb geochronology 

Zircons analyzed in this study are colorless or
brownish-yellow, generally smaller than 0.5 mm,
and free of visible cores, cracks, and inclusions. The
results are presented in Table 1.

Five zircon crystals from the Yirba Pluton con-
tain intermediate U (600–1000 ppm) and high Pb
(60–80 ppm) contents, all lying on or close to the
concordia (Fig. 3A). These zircons apparently fall
into two age groups, i.e., 491 ± 3 Ma and 471 ± 5
Ma, respectively.

Five zircon crystals from the NKP have relatively
low U (300–700 ppm) and intermediate Pb (25–60
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ppm) contents. All of these zircons are concordant,
giving an age of 405 ± 2 Ma (Table 1, Fig. 3B). 

Four zircon grains from the ASIC monzogranite
have U and Pb concentrations ranging from 1000 to
1600 ppm, and 40 to 60 ppm, respectively, and give
a concordant age of 215 ± 1 Ma (Fig. 3C). Five zir-
cons from the ASIC granodiorite possess lower U
(700–1000 ppm) and Pb (30–40 ppm) contents, but
yield a similar concordant age of 212 ± 2 Ma (Table
1, Fig. 3D).

Major- and trace-element geochemistry
Major-element compositions and nomenclature

of the granites in this study are presented in Table 2
and Figure 4. In general, the granitic rocks are met-
aluminous, with ACNK values less than 1.1 (Table
2). The Yirba pluton contains relatively low SiO2
(55–62 wt%) and high Fe2O3

* (6.0–8.1 wt%), MgO
(2.2–3.3 wt%), and CaO contents (3.8–6.8 wt%).
Most samples plot in the quartz monzodiorite and
granodiorite fields (Fig. 4A), and show I-type granite
affinity (Fig. 4B). The rocks exhibit LREE-enriched
patterns ((La/Yb)N = 15–23), with minor negative Eu
anomalies (dEu= 0.7–0.8) (Fig. 5A), and are rela-

tively enriched in LILE and depleted in HFSE, as
indicated by low Nb/La (0.3–0.4) and Rb/Nb (6–10)
ratios.

The NKP has a uniform monzogranitic composi-
tion (Fig. 4A), with intermediate SiO2 (67–71 wt%)
and high K2O contents (K2O > 5.5 wt%) (Table 2).
Samples from this pluton possess relatively high
REE (346–501 ppm) and display LREE-enriched
patterns ((La/Yb)N = 8.4–19) with intermediate neg-
ative Eu anomalies (dEu = 0.5–0.6) (Fig. 5B). These
samples are HFSE enriched, as evidenced by high
Zr, Nb, and Y contents and relatively high Nb/La
(0.5–1.0) and low Rb/Nb (3.5–5.2) ratios, exhibiting
a strong affinity to A-type granites (Fig. 4B).

The ASIC possesses a wide range of SiO2 con-
tents (54~73 wt%) and can be subdivided into two
groups, according to their SiO2 and alkali contents.
Samples with relatively high SiO2 (>70 wt%) are
generally K2O rich and cluster in the monzogranite
field. The low-SiO2 group (<70 wt%) includes both
relatively Na2O-rich and K2O-rich samples and
ranges from granodiorite to monzogranite, with an
average composition of granodiorite (Table 2, Fig.
4A). Both groups show LREE-enriched patterns

FIG. 3. Concordia diagrams for granitoids of the Kudi area.
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((La/Yb)N = 6–28) with intermediate negative Eu
anomalies (dEu = 0.5–0.8) (Figs. 5C and 5D), and
are characterized by relatively low Nb/La (0.3–0.6)
and high Rb/Nb (5–12) ratios. The ASIC rocks plot
in the I-type granite field (Fig. 4B).

Discussion: Ages and Tectonic Settings
of the Granitoids

Yirba pluton
Inasmuch as there is no evidence for multiple

magmatic injections for this small pluton, the

younger age (471 ± 5 Ma) is interpreted to represent
the crystallization age of the Yirba pluton, whereas
the older age (491 ± 3 Ma) is considered to be inher-
ited from the magma source. The regional deforma-
tion in the study area was ascribed to the collision
between the North and South Kunlun blocks, after
the closure of Proto-Tethys in the Middle Paleozoic
(Matte et al., 1996; Mattern et al., 1996; Pan, 1996).
The regional lineation/foliation crosscuts the Yirba
pluton, indicating that the pluton was formed prior
to the collisional event (Wang and Fang, 1987). The
471 Ma Early Ordovician age further supports this
interpretation. In the tectonic discrimination dia-
gram of Pearce et al. (1984), samples mainly fall in
the VAG field (Fig. 6), implying a subduction-
related setting. Chemical compositions show affinity
to adakites (Wang et al., 2000), which are commonly
produced by partial melting of subducted oceanic
lithosphere beneath island arcs (Defant and Drum-
mond, 1990). However, relatively radiogenic Sr iso-
topic compositions (initial 87Sr/86Sr = 0.7073–
0.7089) (Yuan, 1999) do not favor this comparison.
Fault contact with the Yishake volcanic sequence,
which was produced in an intra-oceanic arc setting
(Yuan, 1999), may imply that the Yirba pluton prob-
ably intruded in a different environment. We con-
sider that the Yirba Pluton was generated in an
active continental margin during consumption of
Proto-Tethys. 

North Kudi pluton

The new zircon U-Pb age (405 ± 2 Ma) is signif-
icantly older than previous conventional U-Pb zir-
con and biotite 40Ar/39Ar results, suggesting that
the NKP was formed in the Early Devonian. The
NKP was previously considered to be subduction-
related, due to its calc-alkaline nature (Yao and
Hsü, 1994; Li et al., 1995; Ding et al., 1996). How-
ever, detailed field studies constrain a post-colli-
sional setting, because the regional fabrics do not
pass through this pluton (Matte et al., 1996). The
low Rb/Nb and high Nb/La ratios and alkali-
enriched features show its affinity to A-type gran-
ites, which usually intrude in anorogenic or post-
orogenic environments (Eby, 1992). Coeval lam-
prophyre dikes in the Kudi area, with a hornblende
39Ar/40Ar plateau age of 405 ± 3 Ma, were recently
recognized (Zhou and Li, 2000), suggesting that
the area was under extension in Early Devonian
time. In the tectonic discrimination diagram, the
NKP plots in the WPG field (Fig. 6), consistent
with our post-orogenic interpretation.

FIG. 4. A. Classification for granitoids of the Kudi area
(after Le Maitre, 1989). Abbreviations: Q = quartz; A = alkali
feldspar, P = plagioclase. CIPW normative mineral propor-
tions were used for plotting. B. Rb/Nb versus Rb diagram for
the granitoids from the Kudi area (after Christansen and
Keith, 1996)
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Arkarz Shan intrusive complex
The granodiorite (212 ± 2 Ma) and monzogranite

(215 ± 1 Ma) of the ASIC have indistinguishable
ages, suggesting that they were produced in a single
magmatic event.  A 214 ± 1 Ma U-Pb age is
obtained, when all the data are pooled. The ASIC is
relatively LILE enriched and HFSE depleted, shar-
ing features of volcanic-arc granites (Fig. 6); accord-
ingly, it was previously considered to be generated
by the subduction of Paleo-Tethys (e.g., Pan et al.,
1994; Matte et al., 1996). However, we suggest that
the ASIC intruded in a collisional environment, and
its 214 Ma age well constrains the closure time of
Paleo-Tethys in the West Kunlun, based on the fol-
lowing geological considerations. First, Upper Trias-
sic red molasse beds unconformably overlie
Permian shallow marine carbonates in the West
Kunlun (Mattern and Schneider, 2000), suggesting
that Paleo-Tethys was closed in the Late Triassic.
Second, plant fossils were discovered in Upper Tri-
assic strata, indicating a continental depositional

environment (Pan, 1996). Third, granitoids of this
age are widespread on both sides of the Paleo-Tethys
suture (Yin and Bian, 1995; Matte et al., 1996; Xu et
al., 1996; Zhang et al., 1996). This type of distribu-
tion is an important feature for collision-related
granitoids (Sengör et al., 1991, 1993).

Tectonic Reconstruction

Consumption of Proto-Tethys
Juvenile Nd model ages (1.0–1.5 Ga) and the

existence of ultramafic fragments in the metamor-
phic complex of the South Kunlun Block strongly
suggest that the complex consists of accreted mate-
rials, rather than representing an Archean continen-
tal block rifted away from the Tarim Craton (Zhou,
1998; Li et al., 1999; Yuan, 1999). The 471 Ma
Yirba pluton represents the earliest Paleozoic arc
magmatism in the West Kunlun in relation to the
consumption of Proto-Tethys. An intra-oceanic arc
was developed in the Proto-Tethys probably at the
same time, as indicated by the Yishake volcanic

FIG. 5. Chondrite-normalized REE patterns for granitoids from the Kudi area.
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sequence (Yuan, 1999) (Fig. 7A). As subduction
continued, the intra-oceanic arc was accreted to the
southern margin of the Tarim Craton, resulting in the
first collisional event in the West Kunlun (Fig. 7B).
The 451 to 380 Ma 40Ar-39Ar ages of various miner-
als from the metamorphic complex in the South
Kunlun Block indicate that this collision occurred
in the Middle Ordovician and perhaps continued to
the Silurian, giving rise to the lack of Silurian strata
in the West Kunlun (Pan et al., 1994). 

Middle Paleozoic magmatic quiescence
The arc-continent collision ended in the Early

Devonian, as indicated by the post-dynamic NKP
and coeval lamprophyre dikes (Fig. 7C). Different
opinions exist as to whether there was continuous
subduction-related magmatism in the West Kunlun.
The archipelago model envisages the West Kunlun
as a magmatic front resulting from continuous north-
ward subduction of Proto-and Paleo-Tethys from
Late Precambrian to Early Mesozoic (Yao and Hsü,
1994; Hsü et al., 1995). However, recent geochrono-
logical investigation of selected granitoids in the
West Kunlun showed that the granitoids intruded
almost exclusively in the Early and Late Paleozoic,
but rarely in the Middle Paleozoic (Xu et al., 1994,
1996). This led to a two-stage arc model for the
Paleozoic evolution of the West Kunlun (Pan et al.,
1994; Pan, 1996), although the cause of the mag-
matic quiescence was unclear. Based on analysis of
the sedimentary sequence, Yin and Harrison (2000)

proposed an extensional scheme to explain the
absence of Devonian to Early Permian magmatism
in the West Kunlun. The existence of the NKP and
coeval lamprophyre dikes strongly support the two-
stage arc model by indicating an extensional envi-
ronment in the West Kunlun. In the East Kunlun,
analysis of sedimentary facies indicated a similar
extensional setting between the Devonian and Per-
mian (Chang et al., 1986; Gu et al., 1996; Xu et al.,
1998). A similar lack of Middle Paleozoic magma-
tism was noted in the North Pamir (Debon et al.,
1987), and recent 40Ar/39Ar work on basement rocks
of the East Kunlun also revealed an age gap between
360 Ma and 240 Ma (Liu et al., 2000). These geolog-
ical and geochronological data suggest that the mag-
matic quiescence persisted for about 100 m.y.
throughout the Kunlun orogenic belt. 

Suturing of Paleo-Tethys
Paleo-Tethys started to consume in the Early

Permian, as manifested by Permian arc volcanic
rocks in the South Kunlun Block (Chang et al.,
1989; Pan et al., 1994; Wang, 1996) (Figs. 2 and
7D). Subduction ceased in the Late Triassic due to
the final closure of Paleo-Tethys, as indicated by
molasse deposits and sediments with plant fossils in
the West Kunlun (Pan et al., 1994; Mattern and
Schneider, 2000). During such a collision, shorten-
ing and thickening of the crust might have led to
delamination of the eclogitized crustal root,
upwelling of asthenospheric mantle, and an increase

FIG. 6. Tectonic discrimination diagram for granitoids from the Kudi area (after Pearce et al., 1984) (symbols are the
same as those used in Fig. 4).
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in heat input (Costa and Rey, 1995). This could have
caused melting of the crustal material to generate
abundant collision-related granitic intrusions (Stern
et al., 1994; Förster et al., 1997) on both sides of the
Paleo-Tethys suture (Fig. 7E). The voluminous ASIC
has consistent zircon U-Pb (214 Ma) and biotite
40Ar/39Ar (213 Ma) ages, indicating rapid cooling/
uplifting rates, and therefore a post-collisional envi-
ronment.

Conclusions

The Yirba pluton possesses characteristics typi-
cal of volcanic-arc granites and was intruded in the
Early Ordovician (471 ± 5 Ma) in the active south-
ern margin of the Tarim craton, representing an
early product of Proto-Tethys consumption. The
North Kudi pluton, dated at 405 ± 2 Ma, displays a
strong affinity to A-type granites. Its post-kinematic
characteristics imply that an extensional tectonic
environment that may be responsible for the Devo-
nian to Early Permian magmatic quiescence in the
Kunlun orogenic belt. The Arkarz Shan intrusive

complex was emplaced in a rapid uplifting environ-
ment corresponding to the closure of Paleo-Tethys
during the Late Triassic (214 ± 1 Ma). 
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