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[1] The northern Xinjiang of China is a composite
orogenic belt in the south central part of the Altaids
formed by subduction-accretion mainly during the
Paleozoic. Geochronologic and geochemical data from
the Paleozoic ophiolites and associated assemblages
are reported here to place constrains on the tectonic
evolution of this region and to reconstruct its history,
using a model of subduction-accretion plus large-scale
map-view strike-slip faulting. Geologic and geo-
chronologic review indicates that the Paleozoic
ophiolites and associated assemblages of the western
and eastern Junggar regions are tectonically related,
occurring as a pattern with the early Paleozoic
Tangbale-Mayile-Hongguleleng-Aermantai complexes
in the center, the late Paleozoic Darbut-Karamaili and
the northern Tianshan complexes in the south, and the
late Paleozoic Kekesentao-Qiaoxiahala-Kuerti com-
plexes in the north. Available geochemical data suggest
that the Paleozoic ophiolites of the northern Xinjiang
are mainly oceanic fragments of these three types: mid-
ocean ridge basalt, oceanic island basalts, and island
arc basalts. The Paleozoic subduction-accretion
complexes grew mainly along different segments of
the Kipchak arc, and in associated with migration of
magmatic arc. The Paleozoic ophiolite-associated
sedimentary sequences and subduction-related
volcanic rocks exhibit an evolution history from
intraoceanic (early Paleozoic) to marginal settings
(late Paleozoic), implying coeval strike-slip stacking
with subduction-accretion processes, and by which to
transport the respective complexes together and further
to amalgamate with neighboring units of the Altaids.
Subduction-accretion processes terminated in the mid-
Carboniferous in this region. In the late Permian-early
Triassic, a counterclockwise rotation of fault blocks in
a giant sinistral strike-slip and extension domain
between Altay and Tianshan, lastly generated present
configuration of the Paleozoic subduction-accretion
complexes in the northern Xinjiang.  INDEX TERMS:
8110 Tectonophysics: Continental tectonics—general (0905); 8120
Tectonophysics: Dynamics of lithosphere and mantle—general;
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8102 Tectonophysics: Continental contractional orogenic belts;
1065 Geochemistry: Trace elements (3670); 1035 Geochemistry:
Geochronology; KEYWORDS: northern Xinjiang, Paleozoic,
ophiolite, subduction-accretion, Altaids. Citation: Wang, Z., S.
Sun, J. Li, Q. Hou, K. Qin, W. Xiao, and J. Hao, Paleozoic tectonic
evolution of the northern Xinjiang, China: Geochemical and
geochronological constraints from the ophiolites, Tectonics, 22(2),
1014, doi:10.1029/2002TC001396, 2003.

1. Introduction

[2] The northern Xinjiang geographically occupies the
northwest extreme edge of China and geologically is located
in the south central part of the Altaids (Figure 1). As a key
area for unraveling tectonic framework and evolution of the
most interior part of the Eurasian continent, it has received
extensive attention by international geologists at the end of
eighties, especially the western Junggar region [e.g., Cole-
man, 1989; Feng et al., 1989; Kwon et al., 1989]. However,
it has been kept out of the geologists’ sight of the western
world for a long period after that, even in synthesized
palinspastic reconstruction models of China [e.g., Yin and
Nie, 1996; Li, 1998], except for in models of Central Asia or
the Altaids [e.g., Allen et al., 1995; Sengor and Natal’in,
1996a, 1996b] and recent research on Phanerozoic gran-
itoids in the region [e.g., Jahn et al., 2000; Hu et al., 2000;
Chen et al., 2000]. On the other hand, the mechanism of
continental growth of Central Asia is currently debated
between models invoking continuous subduction-accretion
[Sengor et al., 1993; Sengor and Natal’in, 1996a, 1996b],
or punctuated accretion due to closure of multiple ocean
basins. The purpose of this paper is to establish the
Paleozoic patterns of crustal development and accretion of
this area, using available geochemical and geochronological
data mainly from the ophiolites, since ophiolites typically
represent offscraped fragments in accretionary complexes or
collisional sutures.

2. Major Problems and Controversies

[3] Several important problems and controversies are
hotly debated in dealing with the tectonic evolution of the
northern Xinjiang:

[4] 1. The original configurations of the ophiolite belts
with different ages: Previous tectonic reconstructions have
mostly assumed that the present geometry of the ophiolite
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Figure 1. Geological and tectonic map of the northern Xinjiang, China (modified after Wang et al.
[1995]). The two cross sections are mainly modified after Li et al. [1987], Feng et al. [1989], and Li et al.
[1990].

belts represents their original configurations at the time of [5] 2. The formation and accretion of the region: Was
formation [e.g., Feng et al., 1989; Zhang et al., 1995]. It it formed by multiple collisions of some microcontinental
could be suitable for the eastern Junggar ophiolite belts, blocks or terranes [e.g., Zhang et al., 1995; He et al.,
whereas the original configurations of the ophiolite belts in  1994] or by subduction-accretion processes within the
the western Junggar region possibly had been extensively framework of the Altaids [e.g., Sengor and Natal’in,
affected by rotation of fault blocks in late Permian-early 1996a, 1996b], or by collapse of multiple back arc
Triassic [Allen et al., 1995]. basins.
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[6] 3.The nature of the basement of the Junggar basin: Was
it a Precambrian metamorphic continental basement [e.g.,
Zhang et al., 1995] or accreted oceanic crust [e.g., Coleman,
1989; Kwon et al., 1989; Hu et al., 2000] or relict and
trapped back arc basin [e.g., Hsu, 1988; Feng et al., 1989].

[7] 4. The timing of formation and emplacement of the
ophiolites: Were there any Precambrian ophiolites as sug-
gested by Huang et al. [1999] for the Hongguleleng
ophiolite, or were all the ophiolites Paleozoic as proposed
by most researches [e.g., Coleman, 1989; Feng et al., 1989;
Zhang et al., 1995; Xiao et al., 1991; He et al., 1994]. When
did the respective ophiolites got emplaced and was there
any ophiolite indicative of final suturing.

[8] 5. The origin and tectonic implication of the ophiolites:
Did all the ophiolites form in “limited ocean basins” [Xiao et
al., 1991; Li, 1991] or marginal arc-basin systems [e.g., Feng
et al., 1989] similar to the present Western Pacific, or in a big
ocean and later they were accreted to be subduction-accretion
complexes [Sengor and Natal’in, 1996a, 1996b].

[9] 6. The Paleozoic tectonic evolution of the western and
eastern Junggar areas: The difference of present geometry of
the ophiolite belts between the western (more complicated,
obviously accommodated by strike-slip faults related to later
tectonic events) and eastern (linear) Junggar areas prompted
some researches to put forward different patterns of tectonic
evolution, though most of them considered that the Darbut
ophiolite was tectonically conjoined with the Karamaili
ophiolite in the Devonian [e.g., Xiao et al., 1991].

[10] Presently available data can shed much light on most
of the problems, and this paper is an attempt to unravel
these controversies.

3. Geological Setting

[11] The geology of the northern Xinjiang is character-
ized by considerable development of ophiolites and related
volcanic and volcanoclastic sequences. The lithotectonic
unites of the ophiolites and associated sequences were well
summarized in previous studies [e.g., Feng et al., 1989;
Xiao et al., 1991; Li, 1991; Zhang et al., 1995]. Here, we
briefly introduce regional geology associated with the
ophiolites. In general, the main lithotectonic units within
the studied area are: Ordovician to Cenozoic-Permian rock
sequences, ophiolites ranging from early to late Paleozoic in
age, and late Carboniferous-Permian post-orogenic gran-
itoids (Figure 1).

[12] Ordovician unit occurs restrictively around the Tang-
bale and Hongguleng ophiolites, and mainly basaltic to
andesitic volcanic rocks, radiolarian cherts, turbidites and
limestones. Silurian sequence also occurs around the
Tangbale, Hongguleng and Mayile ophiolites but displays
different lithology. Silurian rocks are mainly early-Silurian
flysch-type deposits with ophiolitic debris unconformably
overlaid the Tangbale ophiolite, and mainly mid-Silurian
pillow lavas and radiolarian cherts interlaying flysch of
early and late Silurian at Mayile, while at Hongguleleng
mainly andesitic volcanic and volcanoclastic rocks and
limestones. In the eastern Junggar, the undivided Ordovi-
cian-Silurian sequences, which distributed along the Aer-
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mantai ophiolite belt, are mainly andesitic to felsic
volcanic and volcanoclastic rocks, cherts, flysch and
limestones.

[13] Devonian unit widely occurs in this region but shows
different lithology at different areas. At the Darbut area,
early-middle Devonian sequence is composed of pillow
lavas, radiolarian cherts and limestones, and covered by
late Devonian flysch. Clastic sediments and marine flysch
with silicic pyroclastics of mid-Devonian unconformably
overlie the Ordovician and Silurian rocks at the Mayile and
Tangbale areas. Devonian rocks are mainly flysch, clastic
sediments intercalated with limestones and tuffs, and ande-
sitic volcanic rocks at the Hongguleleng area. To the north,
mid-Devonian mafic to intermediate lavas and cherts are
closely associated with the western segment of the Keke-
sentao-Qiaoxiahala-Kuerti ophiolite belt. In the eastern
Junggar, Devonian rocks display a similar lithological
pattern with that of the western Junggar. Devonian ophio-
litic turbidites, limestones and intermediate to felsic vol-
canic and volcanoclastic rocks occurred closely with the
Karamaili ophiolite in the south. Clastic sediments, lime-
stones, and intermediate to felsic volcanic and volcaniclastic
rocks unconformably overlie the Ordovician-Silurian rocks
around the Aermantai ophiolite in the middle. Devonian arc
volcanic rocks occurred closely with the eastern segment of
the Kekesentao-Qiaoxiahala-Kuerti ophiolite belt in the
north.

[14] Carboniferous unit is mainly terrestrial clastic sedi-
ments in the Junggar region. In the north of the Tianshan
Paleozoic orogenic belt, Carboniferous rocks are mainly
volcanic and volcaniclastic rocks and turbidites closely
associated with the northern Tianshan ophiolite belt at the
western segment, and constitute the Bogda volcanic arc at
the eastern segment.

[15] The Permian-Cenozoic unit consists of terrestrial
volcanic and volcanoclastic rocks of Permian, and alluvial,
fluvial and lacustrine deposits after Permian. The Paleozoic
ophiolites and late Carboniferous-Permian post-orogenic
granitoids will be discussed later.

4. Formation Ages of the Ophiolites
in the Northern Xinjiang

[16] In this section, we will mainly synthesize the time
data for the ophiolites, and further to constrain their for-
mation ages.

4.1. Early Paleozoic Ophiolites

[17] The Tangbale ophiolite was regarded as the oldest
ophiolite in the northern Xinjiang by most researches [e.g.,
Coleman, 1989; Feng et al., 1989; Kwon et al., 1989; Xiao et
al.,1991; Li, 1991; Zhang et al., 1995]. The formation age of
late Cambrian-Ordovician can be constrained using the
following evidence: (1) Pb-Pb dating for plagioclase and
sphene from the Tangbale leucogabbro gives its formation
age in the range of 523 -508 Ma [Tilton et al., 1986; Kwon et
al., 1989]. (2) A Sm-Nd mineral—whole-rock inner isochron
age for the gabbros and a whole-rock isochron age for the
basalts are 489 Ma and 447 Ma, respectively [Zhang et al.,
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Figure 2. Compiled age data for the ophiolites and related assemblages. Units 14, 15 and 19 are cited

from Sengor and Natal’in [1996D].

1995]. (3) Ar-Ar dating for sodic amphibole from the
blueschists, which occur in the Tangbale ophiolite melange
(Figure 2) and possibly resulted from subduction of ocean
crust, indicates that this high-pressure metamorphism took
place in the range of 458-470 Ma [Zhang, 1997]. (4)
Radiolaria fossils of middle Ordovician were found in the
cherts from the Tangbale ophiolite melange, which strati-
graphically intercalate with or overlie the mafic lavas [Feng
et al., 1989; Xiao et al., 1991; Zhang et al., 1995].

[18] The formation age of the Hongguleleng ophiolite has
not well constrained by geochronologic data. Sm-Nd dating
for the cumulate rocks is controversial. An isochron age of
626 + 25 Ma was given by troctolite, gabbro, plagiogranite
and anorthosite [Huang et al., 1999]. However, Zhang et al.
[1995] reported a Sm-Nd isochron age of 444 + 27 Ma given
by troctolite, gabbro and basalt. Because of lack of detailed
geochemical data for these dated rocks, we can not make a
concrete choice for these two ages. Middle Ordovician

fossils were discovered in the andesitic volcanics [Bai et
al., 1986; Xiao et al., 1991], which occur as melange
together with the ophiolite (Figure 1), indicating that the
ophiolite was possibly formed before the middle Ordovician.

[19] Sm-Nd dating for the harzburgite and dunite in the
Aermantai ophiolite presents an isochron age of 479 + 27
Ma [Liu and Zhang, 1993]. Detailed Sm-Nd and Rb-Sr
isotopic analyses for the cumulate rocks and mafic lavas
were conducted by Huang et al. [1997]. A whole-rock
isochron age of 561 + 41 Ma was given by the cumulate
gabbro, diabase and andesite porphyrite, and was inter-
preted as formation age of the ophiolite [Huang et al.,
1997]. Rb-Sr dating for the diabase and andesite porphyrite
gives a whole-rock isochron age of 392 + 17 Ma inter-
preted as the time of later metamorphism [Huang et al.,
1997]. The described geochemistry for the dated rocks
shows that the cumulate rocks have LREE-depleted or flat
REE patterns, whereas the diabases and andesite porphyr-
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ites are LREE-enriched [Huang et al., 1997], possibly
suggesting that the cumulate rocks and the extrusive rocks
are not cogenetic and the whole-rock Sm-Nd isochron for
these rocks is probably a false isochron. It is worth to
noting that, Huang et al. [1997] also calculated a mineral-
whole-rock Sm-Nd inner isochron age of 478.9 Ma for the
cumulate pyroxene peridotite, concordant with that of the
mantle peridotites [Liu and Zhang, 1993], though they
regarded this age as a metamorphic age. Ordovician radio-
laria fossils found in the ophiolite melange [Li, 1991],
further indicating that the Aermantai ophiolite arguably
formed at least in the Ordovician.

[20] Because of lack of any isotopic dating, the time of
the Mayile ophiolite is still not well constrained. The
discovery of Silurian radiolaria fossils in the cherts from
the ophiolite melange indicates that it may form in the
Silurian [Feng et al., 1989; Xiao et al., 1991; He et al.,
1994; Zhang et al., 1995] or pre-Silurian.

4.2. Late Paleozoic Ophiolites

[21] Early-middle Devonian radiolaria fossils and coral
fossils were found respectively in the cherts and limestone
lenses from the Darbut ophiolite melange [Xiao et al., 1991;
Zhang et al., 1995]. Sm-Nd dating for the Darbut cumulate
rocks mainly the gabbros gives an isochron age of 395 + 12
Ma [Zhang et al., 1995]. In the Karamaili ophiolite mel-
ange, early-middle Devonian microfossils including radio-
laria were discovered in the cherts [Li, 1995].

[22] U-Pb dating for the zircons from the trondjemite in
the Kekesentao-Qiaoxiahala-Kuerti ophiolite belt gives a
formation age of 390 Ma [Chen et al., 1997]. Together with
middle-late Devonian radiolaria fossils found in the cherts,
this ophiolite belt is regarded as formed in the middle-late
Devonian [Chen et al., 1997; He et al., 1994].

4.3. Late Devonian-Early Carboniferous
Northern Tianshan Ophiolite Belt

[23] The Bayingou ophiolite is a representative and well-
preserved ophiolite in this belt. Microfossils including
radiolaria and conodont discovered in the cherts from the
ophiolite melange suggest its formation age of late Devon-
ian-early Carboniferous [Xiao et al., 1991; Gao et al., 1997;
K. Qin, post-doctorial report, 2000].

[24] In general, the Paleozoic ophiolites in the northern
Xinjiang occurred as an age pattern of gradual younging
from the center to the north and south (Figure 2). If we plot
our data into Figure 21.18 of Sengér and Natal'in [1996b],
the ecarly Paleozoic Tangbale-Mayile-Hongguleleng-Aer-
mantai ophiolite belt could be part of their unit 14, the late
Paleozoic Darbut-Karamaili ophiolite belt and the northern
Tianshan ophiolite belt be part of unit 15, and the late
Paleozoic Kekesentao-Qiaoxiahala-Kuerti ophiolite belt be
part of unit 19 (Figure 2).

5. Geochemistry and Origin of the Ophiolites

[25] The geochemistry and origin for these ophiolites
were widely discussed elsewhere in the Chinese literature
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and also in international publications [e.g., Feng et al.,
1989]. In this section, we will present a synthesized geo-
chemical review for all the ophiolites, and further constrain
their origin (Table 1, data sources are from Zhang et al.
[1995] and this study). Because of late-stage hydrothermal
alteration with different degree extensively occurred during
formation and emplacement of these ophiolites [e.g., Feng
et al., 1989; Zhang et al., 1995], we will mainly use the
immobilized or weakly mobilized elements to determine
their magmatic origin.

5.1. Cambrian-Ordovician
Tangbale-Hongguleleng-Aermantai Ophiolite Belt

[26] The mantle peridotites from the Tangbale ophiolite
are mainly harzburgites, dunites with minor lherzolites.
The harzburgites with high Mg# (average Mg# = 100Mg/
(Mg + Fe'®) = 93) [Zhang et al., 1995] consists of
olivine (Fo = 91-92), Cr-spinel and orthopyroxene (En =
90-94) [Zhu et al., 1987], indicative of highly depleted
mantle residues. The Cr-spinels have a wide range of Cr#
(Cr# = 100Cr/(Cr + Al) = 30—90) and plot in the fields
of ophiolitic peridotites from ridge, transitional to arc or
more depleted end-sources (Figure 3a). Most of the
spinels from the harzburgites and dunites have high Cr#
(>60) and are of the Ill-type peridotite proposed by Dick
and Bullen [1984], indicating that the highly depleted
mantle peridotites are of arc-related and formed in an
environment associated with a subduction zone. The
harzburgites and dunites are characterized by low
Al,O;, CaO and TiO, contents [Zhang et al., 1995],
suggesting high degrees of partial melting. The cumulate
complex is mainly composed of dunite, peridotite, pyrox-
enite and gabbro. The mafic lavas can be classified into
two groups, namely, tholeiites from the mid-ocean ridge
basalt (MORB) type and the island arc basalt (IAB) type,
respectively, as shown by the Cr-Y and Hf-Th-Ta dia-
grams (Figures 4 and 5a) and primitive mantle-normal-
ized trace element patterns (Figure 6). The eNd values of
the gabbros and basalts are in the range of 7.3-7.9
(Table 2) [Zhang et al, 1995]. In the Sr-Nd diagram,
the Tongbale basalts mainly fall in the field of modern
Pacific arc systems, and one sample in the MORB field
(Figure 7).

[27] The Hongguleleng mantle peridotites are also
mainly harzburgites (Mg# = 91). Most of the spinels from
the harzburgites plot in the fields of ophiolitic peridotites
from ridge and transitional in the Cr#-Mg# diagram
(Figure 3a). The cumulate complex is well developed
and comprises plagioclase-bearing dunite, troctolite, pyrox-
enite, olivine gabbro, and gabbro. Some diabase dykes in
the cumulate complex are LREE-depleted. The extrusive
lavas are mainly MORB-type, transitional and IAB-type
tholeiites (Figures 5a and 6). The eNd values of the
cumulate rocks and basalts are in the range of 7.2-8.7
(Table 2) [Zhang et al., 1995; Huang et al., 1999]. In the
Sr-Nd diagram, one of the Hongguleleng basalts falls in
the MORB field, and another displays higher initial Sr
value possibly affected by later hydrothermal alteraction
(Figure 7).
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Figure 3. Cr# vs. Mg# diagram for spinels from the
mantle peridotites of the Paleozoic ophiolites. 1-field of
MORB spinel; 2-field of ophiolitic peridotite spinel from
ridge; 3-from transitional; 4-from arc; and 5-from back arc
basin (classification of Dick and Bullen [1984]).

[28] The mantle peridotites in the Aermantai ophiolite
are mainly harzburgites and lherzolite, and consist of
olivine (Fo = 90-91), Cr-spinel (Cr# = 45-55) and
orthopyroxene (En = 88-90) (Jin et al., unpublished

1000}
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10 ] 1 L1
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Figure 4. Cr versus Y discrimination diagram for the
basalts from the Tangbale ophiolite (crosses), Aermantai
ophiolite (open circles), Darbut ophiolite (open squares) and
Karamaili ophiolite (solid circles). MORB, mid-ocean-ridge
basalt, IAB, island arc basalt.
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Hf/3

Th Nb/16

Figure 5. (a) Th-Hf-Ta discrimination diagram for the
basalts from the Tangbale ophiolite (open circles), Hon-
gguleleng ophiolite (solid circles), Mayila ophiolite (solid
squares) and Darbut ophiolite (open squares for E-MORB
type, open triangles for OIB-type). (b) Th-Hf-Nb discrimi-
nation diagram for the basalts from the Aermantai ophiolite
(solid circles), and for the gabbros from the Karamaili
ophiolite (solid triangles). A, N-MORB, B, E-MORB, C,
OIB (ocean island basalt); D, IAB. Data for fields of the
Tofua arc (T) and Lau back arc basin (L) are from Hawkins
[1995].

report, 1995), indicative of less depleted mantle residues.
The Cr-spinels plot in the field of ophiolitic peridotites
from arc or back arc basin (Figure 3a). The cumulate
rocks are mainly pyroxenite and gabbro. In the Cr-Y
diagram (Figure 4), the lavas plot in the field of IAB,
while in the Hf-Th-Nb diagram they mainly plot in the
field of IAB and some samples in the field of E-MORB
(Figure 5b). In the Ce/Nb-Th/Nb diagram, the lavas
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Figure 6. Primitive mantle-normalized trace element patterns for the basalts and gabbros (Karamaili)
from the Paleozoic ophiolites. The patterns with obvious Nb(Ta) negative anomalies and variable LREE-
enrichment represent the IAB-type basalts (open circles), those with no or slight negative Nb(Ta)
anomalies represent the IAB-MORB transitional basalts (solid triangles), and those with distinguishable
Nb(Ta) positive anomalies and flat to LREE-depletion represent the MORB-type basalts (solid circles).

OIB-type basalts are shown in the Darbut patterns

(open squares), and typical OIB also shown for

comparison (solid square). Normalizing values and data source for typical OIB are from Sun and

McDonough [1989].

range from E-MORB, transitional to IAB (not shown),
consistent with their trace element patterns (Figure 6).
The eNd values of the basalts are in the range of 5.4—
6.3 (Table 2), and in the Sr-Nd diagram, the basalts
mainly fall in the field of modern Pacific arc systems
(Figure 7).

5.2. Silurian or Pre-Silurian Mayile Ophiolite

[29] The Mayile mantle peridotites are mainly harzbur-
gites (Mg# = 92) with minor dunites and lherzolites. The
Cr-spinels have a wide range of Cr# (30—90) and mostly
plot the fields of ophiolitic peridotites from ridge, transi-
tional to arc or more depleted end-sources, comparable to
those of the Tongbale ophiolite. The cumulate complex is
well developed and comprises clinopyroxene perido-
tite, olivine pyroxenite, pyroxenite, gabbro and plagiog-

ranite. The mafic lavas can be classified two groups,
namely MORB-type and IAB-type tholeiites, respectively,
as shown by the Hf-Th-Ta diagram (Figure 5a) and
primitive mantle-normalized trace element patterns (Fig-
ure 6). The geochemistry of the ophiolite is strikingly
similar to that of the Tongbale ophiolite, arguably sug-
gesting close petrogenic relationship between the two
ophiolites.

5.3. Early-Middle Devonian Darbut-Karamaili
Ophiolite Belt

[30] The mantle peridotites in the Darbut are mainly
harzburgites (Mg# = 92) with minor dunites and lherzo-
lites, and their Cr-spinels mostly plot in the fields of
ophiolitic peridotites from ridge to transitional settings
(Figure 3b). The cumulate complex is mainly composed
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Table 2. Representative Sr-Nd Isotopic Analyses for the Basalts in the Paleozoic Ophiolites®

Sample Sm Nd 7S m/'*Nd M3NJ/Nd eNd(t) Rb Sr 8TRb/SoSr 87S1/36Sr RESVARNY)
Hongguleleng (t = 444 Ma)

H-5-2 3.641 2431 0.1495 0.51287 7.2 12.25 332.6 0.03682 0.70344 0.70321
H-5-5 3.152 16.05 0.1964 0.51306 8.15 6.933 302.1 0.02295 0.7047 0.70455
Tangbale (t = 500 Ma)

TB-37 3.123 23.11 0.1351 0.51284 7.89 67.07 297.8 0.2252 0.70553 0.70393
TB-76 2.482 17.94 0.1384 0.51284 7.68 47.52 245.4 0.1352 0.70462 0.70365
T-4-1 3.603 17.54 0.2054 0.51304 7.34 70.82 136.1 0.5205 0.70702 0.70331
T-6-1 2.869 18.82 0.1524 0.51288 7.47 53.24 146.1 0.3644 0.70555 0.70295
Aermantai (t = 480 Ma)

XJ-2 1.481 8.247 0.1798 0.51288 5.74 59.71 1150 0.0519 0.70457 0.70421
XJ-3 1.912 12.06 0.1586 0.51282 5.93 152 106.7 0.2217 0.7055 0.70398
XJ-6 1.916 11.43 0.1676 0.51287 6.29 86.69 552.1 0.157 0.70549 0.70441
XJ-8 3.0 18.46 0.1625 0.51284 5.96 1344 455 0.2953 0.7059 0.70388
XJ-14 4.306 36.23 0.1189 0.51267 5.4 20.48 380.1 0.05387 0.70468 0.70431
XJ-17 2451 16.74 0.1464 0.51277 5.72 46.1 2354 0.1959 0.70554 0.7042
XJ-19 3.938 27.02 0.1458 0.51276 5.52 44.07 270.2 0.1631 0.70547 0.70436
XJ-20 4.387 30.21 0.1452 0.51277 5.71 5.327 638.5 0.00834 0.70411 0.70406
Darbut (t = 395 Ma)

SJ-15 2.256 11.21 0.2012 0.5129 4.9 31.89 172.8 0.1846 0.70684 0.7058
SJ23 2.357 11.04 0.2135 0.51295 53 4.059 167.5 0.02577 0.7062 0.70605
SF55 2433 11.91 0.2041 0.51293 5.36 4.248 156.4 0.08849 0.70567 0.70517

“The data of Rb-Sr and Sm-Nd analyses are from Zhang et al. [1995] and Huang et al. [1997]. We recalculate the initial Sr and Nd values using the age

data discussed in the text.

of troctolite and gabbro. In the Hf-Th-Ta diagram (Figure 5a),
the Darbut extrusive rocks clearly display two groups of
magma suites, i.e., E-MORB tholeiites (also shown by
Cr-Y diagram, Figure 4) and ocean island basalts (OIB)
respectively, consistent with their primitive mantle-nor-
malized trace element patterns (Figure 6). The eNd
values of the cumulate rocks are 7.5-9.0 [Zhang et
al., 1995], and the values of the tholeiites are 4.9-5.4
(Table 2). In the Sr-Nd diagram, the tholeiites do not
plot in any comparison field (Figure 7), possibly indicat-
ing that they had been affected by EMIl-type OIB
magma sources. This effect is also shown by clear
positive Ta anomaly on the primitive mantle-normalized
trace element variation diagrams, since positive Ta and
Nb anomalies are normally and typically related to OIB
magmas.

[31] The Karamaili ophiolite is mainly composed of
harzburgites, gabbros, diabases and basalts. The gabbros
display arc tholeiite affinity as shown in the diagrams of Hf-
Th-Nb (Figure 5b) and Ce/Nb-Th/Nb (not shown), and their
trace element patterns with obvious negative Nb anomaly
and flat to LREE-enrichment (Figure 6). In the Cr-Y
diagram (Figure 4), the extrusive rocks plot in the fields
of IAB and MORB.

5.4. Middle-Late Devonian
Kekesentao-Qiaoxiahala-Kuerti Ophiolite Belt

[32] Because of lack of detailed geochemical data, the
petrogenesis of this ophiolite belt is poorly constrained.
Previous studies indicate that the ophiolite mainly com-
prises lherzolites and MORB-type basalts [Chen et al.,

1997]. Boninitic-like or high Mg volcanics, which charac-
terized by enriched in Si and Mg, and depleted in Ti and
other HFSE, were discovered in the middle Devonian
ophiolite-associated assemblages [Liu and Zhang, 1993;

I I I I I I I I I I I I I
Indian ocean MORB

ENd(r

O

| N. Kermadec Arc

Tofua Arc o

S. Kermadec Arc

Offshore of Taupo N
Volcanic Zone

Taupo Volcanic Zone
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0 | | | | | | | | | | | | | | |
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Figure 7. Sr-Nd isotope covariation diagram for the
basalts from the Tangbale ophiolite (solid squares),
Hongguleleng ophiolite (open squares), Aermantai ophiolite
(solid circles) and Darbut ophiolite (open circles). Fields for
Pacific MORB, Indian ocean MORB, Lau basin basalts,
Tofua arc lavas, northern and southern Kermadec arc
basalts, Taupo volcanic zone and Offshore basalts are from
Ito et al. [1987], Klein et al. [1991], Hergt and Hawkes-
worth [1994] and Gamble and Wright [1995].
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He et al., 1994; Liu et al., 1999] (Figure 2). Furthermore,
adakitic-like volcanic rocks were recently recognized from
the early Devonian ophiolite-associated arc volcanics [Xu
et al., 2001] (Figure 2). These rocks share lots of common
geochemical characters with modern adakites, like high in
Si, Mg, Al and Sr, and poor in Y, Yb and HREE [Xu et
al., 2001].

5.5. Late Devonian-Early Carboniferous
Northern Tianshan Ophiolite Belt

[33] The representative Bayingou ophiolite in this belt
was commonly regarded as a part of the Tianshan orogenic
belt [e.g., Windly et al., 1990; Allen et al., 1992; Chen et
al., 1999], whereas tectonically also related to evolution of
the ophiolites in the Junggar region [e.g., Allen et al.,
1992]. The ophiolite is mainly composed of mantle peri-
dotites, gabbros and basalts. The basalts can be classified
into three groups of magma suites, MORB-type (LREE-
depleted and moderate Ti), [AB-type (slightly LREE-
enriched and depleted in Yb, Zr and other HFSE) and
OIB-type (highly fractionated LREE and HREE, and
enriched in Ti, P and K), respectively [Zhang and Zhou,
2001].

6. Petrogenesis of the Associated Assemblages
6.1. Paleozoic Sedimentary Sequences

[34] As presented in section 3, the Paleozoic ophiolite-
associated sedimentary sequences are mainly composed of
volcanoclastic rocks, cherts, flysch and some lenses of
limestones. The cherts commonly bear radiolaria fossils,
which generally used to constrain the formation ages of
the ophiolites. Major element geochemistry of the cherts
suggests that they deposited near related oceanic spread-
ing ridges [Zhang et al., 1995]. The main components in
the volcanoclastic rocks are less fractionated, and are
composed of feldspar, quartz, and detritals of andesite,
dacite, basalt and tuff, together with some minerals of
biobite, olivine, pryoxene and amphibole. Their grain
parameters are comparable to typical sediments from the
andesite-dacite island arcs. Major and trace element geo-
chemistry [Wu et al., 1993; Zhang et al., 1995] documents
that they are pelagic-abyssal sediments deposited in a
major ocean, and that their sources were closely related
to island arcs, namely oceanic island arcs in the early
Paleozoic (Ordovician and Silurian) and marginal island
arcs in the late Paleozoic (Devonian and Carboniferous),
indicating an evolution history from intraoceanic to mar-
ginal settings, also as suggested by Sengor and Natal’in
[1996a, 1996b].

6.2. Subduction-Related Paleozoic Magmatism

[35] Andesites, diorites and granitoids widely developed
and closely associated with the respective ophiolite in
spatial and temporal. The diorites and granitoids plot in
the volcanic arc field in the diagrams of Yb+Ta-Rb and
Yb-Ta, and the andesites have indistinguishable REE
patterns with the rocks from typical island arcs [Zhang
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et al., 1995]. Pb-Pb isotopic data of the granitoids show a
clear maturing trend from the early Paleozoic ones to the
late Paleozoic ones [Li, 1991], also suggesting that these
subduction-related magmatisms evolved from intraoceanic
settings to marginal settings.

6.3. Postorogenic Late Carboniferous-Permian
Granitoids

[36] U-Pb dating for zircons from the post-orogenic
granitoids and Rb-Sr dating for the whole-rock samples
suggest that magma of these rocks crystallized in 320-250
Ma [Kwon et al., 1989; Wang et al., 1993]. Initial Pb isotope
ratios determined for these rocks show clear affinity with
ratios from mid-ocean ridge basalts in Pb isotope correlation
diagrams [Kwon et al., 1989; Jin and Zhang, 1993]. Sr-Nd
isotopic studies indicate that the granitoids have low initial
Sr (0.7047-0.7051) and high initial Nd (2.1-5.1) values
[Kwon et al., 1989; Wang et al., 1993; Wu et al., 1997], also
indicative of clear oceanic affinity. Therefore the magma
sources for the post-orogenic granitoids are large ion
lithophile element-depleted material of oceanic affinity,
arguably the accreted complexes of the aforementioned
Paleozoic ophiolites and associated assemblages [e.g., Feng
et al., 1989].

[37] Furthermore, the young model ages and high initial
Nd values of the post-orogenic granitoids support the idea
that the Junggar region is composed of young accreted
oceanic and island arc assemblages, with no involvement of
old crust. And the Junggar basin itself could be based by
orogenically deformed Altaid Paleozoic rocks [Suess, 1901;
Argand, 1924; Ren et al., 1987; Zhang et al., 1993; Sengér
et al., 1993; Allen et al., 1995; Sengér and Natal’in, 1996a,
1996Db].

7. Paleozoic Tectonic Evolution of the
Northern Xinjiang

[38] The presented geologic, geochronologic and geo-
chemical data suggest that the Paleozoic geology of the
northern Xinjiang is characterized by numerous ophiolite
belts closely associated with island arc rocks and abyssal
deposits, the paucity of ancient gneiss terranes representing
former continental fragments, and enormous crust accre-
tion. The Paleozoic ophiolites and associated assemblages
of the western and eastern Junggar regions are tectonically
(spatial and temporal) related, permitting us to reconstruct
the Paleozoic tectonic framework and evolution for the
northern Xinjiang, using a subduction-accretion model as
proposed by A. M. C. Sengdr and others for interpreting
evolution of the entire Altaids [Sengor et al., 1993; Sengér
and Natal’in, 1996a, 1996b]. We here adopt this model
rather than other competing models (such as archipelago
model) mainly due to the consideration that, the extrusive
rocks in the Paleozoic ophiolites are mainly MORB-, OIB-
and TAB-type basalts (section 5). No typical BABB (back
arc basin basalt) is recognized from the available geo-
chemical data. Some transitional basalts in the Honggule-
leng and Aermantai ophiolites have similar characteristics
to the BABB, like Nb(Ta) troughs and flat REE signatures
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(Figure 6). Whether these basalts erupted in back arc basin
settings or not still requires further research.

7.1. Early Paleozoic Subduction-Accretion

[39] Former discussion has excluded any Precambrian
continental blocks involving the accretion of the region,
and multiple collisions of some microcontinental blocks or
terranes. This implies that the tectonic evolution of the
region mainly occurred in an oceanic setting, and in this
area the Khanty-Mansi ocean behind the Kipchak Arc
(Figure 8a) [see also Sengor and Natal’in, 1996b, Figures
21.30—32]. Oceanic subduction in the late Cambrian-early
Ordovician produced basaltic to andesitic volcanic rocks,
and in front of them there were coeval arc-related deposits
and accretionary oceanic fragments composed of the Cam-
brian-Ordovician ophiolites and abyssal sediments, origi-
nally in a near north-south trend (Figure 8a). The early
Ordovician blueschists in the Tangbale ophiolite melange
(Figure 2) indicates high-pressure metamorphism resulted
from subduction of ocean crust [e.g., Coleman, 1989]. The
Tangbale-Hongguleleng-Aermantai complexes possibly
accreted together at the end of the early Ordovician.

[40] Migration of magmatic arc towards the subduction
zone produced a chain of intraoceanic island arcs, the
middle-late Ordovician-Silurian Kekeshayi-Shaburt-Jia-
boshaer complexes of andesitic volcanic and volcanoclastic
rocks, which imposed upon the Ordovician Tangbale-Hon-
gguleleng-Aermantai subduction-accretion complexes (Fig-
ure 8b). Flysch and other abyssal sediments unconformably
deposited upon the Ordovician ophiolites. The Mayile
ophiolite was also accreted to the Ordovician complexes
at this time (Figure 8b). No evidence shows that the early
Paleozoic subduction-accretion process resulted in any
closure of oceans and any collision between continental
blocks. The accreted early Paleozoic complexes are mostly
covered by the Devonian-Carboniferous rocks (Figure 1).

7.2. Late Paleozoic Subduction-Accretion

[41] Oceanic subduction together with migration of mag-
matic arc in the early-mid Devonian produced a chain of
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oceanic island arcs represented by the Devonian Shaburt-
Yemaquan complexes (Figure 8c), which imposed upon part
of the early Paleozoic complexes like at the Hongguleleng
and Aermantai areas. While at the Mayile and Tangbale
areas, the early Paleozoic complexes are unconformably
covered by clastic sediments and marine flysch with silicic
pyroclastics of mid-Devonian, and not affected by any
volcanism. The geological difference along the trend of
the early Paleozoic complexes in the early-mid Devonian
possibly resulted from strike-slip faulting, which transferred
the southern part of the complexes away from the subduc-
tion zone and towards other accreted Altaid unit (Djezkaz-
gan-Kirgiz unit [Sengdr and Natal’in, 1996b]) (Figure 8c).
The early-middle Devonian Darbut-Karamaili ophiolites
and the contemporary island arc rocks and abyssal sedi-
ments (Figure 8c), plus some off-axis seamount materials
(the OIB in the Darbut ophiolite) were accreted to form the
late Paleozoic Darbut-Karamaili subduction-accretion com-
plexes in the late Devonian (Figure 8d).

[42] To the north, oceanic subduction also produced the
Altai-Fuyun island arc containing the early Devonian ada-
kites and the middle Devonian boninitic-like or high Mg
volcanics, which in origin possibly related to forearc exten-
sion (Figure 8c). These arc rocks and the middle-late
Devonian Kekesentao-Qiaoxiahala-Kuerti ophiolites
accreted to form part of unit 19 of Sengér and Natal’in
[1996b], which transferred from the north by large-scale
strike-slip faulting [see Sengor and Natal’in, 1996b, Figures
21.35-38].

[43] At the end of Devonian, part of early Paleozoic
ophiolite complexes (i.c., the Tangbale ophiolite complex)
accreted onto the Djezkazgan-Kirgiz unit following contin-
ued strike-slip faulting (Figure 8d) [see also Sengdr and
Natal’in, 1996b, Figures 21.35-36]. “°Ar/*°Ar dating for
amphibole from the amphibolite sole suggests that this
accretion happened in 356 Ma (end of Devonian) [Zhang
et al., 1995]. Simultaneously, the middle-late Devonian
Kekesentao-Qiaoxiahala-Kuerti complexes accreted with
the Zharma-Saur unit to the north (Figure 8d). As a
consequence, the geological evolution changed from intra-
oceanic settings to marginal settings, also as documented by
aforementioned Paleozoic ophiolite-associated sedimentary
sequences and subduction-related magmatisms.

7.3. Late Devonian-Early Carboniferous
Subduction-Accretion in the Northern Tianshan

[44] The northern Junggar region mainly deposited inter-
fingered marine and continental sediments with local occur-
rence of coal horizons during the late Devonian-
Carboniferous. Whereas in northern Tianshan, oceanic sub-
duction produced the late Devonian-early Carboniferous
island arc rocks (Figure 8d). The Carboniferous Bogda
island arc is nucleated by mafic-ultramafic complexes and
large doleritic hypabyssal dike and sill complexes [He et al.,
1994]. This arc and the Bayingou ophiolite accreted
together in the Carboniferous to form the northern Tianshan
subduction-accretion complexes as part of unit 15 of Sengér
and Natal’in [1996b]. And later, a late Carboniferous-carly
Permian collision accreted the northern side of the central



9-14

Tianshan to the northern Tianshan complexes (Figure 8e).
This collision is bracketed by the middle Carboniferous
termination of arc magmatism and the appearance of late
Carboniferous or early Permian clastics in a foreland basin
[Allen et al., 1992].

7.4. Postsubduction-Accretion Accommodation

[45] Subduction-accretion processes terminated following
elimination of all oceanic floor in the mid-Carboniferous in
this region (Figure 8¢). Late Carboniferous-Permian post-
orogenic granitoids, whose magma sources were the
accreted Paleozoic complexes, widely intruded into this
region, indicating vertical crust accretion or transfer.

[46] The present configuration of the Paleozoic subduc-
tion-accretion complexes is possibly resulted from late
Permian-early Triassic accommodation, as suggested by
Allen et al. [1995]. The Paleozoic complexes in the northern
Xinjiang have similar orientation with the rest of the
Paleozoic Altaids tectonic units in the mid-Carboniferous.
A counterclockwise rotation of fault blocks in the late
Permian-early Triassic, with respect to north and south
neighboring regions and associated with a giant transten-
sional (sinistral strike-slip and extension) zone between
Altay and Tianshan (Figure 8e), extensively affected the
western Junggar accretionary belts and subsequently gen-
erated their present configuration. Whereas the configura-
tion of the eastern Junggar accretionary belts remained
nearly unchanged in this event [see Allen et al., 1995,
Figure 4].
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