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[i] New structural studies and *°Ar/°Ar dating in
northwest China provide information about late
Paleozoic strike-slip motions subsequent to accretional
events, which built eastern central Asia during the
Paleozoic. Two principal areas were affected by these
large transcurrent motions. First, in the Tianshan range,
main east-west ductile shear zones are dextral and
coeval with an eastward decreasing greenschist
retrograde metamorphism. Associated biotites give
ages ranging from 290 Ma to 245 Ma. The earlier
N110 shearing occurred in western Tianshan, while the
last one, dextral in whole Tianshan, occurred 250245
Myr ago. Second, in the Chinese Altay region several
NW-SE shear zones structured the area. The main
motion is sinistral and occurred along the Erqishi zone
at 280-290 Ma. It is followed by a complex
succession of dextral and sinistral shearing episodes,
leading to the northwestward structuring, dated at 245
Ma, of a metamorphic zone that was folded during a
compressive event.  INDEX TERMS: 8110 Tectonophysics:
Continental tectonics—general (0905); 9320 Information Related
to Geographic Region: Asia; 1035 Geochemistry: Geochronology;
KEYWORDS: central Asia, Paleozoic, strike-slip, structures,
geochronology. Citation: Laurent-Charvet, S., J. Charvet, P.
Monié, and L. Shu, Late Paleozoic strike-slip shear zones in
eastern central Asia (NW China): New structural and
geochronological data, Tectonics, 22(2), 1009, doi:10.1029/
2001TC901047, 2003.

1. Introduction

[2] Following successive accretions to the southern mar-
gin of Eurasia of continental blocks, arcs, and accretionary
complexes that form the huge orogenic collage named the

Copyright 2003 by the American Geophysical Union.
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Altaids [Natal’in and Sengor, 1994; Sengor et al., 1993],
central Asia suffered late Paleozoic large-scale transcurrent
events responsible for the dominant structures in this area
[Allen et al., 1993; Laurent-Charvet et al., 2002; Sengor et
al., 1993; Sengér and Natal’in, 1996]. In NW China the
Xinjiang province, which is bordered by Kazakhstan, Sibe-
ria, and Mongolia (Figure 1), is a key region for under-
standing the late Paleozoic history of central Asia. The
Tianshan orogenic belt, which extends over more than 3000
km in an east-west direction, is one of the most important
mountain ranges of this part of central Asia. It separates the
Junggar block to the north from the Tarim block to the south
and has been formed during two main accretionary events
(Figure 1).

[3] The present day geological division of the Tianshan
orogen into three main units, South, Central, and North
Tianshan [Coleman, 1989; Ma et al., 1990; Windley et al.,
1990], results from the late Paleozoic strike-slip shear
zones. Farther north, in the Chinese Altay Mountains,
important strike-slip shear zones such as the Irtysh-Erqishi
sinistral shear zone that runs continuously from NE Kazakh-
stan to north Xinjiang [Melnikov et al., 1997, 1998; Mitro-
khin et al., 1997] (Figure 1) have also strongly modified the
architecture of the area. During the last 20 years, Paleozoic
accretion and Cenozoic deformation in Xinjiang were well
documented by several studies [e.g., Allen et al, 1999;
Avouac et al., 1993; Berzin et al., 1994; Burtman, 1975;
Charvet et al., 2000; Coleman, 1989; Dobretsov et al.,
1995; Gao et al., 1998; Hendrix et al., 1994; Ma et al.,
1990; Sengor et al., 1993; Shu et al., 1999b, 2000; Windley
et al., 1990]. Some authors have paid some attention to the
transcurrent motions [Allen et al., 1993, 1995; Chen, 1994;
Cui, 1995; Dehandschutter et al., 1997; Laurent-Charvet et
al., 2000a, 2002; Liu et al., 1996; Ma et al., 1997; Melnikov
et al., 1997; Mitrokhin et al., 1997; Sengér et al., 1993; Shu
et al., 1999a], providing structural and geochronological
information on these late Paleozoic-early Mesozoic defor-
mations in central Asia.

[4] The purpose of this paper is to describe the struc-
tures and microstructures of ductile strike-slip faults around
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Figure 1. Simplified structural map showing the blocks that constitute the north Xinjiang (modified
from Allen et al. [1992]). Abbreviations are as follows: STS-CTS, south Tianshan and central Tianshan;
NTSZ, North Tianshan Suture Zone; STSZ, South Tianshan Suture Zone; and Erqishi s. z., Erqishi shear

zone.

the Junggar basin and to present new “°Ar/*°Ar laser probe
data that provide important information on the late Paleo-
zoic multistage activity of these faults. Two domains on the
edge of the basin were studied (Figure 2): the first in the
Tianshan range, between Urumgqi, Hejing, and Tuokexun
(between 86°30'E and 89°E and 42°N and 43°30'N), and
the second in the Chinese Altay Mountains, near Fuyun
(between 89°15'E and 89°45'E and 46°52'N and 47°10'N).
Data come from our fieldwork in the whole north Xinjiang
area and from Chinese and international sources. Micro-
structural analyses were made in Orléans (France) and
Nanjing (China) Universities, and *°Ar/°Ar dating took
place in Montpellier (France) and Nanjing (China) Uni-
versities. The new results are synthesized in a discussion in
which we propose that relative rotations between the
Tarim, Junggar, and Siberian blocks in the late Paleozoic
were responsible for large-scale transcurrent motions in
central Asia (e.g., the Irtysh-Erqishi shear zone), allowing

the accommodation of a final shortening between these
blocks.

2. Geological Setting
2.1. Tianshan Range

[5] The Xinjiang province in northwest China is located
between Mongolia and Kazakhstan, in central Asia (Figure
1). The large basins of Tarim and Junggar, to the south and
to the north, respectively, are separated by the east-west
trending Tianshan Mountains extending from Uzbekistan
and west Kazakhstan to the eastern edge of Xinjiang. In
northeastern Junggar the Xinjiang province is bordered by
the Altay Mountains, which stretch between Siberia and
Outer Mongolia countries.

[6] The studied area includes parts of the Siberian,
Junggar, Tarim, and Kazakhstan blocks [Berzin et al.,

Figure 2. (opposite) Synthetic geological map of eastern Junggar (modified from the geological map of Xinjiang Uygur
Autonomous Region, scale 1:2,000,000 [Xinjiang Bureau of Geology and Mineral Resources, 1992] and 1:200,000 scale
Landsat scenes). Locations of Figures 3 and 6 are shown. Sections a and b depict schematic cross sections of Tianshan

(modified from Laurent-Charvet et al. [2000b]).
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1994; Coleman, 1989] (Figure 1). The Tianshan orogenic
belt separates the Siberian and Junggar microcontinents to
the north from the Tarim and the Yili (which has a Tarim-
type basement) blocks to the south and southwest [Ma et al.,
1990; Xiao et al., 1990]. The structural development of the
area and former Kazakhstan-Tianshan results from several
tectonic events, mainly two subduction-collision stages: the
first one during middle Paleozoic (1 on Figure 1) and the
second one during late Paleozoic (2 on Figure 1) [Berzin et
al., 1994; Burtman, 1975; Charvet et al., 2000; Coleman,
1989; Dobretsov et al., 1995; Gao et al., 1998; Laurent-
Charvet, 2001; Ma et al., 1990; Sengor et al., 1993; Shu et
al., 1999b; Windley et al., 1990].

[7] The eastern and western Tianshan are commonly
divided into three main units separated by the late Paleozoic
strike-slip faults [Burtman, 1975; Coleman, 1989; Gao et
al., 1998; Ma et al., 1993; Windley, 1990]. In this paper, we
will focus on the eastern part of the Tianshan range. The
southern unit and the South Tianshan, which extend all
along the northern margin of the Tarim basin, are repre-
sented by Sinian marbles and limestones and Cambrian
marbles, marls, and phosphatic rocks deposited on a Proter-
ozoic gneissic substratum. The carbonates are interpreted as
the continental margin sediments of the north passive
margin of the Tarim block [Ma et al., 1993]. The Central
Tianshan is mainly represented by Ordovician-Silurian
volcanic rocks and Cambrian marbles on Proterozoic
gneisses. In this unit, Lower Carboniferous conglomerates
and limestones lie uncomformably on the oldest formations.
During the middle Paleozoic the Tarim margin was accreted
to the Ordovician continent-based volcanic arc of Central
Tianshan along the Southern Tianshan Suture Zone (STSZ)
(circled 1 on cross section a of Figure 2). Most of the
models available in the literature [e.g., Allen et al., 1995;
Burtman, 1975; Coleman, 1989; Gao et al., 1998; Windley,
1990] propose that the western part of the Tianshan suffered
a main south verging deformation during the middle Pale-
ozoic. Our recent tectonic and microtectonic observations
[Laurent-Charvet, 2001] show that in the eastern part of the
South and Central Tianshan units this accretion is charac-
terized by northward thrusts and nappes of Proterozoic
gneisses, Ordovician-Silurian sandstones, and volcanic
and sedimentary Devonian rocks metamorphosed in greens-
chist facies. As shown by the cross sections a and b of
Figure 2, the STSZ is underlined by an ophiolitic mélange
with a schistosed metapelitic matrix containing Upper
Silurian fossils [Ma et al., 1993]. Blocks of Sinian and
Cambrian carbonates from the Tarim margin occur within
this matrix. The mélange also includes various blocks of
mafic to ultramafic rocks, diabases, Lower Devonian cherts
[Gao et al., 1995], Tarim type marbles, and slabs of high-
pressure metamorphic rocks (circled 2 on cross section b of
Figure 2) [Gao and Klemd, 2000; Gao et al., 1998; Shu et
al., 1996]. Blueschist blocks were dated at 351 (muscovites
associated to a retrogressive metamorphism in greenschists)
and 415 Ma (sodic amphiboles associated to a prograde
metamorphism in blueschists) by *°Ar/>’Ar method [Gao et
al., 1995, 1998, 2000]. The suture zone is located between
the north Tarim margin and the South Tianshan unit and can
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be observed in the Weiya area in eastern Tianshan (circled 1
on cross section a and map of Figure 2). This ophiolitic
mélange also cropped out as nappes thrusted on Proterozoic
gneisses in the Kumux area in the South Tianshan. Carbon-
iferous granites and the coarse sandstones and conglomer-
ates of Early Carboniferous age are sealing this Devonian
deformation. The North Tianshan Suture Zone (NTSZ)
marks the northern boundary of the Proterozoic basement
of Ordovician volcanic arc (cross section b of Figure 2). In a
few places the suture zone is underlaid by relics of an
ophiolitic mélange with Ordovician mafic blocks [Che et
al., 1994] and Cambro-Ordovician tuffs [Guo et al., 1993;
Gao et al., 1998]. The Devonian north verging deformation
also affected this suture zone and so constrains the age of
this suture zone to the Middle to Late Devonian, like the
STSZ. The NTSZ can be interpreted as the suture zone
between the Central Tianshan volcanic arc and a northern
continental microblock, which can be the basement of the
North Tianshan unit (Figure 1).

[8] The limit between Central Tianshan and North Tian-
shan is represented by the Main Tianshan shear zone
(MTSZ) (also locally named Aqqikkudug-Weiya shear zone
[Shu et al., 1999a]) and is characterized by an east-west late
Paleozoic dextral strike-slip motion [Laurent-Charvet et al.,
2002]. The North Tianshan unit, whose substratum is not
exposed and which surrounds the Late Permian Tu-Ha basin
[Allen et al., 1995], is composed of two upper Paleozoic
volcanic subunits: (1) a Lower to Middle Carboniferous
calc-alkaline volcanic unit and (2) a Middle Devonian to
Carboniferous calc-alkaline volcanic arc [Shu et al., 1999b,
2000]. This volcanic arc, called the Bogeda-Haerlike arc, is
bounded by the Junggar block, which is limited to the north
by the Devonian suture zone of Kelameili [Laurent-Char-
vet, 2001] (Figures 1 and 2). The North Tianshan unit
suffered a Late Carboniferous north verging deformation
in low temperature conditions. This last tangential deforma-
tion is sealed by the undeformed Permian conglomerates
and molasses.

2.2. Altay Mountains

[9] To the northeast of the Kelameili suture zone (Figures
1 and 2), which limits the Junggar block, crop out several
units representing the Mongolia-Siberia-type margin of the
Eurasian block. It is made of a Proterozoic basement over-
lain by an early Paleozoic volcanosedimentary cover [Li and
Bespaev, 1994]. These formations yielded some Silurian
fossils belonging to the Tu-Wa fauna [Laurent-Charvet,
2001; Ma et al., 1993] and some Ordovician trilobites
(e.g., Isotelus and Calyptaulax) [Laurent-Charvet, 2001],
which confirm the Siberian origin of this region [Laurent-
Charvet, 2001; Zhou and Dean, 1996]. Late Paleozoic
formations are of volcanic origin (rhyolites, basalts, and
andesites). In spite of the presence of the fossils, large
uncertainties still persist concerning the age of the different
volcanic formations. As in western Junggar [Kwon et al.,
1989], three successive stages of voluminous magmatism are
recognized in the Chinese Altay region between the Late
Caledonian and the Late Hercynian times [Liu, 1993]. A few
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granites, intruded in the Paleozoic cover, were dated by Rb-
Sr whole rock method and gave ages ranging from 390 to
180 Ma with a main plutonic stage at 290—270 Ma [Han et
al., 1997, 1998; Liu, 1993].

2.3. Transcurrent Deformations

[10] After the earlier thrust tectonics in eastern and
middle Tianshan orogen [Shu et al., 1997, 1998, 1999a],
two main stages of transcurrent deformation were recog-
nized in the Junggar area: first, a sinistral event in the spurs
of Altay Mountains along the Erqishi-Irtysh shear zone
[Allen et al., 1995; Dehandschutter et al., 1997; Melnikov
et al., 1997, 1998] and then a widespread dextral event that
reworked all preexisting structures all around the Junggar
basin (e.g., the MTSZ). It was locally conjugated with
sinistral ductile faults of limited amplitude in Central
Tianshan [Laurent-Charvet et al., 2002]. These transcurrent
regional motions are assumed to be responsible for the
opening of several extensional basins such as the Junggar
and Turfan ones [Allen et al., 1995].

2.4. Tertiary Deformations

[11] Finally, early to middle Miocene brittle structures
developed in the whole area, as a consequence of the
northward propagation of the Indo-Eurasia collision [Allen
etal., 1999; Avouac et al., 1993; Hendrix et al., 1994]. It led
to the intracontinental northward subduction of the Tarim
block under the Tianshan Paleozoic orogen [Molnar and
Tapponnier, 1975; Nishidai and Berry, 1991; Tapponnier
and Molnar, 1979]. Today, the northward propagated defor-
mation continues, and seismic activity is active in the whole
Xinjiang province [Avouac and Tapponnier, 1993; Burchfiel
et al., 1999; Cunningham et al., 1996; Nelson et al., 1987;
Ritz et al., 1995].

3. Strike-Slip Shear Zones in the
Chinese Tianshan

[12] The roughly east-west trending ductile shear zones in
Tianshan are about 1 km wide and several hundreds of
kilometers long. They separate the three main units con-
stituting the Tianshan orogen (Figure 2). The offsets of
these shear zones, and particularly that of the regional-scale
Main Tianshan shear zone (MTSZ), are difficult to estimate
because of the scale of structures and the lack of field
markers preventing a precise mapping of geological struc-
tures before the strike-slip shearing. Nevertheless, owing to
the regional scale of these structures it is likely that the
horizontal displacement along these faults has been larger
than tens of kilometers.

[13] Four main types of deformed rocks are exposed
along the shear zones: Paleozoic mylonitic schists (flyschs
and volcanic rocks), Proterozoic gneisses, folded migma-
tites, and mylonitic massive quartzites. All these lithologies
display a conspicuous subhorizontal stretching lineation that
trends systematically to a west-east direction. Associated to
this stretching lineation, several types of microstructures can
be observed such as shear bands and rigid porphyroclasts
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surrounded by microgranular dynamically recrystallized
quartzofeldspathic aggregates. New structural and geochro-
nological results providing constraints on the motion of the
MTSZ are exposed below.

3.1. Structural Study

[14] On outcrops, mylonites from the MTSZ present a
subhorizontal stretching lineation with an average direction
of N110 in the western area (Figure 3 depiction 1) and N85
in the eastern part (Figure 3 depiction 2), carried by an E-W
to ESE-WNW trending steeply dipping foliation. Kinematic
criteria associated to the subhorizontal lineation include
outcrop-scale plurimillimetric spaced shear bands, asym-
metric plagioclase augens, boudinage, and asymmetric o-
type K-feldspar sigmoids with sericite and plagioclase
recrystallized tails. All indicate a dextral sense of shearing.
Many criteria in thin sections confirm this dextral strike-slip
motion: “mica fish” structures, biotite-bearing shear bands
(Figures 4a, 4b, and 4d), phenoclasts with recrystallized
quartz and micas asymmetric tails (Figure 4c), o-type
porphyroclasts quartz, fibrous quartz, or chlorite asymmet-
ric pressure shadows around rigid feldspar grains, etc.
Dynamic recrystallization is also evident from quartz sub-
grains, grain boundary migration, grain nucleation, and
quartz grains with strong undulose extinction and serrated
and lobate boundaries. A study of quartz ¢ axis preferred
orientation was carried out in mylonitic quartzites and
orthogneisses that show such indications of dynamic recrys-
tallization [Laurent-Charvet et al., 2002; Shu et al., 1999a].
Most patterns display a well-marked preferred orientation
with a maximum located at the circumference (Figure 3).
Maxima near Z axis and basal (a) slip system activated
during the noncoaxial deformation suggest that dextral
shearing occurred under low temperature conditions
(<300°C) [Passchier and Trouw, 1996]. Pattern ¢ shows
two poles distant from the circumference, which indicates
that rhomb (a) slip system was also activated. Those results
are consistent with the various dextral kinematic criteria
deduced from field and thin section observations all along
the MTSZ. In Eastern Tianshan, evidences of an earlier
sinistral deformation were found in a few samples: sinistral
shear criteria and sinistral quartz ¢ axis preferred orienta-
tions with coeval activation of basal (a) and prismatic (a)
slip systems, corresponding to medium-temperature condi-
tions (~350°C). These sinistral shear indicators are partially
overprinted by the subsequent dextral deformation [Lau-
rent-Charvet et al., 2002] and may represent an earlier stage
of transcurrent shearing along the eastern part of the MTSZ
preceding the large-scale dextral motion.

3.2. The *°Ar/*°Ar Dating

[15] Three places were sampled for *°Ar/*°Ar dating in
Chinese Tianshan (Figure 3): (1) the Mishigou area along
the northern branch of the MTSZ, between Central Tianshan
and North Tianshan (sample N3); (2) the Bindaban pass
along the same northern MTSZ branch (sample TS07); (3)
near Kumux along a southern branch of the MTSZ (sample
TS520). The three selected samples are orthogneisses that
were all dextrally deformed and contain well-preserved
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biotites and muscovites. All the samples derive from former
Proterozoic granites (dated at 1013 + 66 Ma (U/Pb zircon
age of Hu et al. [1999]) and at 826 + 30 Ma (Rb/Sr whole
rock age of Che et al. [1994])). In the Tianshan range,

strike-slip ductile faulting has variably affected rocks of
Proterozoic to Carboniferous ages. Details of our “°Ar/*’Ar

analytical procedure and locations of samples are given in
Appendix A. Results are presented in Tables 1-3, and a
summary of these results is given in Table 4.

[16] Sample N3 is a muscovite-biotite gneiss for which
biotite shows some evidence of chloritization, while mus-
covite remains unaltered. Like all deformed rocks along the
MTSZ, the sample bears a vertical foliation associated with
a subhorizontal stretching lineation and dextral shear cri-
teria such as sigmoid feldspatic clasts with mica bearing
tails. Step heating of a muscovite single grain done in
Nanjing University [Shu et al., 1999a] yields a plateau date
of 269.1 + 5.4 Ma for 92% of the argon released (Table 2
and Figure 5a) [Shu et al., 1999a]. The atmospheric con-
tamination was high in the very first steps and remains
stable for the subsequent argon release.

[17] Sample TSO7 from Bindaban pass (between Urumgqi
and Hejing) is a Proterozoic gneiss [Che et al., 1994]. The
N100 foliation is steeply dipping to the north and also
contains a horizontal stretching lineation. The sample is
mainly composed of recrystallized quartz (with a LPO (c)
axis pattern compatible with a dextral deformation in low to
medium-temperature conditions (Figure 3b)), plagioclase
and perthite relicts, and micas parallel to the foliation. Shear
bands with biotite, asymmetric dextral objects, and micro-
faulted feldspars also suggest the predominance of dextral
shearing (Figure 4c). Twelve spot fusion laser probe experi-
ments carried out on a biotite grain from this sample give
data ranging between 237.2 + 3.7 Ma and 267.6 + 6.4 Ma,
with nine spots in the range 240—250 Ma (Table 1 and
Figure 5b). The three ﬁrst experiments are characterized by
a high atmospheric “’Ar contamination ranging from 27%
to 49% of “°Ar (Table 1). This atmospheric argon probably
represented a weakly bounded component to the lattice of
the mica and was mainly released from the mineral surface
and crystal defects. During these first experiments a
mechanical disturbance of the mica surface has been
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Figure 4. Examples of strike-slip microstructures along the main Tianshan shear zone. (a) Shear bands
in Proterozoic orthogneiss in central Tianshan along the main ductile shear zone. Dextral sense of shear is
indicated. (b) Shear bands and calcite tails around quartz phenoclast in Ordovician graywacke. Dextral
sense of shearing in the eastern Tianshan is indicated. (c) Draw of a synthetical microfaulted feldspar and
of an antithetical microfaulted plagioclase in an Ordovician graywacke. Dextral sense of shearing is
indicated. (d) Biotite shear bands around a feldspatic clast in a Proterozoic orthogneiss along the Tianshan
shear zone. Dextral sense of shearing is indicated. For whole pictures, foliation is parallel to large side.
Abbreviations are as follows: Bio, biotite; Ca, calcite; Feld, feldspar; and Qz, quartz.

observed through the camera placed above the sample in
response to the strong energy supplied by the laser beam. It
is suggested that it is the same atmospheric component that
is present in the first gas fractions released in a step-heating
experiment (see previous sample N3). For sample TS07 it
must be noticed that the older apparent ages close to 265 Ma
are associated with the release of this weakly bounded
argon, which could be due to a nonatmospheric composition
of the initial argon. An isochron age of 244.7 £ 2.6 Ma in
the *°Ar/*°Ar versus *°Ar/*°Ar isotope correlation plot with
an initial *°Ar/*®Ar ratio of 312.8.0 + 15.5 (MSWD = 3.06 +
0.45) has been calculated with the least discordant spots
from this sample (Table 4).

[18] Along the southern branch of the MTSZ, in the area
of Kumux, deformed rocks with dextral structures, similar
to those described above but not necessarily contempora-
neous, are mainly gneisses and mylonites, which outcrop
along the shear zone. Sample TS520 is an orthogneiss in
which only one family of biotite can be detected on textural
grounds in coexistence with actinolite and muscovite
formed during a high to medium-temperature event. Biotite
is parallel to the foliation and to shear bands and remains
unaffected by weathering (Figure 4d). Twelve spots
obtained on a single mica grain have ages ranging from
274.8 £ 5.3 Ma to 302.0 + 4.5 Ma (Figure 5c). The spots,
which are in line along the length of the crystal, show that
this scattering does not correspond to any systematic core
versus rim distribution of apparent ages (Table 1 and
Figure 5c). As for the previous sample, the atmospheric

contamination is significantly higher in the first spot. An
intercept age of 292.6 + 3.2 Ma (Figure 5c and Table 4) has
been obtained in the *°Ar/**Ar versus *°Ar/*°Ar isotope
correlation plot with an initial *°Ar/*®Ar ratio of 252.4 +
106.8 and a MSWD = 2.54 + (0.53.

[19] In western Central Tianshan a *°Ar/*’Ar plateau age
of 250.5 = 0.3 Ma has been reported on biotite from a
similar mylonitic gneiss [Chen et al., 1999]. Laser probe
ages of 240—250 Ma obtained on biotite TS07 during this
study are in a similar range. According to Harrison et al.
[1985] these ages can be interpreted to record cooling at
about 300°—350°C and coeval closure of the biotite chro-
nometer. Analysis of quartz ¢ axis fabrics indicates that the
last increments of dextral deformation along the MTSZ
occurred nearly within the same temperature range (300°—
350°C). This suggests that biotite probably started to retain
argon immediately after this last deformation and coeval
recrystallization. Therefore it is very likely that dextral
motion along the northern branch of the MTSZ from which
sample TSO7 originates ended in the Late Permian accom-
modating the final exhumation of metamorphic rocks. By
contrast, sample TS520 from a southern branch of the
MTSZ yields biotite Upper Carboniferous ages (290—300
Ma), which suggest that this branch escaped the last episode
of Permian dextral shearing and low-temperature recrystal-
lization. However, and as noticed above, dextral shearing
also predominates within sample TS520. However, the
metamorphic conditions associated with this shearing are
of higher temperature than along the northern branch of the
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Table 1. The “°Ar/*’Ar Age Data Resulting From Laser Probe Fusion Experiments of Single Grains Extracted From the Tianshan Area

(TS07 and TS520), Qinhe Area (TS330), and Fuyun Metamorphic Zone (TS247, TS305, and TS310)

YOAr*/Ar 3OA AL 3 Ar/*Ar ST A/ Ar Atm, % Age + lo
TS07 Biotite J = 0.015627
1 9.094 1.652 0.0562 0.06 48.8 239.7 £ 6.4
2 9.977 1.038 0.0694 0.0 30.6 261.4 £ 6.4
3 10.231 0.917 0.0712 0.0 27.1 267.6 £ 6.4
4 9.375 0.294 0.0973 0.0 8.7 246.7 £ 2.3
5 9.649 0.269 0.0952 0.0 7.9 2534 +£3.5
6 9.425 0.287 0.097 0.0 8.5 2479 £42
7 9.321 0.278 0.0983 0.0 8.2 2454 +£3.9
8 8.993 0.323 0.1005 0.0 9.5 2372 +£3.7
9 9.229 0.204 0.1017 0.006 6,0 243.1 £2.0
10 9.523 0.404 0.0924 0.0 11.9 250.3 £ 4.0
11 9.271 0.14 0.1033 0.016 4.1 244.1 £52
12 9.17 0.205 0.1024 0.0 6.0 241.6 £ 3.4
75520 Biotite J = 0.015627
1 11.09 1.124 0.0602 0.135 33.2 288.4 £ 11.1
2 10.528 0.214 0.0889 0.121 6.3 2748 £5.3
3 11.661 0.095 0.0833 0.0 2.8 302.0 £4.3
4 10.84 0.197 0.0868 0.039 5.8 2823 +5.5
5 11.064 0.223 0.0844 0.039 6.6 287.7+£2.7
6 11.235 0.095 0.0864 0.0 2.8 291.8 £3.9
7 11.561 0.013 0.0861 0.0 0.3 299.6 £ 5.3
8 11.182 0.099 0.0868 0.013 2.9 290.5+3.3
9 11.009 0.172 0.0862 0.0 5,0 286.4 £ 2.4
10 11.222 0.197 0.0839 0.0 5.8 291.5 £ 4.6
11 11.368 0.032 0.0871 0.037 0.9 295.0 £ 3.6
12 10.743 0.232 0.0866 0.118 6.8 280.0 + 3.7
TS330 Biotite J = 0.015627
1 10.27 1.450 0.0556 0.0 42.8 268.5+£5.8
2 8.743 1.038 0.0792 0.0 30.6 231.1+£2.5
3 10.499 0.691 0.0757 0.017 20.4 274.1 £5.0
4 9.331 0.626 0.0873 0.0 18.5 245.6 + 4.1
5 10,000 0.360 0.0893 0.045 10.6 262.0 £ 2.6
6 9.553 0.192 0.0987 0.0 5.6 251.0 £3.2
7 10.128 0.583 0.0817 0.0 17.2 265.1 £2.6
8 10.574 0.171 0.0897 0.01 5.0 2759 £3.4
9 9.100 0.280 0.1007 0.0 8.2 2399 +£5.8
10 9.775 0.151 0.0977 0.0 4.4 256.5+2.9
11 9.837 0.202 0.0955 0.012 5.9 258.0 £2.2
12 10.041 0.247 0.0923 0.033 7.3 263.0 £ 2.1
13 10.013 0.225 0.0932 0.02 6.6 2623+ 1.3
14 9.643 0.272 0.0952 0.02 8.0 2532 +24
TS247 Biotite J = 0.015627
1 10.783 0.955 0.0665 0.0 28.2 280.9 £ 5.7
2 10.468 0.438 0.0831 0.0 12.9 2733 +£83
3 10.673 0.586 0.0774 0.0 17.3 2783 £33
4 9.814 0.631 0.0828 0.047 18.6 2574 +£54
5 10.206 0.238 0.091 0.014 7.0 267.0 £ 1.9
6 10.349 1.76 0.0463 0.083 52.0 270.5+£9.7
7 9.854 0.376 0.0901 0.016 11.1 258.4 +4.0
8 10.36 2.056 0.0378 0.057 60.7 270.7 + 8.8
9 10.8 1.351 0.0556 0.14 39.9 281.4 £ 8.0
10 9.865 0.288 0.0927 0.034 8.5 258.7 £ 4.5
11 10.154 0.692 0.0783 0.027 20.4 265.7 £ 3.1
12 10.193 0.2 0.0921 0.0 5.9 266.7 £ 1.6
13 10.177 0.189 0.0927 0.0 5.6 266.3 £ 3.0
14 10.061 0.209 0.0932 0.0 6.2 263.4 + 2.1
15 10.356 0.143 0.0924 0.0 42 270.6 £ 4.5
16 10.188 0.254 0.0907 0.0 7.5 266.5 £ 3.2
TS305 Biotite J = 0.015627
1 8.774 2.646 0.0247 0.033 78.1 231.8 £ 16.6
2 9.413 1.062 0.0727 0.052 313 247.6 £ 4.6
3 9.62 0.204 0.0976 0.0 6.0 2527 +£5.1
4 9.922 0.141 0.0965 0.019 4.1 260.1 £ 9.6
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Table 1. (continued)

YOAr/Ar SOAOAR FAr/*0Ar STAAr Atm, % Age + lo
5 9.201 0.217 0.1016 0.0 6.4 2424 +72
6 9.321 0.232 0.0998 0.0 6.8 2453 +5.5
7 8.727 0.413 0.1005 0.008 12.2 230.7 + 5.4
8 8.998 0.478 0.0954 0.0 14.1 2374+ 6.6
9 9.274 0.545 0.0903 0.0 16.1 2442 + 4.0
10 9.385 0.282 0.0976 0.018 8.3 246.9 + 4.7
11 9.259 0.247 0.1000 0.02 7.3 243.8 + 3.0
12 9.387 0.173 0.1009 0.005 5.1 247.0 + 4.0
13 9.406 0.299 0.0968 0.026 8.8 2474 +£5.6
TS310 Biotite 1 J = 0.015627
1 6.776 3.247 0.0059 0.179 95.9 181.6 + 63.7
2 5.427 2.891 0.0268 0.0 85.4 146.9 + 22.1
3 8.304 1.836 0.0550 0.233 542 220.1 + 12.7
4 5.255 3.030 0.0199 0.101 89.5 142.4 +27.8
5 8.614 2.351 0.0354 0.024 69.4 2278+ 11.4
6 8.618 2331 0.0359 0.0 68.8 228.0 + 10.0
7 7.535 2.032 0.0529 0.014 60,0 2008 £ 11.5
TS310 Biotite 2 J = 0.015627

1 8.045 2.164 0.0447 0.024 63.9 213.6 £ 10.3
2 7.441 2.182 0.0477 0.0 64.4 198.5 +22.8
3 8.977 1.461 0.0632 0.155 43.1 236.8 + 5.1
4 12.213 1.437 0.0471 0.0 424 315.1 +24.2
5 9.533 0.488 0.0897 0.004 14.4 250.5 + 7.7
6 9.317 0.281 0.0983 0.204 8.3 2452+ 1.9
7 8.943 0.763 0.0864 0.128 225 236+ 2.6

8 9.246 0.423 0.0946 0.076 12.5 2435+ 4.9

*Multiply by 1000.

Table 2. The *°Ar/*°Ar Age Data Resulting From Step-Heating Experiments on Muscovite Separated From the Tianshan Shear Zone
(N3) and the Fuyun Area (TS330)"

Step YOAr, % 3OATAOAL® FArPoAr A Ar FAr, % Ar Ratio, % Age + lo
N3 Muscovite J = 0.02635764
1 0.02 3.282 1.47 4.672 0.02 3.02 276.2 +4.5
2 0.23 2.277 27.53 0.027 0.27 32.71 232.6 £4.2
3 1.16 0.973 136.17 0.051 1.31 71.17 2392 +42
4 4.47 0.422 310.91 1.784 4.09 87.43 292.3+43
5 54.37 0.038 4296.25 0.009 54.18 98.75 269.9 £ 4.2
6 7.6 0.088 1888.29 0.025 791 97.26 259.2 £4.2
7 12.54 0.065 2505.07 0.076 12.78 97.93 264.4 +4.2
8 18.31 0.058 2747.51 0.53 18.12 98.15 271.8 4.2
9 1.31 0.722 179.41 0.046 1.31 78.57 267.8 £4.2
Step YOAr*Ar SAOAPR P ArOA° 3T A1/ Ar PAr, % Atm, % Age *+ lo
TS330 Muscovite J = 0.015627
1 2.901 2.698 0.0697 0.005 0.0 79.7 80.0 + 58.7
2 7.473 2.027 0.0536 0.000 0.2 59.9 199.3 £ 17.5
3 9.966 0.384 0.0889 0.089 0.4 11.3 261.1 £ 8.4
4 9.737 0.311 0.0932 0.007 0.5 9.2 255.5+6.2
5 9.421 0.223 0.0991 0.026 0.5 6.6 247.8 £5.1
6 9.908 0.159 0.0961 0.000 1.3 4.7 259.7 + 3.8
7 9.548 0.031 0.1037 0.000 26.5 0.9 2509 £ 1.5
8 9.514 0.024 0.1043 0.001 12.5 0.7 250.1 £1.2
9 9.41 0.037 0.105 0.003 12.9 1.1 2475 + 1.8
10 9.447 0.075 0.1034 0.000 1.9 2.2 248.4 £ 3.6
11 9.481 0.105 0.1021 0.009 1.2 3.1 2493 £ 3.8
12 9.704 0.084 0.1004 0.013 1.4 2.4 2547 +5.3
13 9.521 0.038 0.1038 0.01 11.9 1.1 250.2 + 1.1
14 9.379 0.037 0.1054 0.016 43 1.1 246.8 £ 1.5
15 9.51 0.008 0.1048 0.004 24.5 0.2 250.0 + 1.3

“N3 dated at Nanjing University; TS330 dated at Montpellier University.
"Multiply by 1000.
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Table 3. The “°Ar/*°Ar Age Data Resulting From Laser Probe Fusion Experiments on Polished Sections From Amphibolites of the

Fuyun Metamorphic Zone (TS294 and TS295)

YOAr*/Ar 3OA AL 3 Ar/*Ar ST A/ Ar Atm, % Age + lo
75294 Amphiboles J = 0.015627
1 9.748 0.681 0.0819 15.681 20.1 2558 +£9.9
2 7.334 1.031 0.0947 11.084 30.4 195.8 £ 6.8
3 9.764 0.669 0.082 12.185 19.7 256.2 £ 6.5
4 9.351 0.802 0.0815 13.223 23.7 246.1 £9.1
5 9.377 0.973 0.0759 14.481 28.7 246.7 + 8.6
6 8.378 1.501 0.0663 11.898 443 222.0 £8.5
7 9.043 0.904 0.081 13.82 26.7 2385+ 11.7
8 9.101 0.657 0.0885 10.552 19.4 2399 +34
9 8.775 0.834 0.0858 10.589 24.6 231.8 £ 7.1
10 10.114 0.758 0.0767 14.55 22.3 264.7 £5.6
11 8.758 0.854 0.0853 9.282 252 2314 +£39
12 10.731 0.617 0.0761 15.194 18.2 279.7 +12.8
TS295 Amphiboles J = 0.015627
1 13.431 2.28 0.0242 17.791 67.3 343.7 + 26.1
2 12.747 2.331 0.0243 21.776 68.9 327.7 £ 89.5
3 7.873 2.569 0.0305 18.133 75.9 209.3 +20.1
4 12.329 1.732 0.0394 19.997 51.2 317.9 £ 48.5
5 10.175 2.386 0.0289 14.825 70.5 266.2 £ 25.0
6 5.18 2.412 0.0553 13.031 71.2 140.4 + 36.1
7 13.894 1.348 0.0432 14.685 39.8 3545+ 553
8 9.297 2.265 0.0355 15.897 66.9 2447 + 134
9 10.867 1.944 0.0391 14.421 57.4 283.0 + 14.8
10 6.847 2.90 0.0208 15.871 85.7 1834 +21.5
11 9.90 1.426 0.0584 12.724 42.1 259.5 + 12.1
12 8.453 1.854 0.0534 13.779 54.7 2239 +12.8
13 8.559 1.636 0.0603 12.599 483 226.5+7.3
14 9.193 1.741 0.0527 11.142 51.4 2422 £ 11.1
15 9.487 1.445 0.0603 12.879 42.7 249.4 +13.7

“Multiply by 1000.

MTSZ. Therefore biotite ages of 290—300 Ma most prob-
ably represent the time when the rocks crossed the 300°—
350°C isotherm, some millions years after the first stage of
dextral shearing. This indicates that within a relatively
restricted area (Figure 3), dextral movements recorded by
parallel NW-SE shear zones are not synchronous. Moreover,
structural studies carried out in eastern Tianshan reveal
relics of a former sinistral strike-slip shearing in medium-
to high-temperature conditions [Laurent-Charvet et al.,
2002] similar to those recorded by the sample TS520. Thus
ages of 290-300 Ma could place a minimum age con-
straints for an earlier strike-slip motion mainly preserved in
the southern branch of the MTSZ. A sinistral motion could
occur before this event in the eastern Tianshan. We do not

Table 4. The *’Ar/*°Ar Retained Ages and Used Method for Each

want to infer that this earlier sinistral motion in the eastern
MTSZ was synchronous with the dextral one recorded by
sample TS520 in the central part (dated at 290 Ma).

[20] Along the northern branch of the MTSZ the meaning
of the 268.8 £ 5.4 Ma age on a neoformed muscovite N3
from a dextral shear zone remains uncertain compared to the
biotite Permian ages. Because of a higher closure temper-
ature for argon in muscovite than in biotite (50°—100°
higher depending on the authors), a possibility is that this
age reflects an early stage of cooling during dextral shear-
ing, therefore suggesting that this shearing lasted over at
least 20 Ma. Alternatively, owing to the few heating steps
performed, and because the step-heating procedure tends to
blur isotopic gradients in micas in response to their deshy-

Samples Area Mineral Method Retained Age
N3 northern branch of MTSZ muscovite step heating (plateau) 269.1 £ 5.4
TS07 northern branch of MTSZ biotite spot fusion (isochron) 2447 + 2.6
TS520 southern branch of MTSZ biotite spot fusion (isochron) 292.6 £3.2
TS330 Qinhe area biotite spot fusion (isochron) 261.4 £3.2
muscovite step heating (plateau) 2499 +2.2
TS247 Fuyun complex biotite spot fusion (isochron) 265.6 +2.5
TS305 Fuyun complex biotite spot fusion (isochron) 2454 +£2.5
TS310 Fuyun complex biotites spot fusion (isochron) 244.0 £ 2.6
TS294 Fuyun complex amphiboles spot fusion (isochron) on polished sections 244.1 £2.8
TS295 Fuyun complex amphiboles spot fusion (isochron) on polished sections 249.1 +3.8
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Figure 5. The “°Ar/*°Ar dating results for samples N3, TS07, and TS520 for strike-slip motions in the
central area of Tianshan range. Sample N3 comes from Shu et al. [1999a]. See Figure 3 for location.

droxylation, the age of ~270 Ma could be only a mean-
ingless value intermediate between the Upper Permian and
Carboniferous events [Hodges and Bowring, 1995]. How-
ever, there are still a lot of geochronological studies to do in
the Tianshan range to understand clearly the chronology of
the late Paleozoic strike-slip events.

4. Ductile Strike-Slip Faults and Cooling
History in the Chinese Altay
[21] The northeastern border of the Junggar basin is

mainly represented by the Altaid strike-slip system of
central Asia of which the 2000 km long Irtysh-Erqishi
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Figure 6. Structural sketch map of Erqishi sinistral shear zone and Qinhe area (modified from the
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and Mineral Resources, 1992]. Stereograms of foliations and lineations for (a) Qinhe and (b) Erqishi. (c)
Simplified cross section of the Erqishi shear zone. Location of dated sample TS330 and of Figure 9 is
indicated (modified from Laurent-Charvet et al. [2002]).

shear zone is an important member. In China it occurs
between the south of Qinhe to the north of Altay city along
a SE-NW trend. The shear zone separates a volcaniclastic
and gneissic unit of supposed Proterozoic to Ordovician age
to the northeast from the complex metamorphic zone of
Fuyun to the southwest (Figure 6). The three areas studied
below provide important data on the structure and the
timing of the several strike-slip motion, which occurred in

the Chinese Altay and on a larger scale in the eastern
central Asia.

4.1. Deformation in the Chinese Side
of the Southwestern Margin of Siberia

[22] In the northeastern area of the Chinese Altay Moun-
tains a huge Paleozoic series of gneiss, metavolcanic, and
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Figure 7. Examples of microstructures observed in the Qinhe area and in the Erqishi sinistral shear zone.
(a) Biotite tails around garnet in an orthogneiss with a N20 dipping lineation, Qinhe area. Top-to-the-N200
shearing is indicated. (b) Shear bands underlined by biotites around a feldspar in an migmatitic gneiss with
an horizontal lineation, Qinhe area. Top-to-the-W sense of shearing is indicated. (c) Sigmoid criteria made
of a feldspar with recrystallized quartz tails in a metavolcanic mylonite, Erqishi shear zone. Sinistral sense
of shearing is indicated. (d) Relict feldspar with asymmetric tails, Erqishi shear zone. Sinistral sense of
shearing is indicated. For whole pictures, foliation is parallel to large side. Abbreviations are as follows:
Bio, biotite; Feld, feldspar; Qz, quartz; Gt, garnet; and Recry. Qz, recrystallized quartz.

metasedimentary rocks is widely intruded by several plu-
tons. Basement rocks consist of a lower unit of orthogneiss,
paragneiss, and garnet-tourmaline-bearing migmatites and
an upper unit of staurolite-bearing micaschists, schists, and a
thick volcanosedimentary folded sequence. Metamorphic
rocks are affected by a penetrative foliation that has an
average N95 trend. Two main lineations are carried by the
folded foliation (Figure 6a). First, a subhorizontal stretching
lineation, associated with a top-to-the-west deformation is
preserved in meter-scale shear zones. In these shear zones,
criteria associated with the horizontal lineation are mainly
recrystallized quartz sigmoids and feldspar with biotite tails
(Figure 7b). These objects and associated minerals indicate a
predominant top-to-the-west (or sinistral, depending of the
foliation dip) deformation in high- to medium-temperature
conditions. Second, an average N15 steeply dipping linea-
tion related to a late thrusting event is well represented in the
metamorphic formations. Several field shear criteria in
migmatites, as overturned microfolds and quartz veins, point
to a southward thrusting coeval with the north plunging
lineation. In thin section, criteria are sigmoid objects, chlori-
tized biotite shear bands, and mica tails around garnet and
indicate a consistent top-to-the-south motion in medium-
temperature conditions (Figure 7a). This top-to-the-south
shearing is associated with hectometer-scale folds. However,
owing to the lack of radiometric and of field evidences in the
Qinhe area the timing of the deformations remains debatable.
In this study, one sample (TS330, shown on Figure 6) was

dated by the *°Ar/*° Ar method to compare the age of Qinhe
area structuring with the timing of deformation in the nearby
Fuyun and Erqishi shear zones (samples TS247, TS294,
TS295, TS305, and TS310 shown on Figure 9).

[23] Sample TS330 is a micaschist with a N80-25N
foliation and a lineation plunging to the N265. Biotite and
muscovite form tails around feldspatic clasts and underline
top-to-the-west shear bands. Kink bands occur in some
muscovite crystals. Two methods of gas extraction were
used on this sample. First, 14 spot fusion laser probe
experiments were carried out on a single grain of non-
chloritized biotite (Table 1). Apparent ages range between
231.1 +£2.5 Ma and 275.9 + 3.4 Ma with no systematic core
versus rim distribution (Figure 8a). The atmospheric con-
tamination is higher in the first five experiments (17—-43%)
than in the subsequent analyses as in the case of the
Tianshan samples. An isochron age of 261.4 + 3.2 Ma
has been obtained in the *°Ar/*°Ar versus *°Ar/*°Ar isotope
correlation plot with an initial “°Ar/*°Ar ratio of 271.1 +
26.1 (MSWD = 15.54 £ 0.41) (Figure 8a and Table 4).
Second, a single grain muscovite was stepwise heated and
gave a plateau age of 249.9 + 2.2 Ma for 93% of the *°Ar
released and an integrated age of 249.8 + 2.2 (Table 2 and
Figure 8b). The atmospheric contamination is high in the
three first steps (80— 11% of *°Ar atmospheric) and remains
stable for the other ones. An intercept age of 248.8 £2.2 Ma
has been obtained in the *®Ar/*°Ar versus *°Ar/*°Ar isotope
correlation plot (Figure 8b and Table 4) with a MSWD of
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Figure 8. The “°Ar/*?Ar dating results **Ar/*°Ar versus *°Ar/*°Ar isotope correlation plots for sample

TS330 in the Qinhe area. See Figure 6 for location.

1.012 + 0.42 and an initial **Ar/*°Ar ratio of 418.0 + 55.3
that is likely to be indicative of an argon excess. In this
sample, biotite may well have crystallized before 261Ma
and was partially reopened during the muscovite crystal-
lization at 250Ma. Another possibility is that the age of 261
Ma recorded by the biotite results from an argon excess in
this mineral, so that the muscovite age of 250 Ma is the only
one that corresponds to the deformation age.

[24] Thus, in the area of Qinhe, two deformations were
recognized by the structural studies. A southward deforma-
tion occurred in low temperature conditions, but there is no
evidence concerning the age of this deformation. Owing to
the important chloritization of the micas included in the
gneiss and migmatite, which recorded this south verging
shearing, no age could be measured. A top-to-the-west
deformation also took place in the area 250 Myr ago, coeval
with the crystallization of muscovite and the likely remobi-
lization of early biotites which may have formed during an
carlier thermal event at ~261 Ma (Figure 8a and Table 4).

4.2. Erqishi Shear Zone

[25] The Erqishi sinistral NW-SE trending mylonitic
shear zone (Figure 6) is of regional scale and stretches from

the south of Qinhe to Kazakhstan (Figures 1 and 2) where it
becomes the Irtysh shear zone [Melnikov et al., 1997,
Mitrokhin et al., 1997]. It is 5 to 10 km wide and, according
to Bulin et al. [1969], could reach a depth of 100 km. This
shear zone is presently bordered by late brittle dextral strike-
slip faults and cut by southwestward brittle thrusts (Figures
6¢ and 9). Deformed rocks consist of mylonitic metatuffs,
metasandstones, and andesitic schists of unknown age.

[26] In the mylonitic zone, rocks present a N120 trending
foliation with a NE dip. The foliation carries a well-marked
N120 trending horizontal stretching lineation (Figure 6b).
On several outcrops, mylonites and ultramylonites exhibit
southwestward tight overturned folds with 120SE15 axis
parallel to lineation. These folds can be considered as A-
type folds, characteristic of strong rate of deformation
[Ramsay and Huber, 1987].

[27] The kinematic study of shear criteria associated with
the stretching lineation points to a predominantly sinistral
motion. Criteria are o- and d-type asymmetric objects
(Figure 7c). Mylonites are also affected by sinistral shear
bands. Deformed metasandstones contain ‘“‘mica fish”
structures, antithetical microfaulted feldspars in a quartz-
ofeldspathic groundmass, and porphyroclasts with recrystal-
lized quartz tails (Figure 7d). The o structures are typical of
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Figure 9. Detailed geological and structural map of the Fuyun area, drawn from 1:200,000 scale
Landsat scenes and fieldwork observations. Inset labeled 1 is stereogram of foliations and lineations.

Location of dated samples is shown.

low-strain shear zones where recrystallization rates are
higher than rotation rates [Ramsay and Huber, 1987], while
the & structures are characteristic of higher shear strains
where the rates of recrystallization are lower than that of
rotation [Passchier and Simpson, 1986; Passchier and
Trouw, 1996]. Thus, in the Erqishi mylonitic zone, the o-
type structures can be considered as indicators of the
maximum rate of shearing deformation.

[28] Some mylonite samples contain dextral criteria such
as quartz porphyroclasts with recrystallized quartz tails.
These dextral objects have not been reworked or deformed
by sinistral ones and seem to be contemporaneous with the
main sinistral motion [Laurent-Charvet et al., 2002]. They
are interpreted as local traces of reverse shearing which
commonly develops in mylonitic shearing associated with
low-grade metamorphism [Hippertt and Tohver, 1999].

[29] Owing to the inaccurate petrology of the rocks
cropping out along this shear zone in China, no “°Ar/*°Ar
dating has been performed to constrain the age of the
sinistral motion. In Kazakhstan, Melnikov et al. [1998]
obtained ages of about 280—-290 Ma (Ar/Ar on single grain
biotites). Duration of the transcurrent motion is still dis-
cussed, but the amplitude of displacement can have reached
several hundred kilometers in regard of the depth and the
length of this crustal structure. Sengor et al. [1993] pro-

posed that the displacement reached 2000 km and suggested
a Late Permian age for the main event.

4.3. Complex Folded Shear Zone of Fuyun

4.3.1. Structural Study

[30] After the studies of the Qinhe and Erqishi zones the
structural study of the Fuyun area is important to understand
the complex structuring of the Chinese Altay area and the
chronology of the several deformations that structured this
region. The complex metamorphic zone of Fuyun is a 15—
20 km wide folded zone located in the southwest of the
Erqishi shear zone and extends from the southeast of Fuyun
to Kazakhstan. The complex zone of Fuyun is cut in its
center by a brittle southwestward thrust of unknown age
(Figure 9). The southern limit of this metamorphic zone is
marked by a strike-slip shear zone. Its northern border is a
late dextral strike-slip ductile-to-brittle fault, which sepa-
rates the Fuyun area from the Erqishi shear zone. Meta-
morphic formations consist of cordierite-garnet-bearing
migmatites, orthogneisses, paragneisses, orthoamphibolites,
micaschists, and greenschists facies metavolcanic and sedi-
mentary rocks at the top of the series.

[31] Field and microscopic observations show that the
deformation decreases from the bottom to the top of the
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metamorphic sequence. All the formations are affected by a
regional foliation, which has an average direction of N120
and various high dips to NE and SW because of a horizontal
N120 axis folding (Figure 9 inset labeled 1). Some out-
crops, where foliation has a N10 direction and dips to the
SE by 10°-30°, are located in terminal bends of regional
folds. In the deepest formations (gneisses and amphibolites)
the foliation carries a stretching lineation (Ls) which
remains constant in all the outcrops, whatever the foliation
dipping is. This lineation roughly plunges to the N120 by
45°-0°, depending if the foliation is subhorizontal or
vertical (Figure 9 inset labeled 1).

[32] The upper formations, which outcrop in the synclinal
bends, are affected by a weak deformation mainly repre-
sented by brittle-to-ductile structures. In the metavolcani-
clastic rocks the only planar anisotropy that was observed is
the folded stratigraphic layering. The axes of the numerous
sheath and A-type folds that affect the formations constitute
a lineation. These L tectonics-type structures [Ramsay and
Huber, 1987] correspond to disharmonic structures that
accommodate the regional tight upright folding in the bends
of folds. In the underneath micaschists the deformation
progressively appears more significant, and lineation
becomes a real stretching lineation that recorded the main
shearing event. Owing to their petrology, schists do not
contain interpretable microscopic sense indicators, but some
outcrops display pluricentimeters-scale quartz veins and
overturned folds that suggest a top-to-the-WNW motion.

[33] Beneath the micaschists, orthoamphibolites and
gneisses present a more penetrative foliation. The ~N125
trending lineation is clearly a ductile stretching lineation
(Ls). Protoliths of these orthoamphibolites were probably
mafic or ultramafic rocks [Li and Bespaev, 1994]. The
amphiboles were studied by electronic microprobe analysis,
and results are synthesized in Figure 12c. Relicts of tscher-
makite may be inherited from an earlier thermal stage.
Syntectonic Mg-hornblendes and actinolites, which crystal-
lize in lower-temperature conditions than tschermakite
[Dahl, 1996], underline shear indicators (such as shear
bands) that formed during the northwest verging deforma-
tion. Thus, in a low SE dipping foliated amphibolite, which
represents an anticlinal crest (Figure 10a), neohornblendes
and actinolites underline shear bands and have crystallized
in pressure shadow tails around relicts. All criteria indicate a
top-to-the-WNW motion (Figure 10b). Amphibolites also
occur as a north anticline limb with a NE high dipping
foliation (sample TS295 on Figure 9). Lineation dips to the
N125 of 20°, and associated criteria indicate a top-to-the-
WNW motion. This shearing is highlighted by sigmoid
amphiboles, asymmetric pressure shadow tails around
relicts, and shear bands underlined by hornblende and
actinolite (Figure 10c). Few of these NE dipping amphib-
olites present chlorite crystallization in top-to-the-SE pres-
sure shadow tails and ductile-to-brittle shear bands that
reworked top-to-the-NW structures. This late low-temper-
ature event is probably a dextral shearing that affected some
zones after the main northwestward deformation.

[34] Orthogneisses were mainly observed in NE dipping
anticline limbs in the south of Kuerte (Figure 9). Foliation
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has a N120 to N105 direction and dips to the NE by 75°—
85°. Stretching lineation (Ls) is subhorizontal. Macroscopic
structures indicate a top-to-the-NW motion such as centi-
meter-scale shear bands (Figure 10d). In thin sections all
the criteria also attest for a top-to-the-NW motion. They are
feldspars with mica tails, biotite shear bands and sigmoid
quartz recrystallization around magmatic garnets (Figure
10e). Synkinematic biotite and muscovite and recrystallized
quartz with subjoint and grain boundary migration features
are characteristic of medium temperature deformation. In
the eastern area of Fuyun some outcrops are formed of SW
dipping orthogneiss affected by the N120 lineation. In
these cases, shear bands and sigmoid objects indicate a
sense of shearing which attests the top-to-the-NW motion
(Figure 10f).

4.3.2. The **Ar/*’Ar Dating

[35] In an attempt to precise the chronology of successive
deformation stages, five rocks from the Fuyun complex
were selected for dating (Figure 9): two orthogneisses in the
Fuyun metamorphic zone (TS305 and TS310), two mylo-
nitic amphibolites (TS294 and TS295) from the core and the
limb of a regional fold, and a migmatitic gneiss from the
eastern end of the Fuyun zone (TS247).

[36] Sample TS247 is an orthogneiss made of feldspar,
micas, and cordierite. It is characterized by a N130-80SW
foliation carrying a 115SES lineation Ls. Associated kine-
matic criteria indicate a dextral shearing. They are mainly
mica tails around feldspatic clasts. The textural ground is
composed of quartz and biotite, which is parallel to the
foliation and develops in pressure shadow tails. Few of
these micas display traces of a limited chloritization. A
single grain biotite was analyzed by 16 spot fusion laser
probe experiments (Table 1). Ages scatter between 257.4 +
5.4 Ma and 281.4 + 8.0 Ma (Figure 11a) with eight of them
in a narrow range between 265.7 + 3.1 Ma and 270.6 + 4.5
Ma. The oldest ages are characterized by high *°Ar atmos-
pheric level (between 18% and 60%) and large error
margins (about 6 to 9 Ma) compared to the other analyses
with lower *°Ar atmospheric contamination (4—13% of
“0Ar). In the *°Ar/*Ar versus **Ar/*°Ar isotope correlation
plot an intercept age, which is the retained age (Table 4 and
Figure 13e), of 265.6 £ 2.5 Ma is obtained with an initial
*Ar/*°Ar ratio of 308.8 + 8.1 and a MSWD of 2.2 + 0.38
(Figure 11a).

[37] The cordierite-garnet-bearing orthogneiss TS305 has
a N105-80N foliation with a 95E25 stretching lineation Ls
and dextral microstructures as shear bands and micas tails.
Only one generation of biotite, parallel to the foliation and
present in tails around magmatic garnet and clasts, consti-
tutes the textural ground with quartz and feldspar. No
chloritization was observed. Thirteen spot fusion laser probe
experiments were performed on a single biotite grain.
Apparent ages range between 230.7 + 5.4 and 260.1 = 9.6
Ma (Table 1 and Figure 11b). Except for the two first spots,
which contain 78% and 31% of surface related atmospheric
“OAr, they are characterized by a low atmospheric contam-
ination (4—16%). Eight spots bracketed between 242.4 + 7.2
Ma and 247.4 £ 5.6 Ma. In the *°Ar/*°Ar versus **Ar/*°Ar
isotope correlation plot an intercept age of 245.4 £ 2.5 Ma
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Figure 10. Microstructures in the Fuyun metamorphic zone. (a) Foliation dips to the NE Low dipping
amphibolite with a 105E10 lineation. (b) Top-to-the-N300 shear bands in a subhorizontal foliated
amphibolite. (c) Sinistral shear bands in a NE dipping amphibolite. (d) Centimeter-scale shear bands in a
NW dipping gneiss. Sinistral sense of shearing is indicated. (¢) Sinistral biotite shear bands in an
orthogneiss. (f) Clast of quartz with biotite tails in a SW dipping foliated orthogneiss. Dextral sense of
shearing is indicated. For Figures 10a—10d, foliation is parallel to large side. Abbreviations are as follows:
Am, amphibole; Bio, biotite; Feld, feldspar; Qz, quartz; Gt, garnet; and Recry. Qz, recrystallized quartz.

(retained age, Table 4 and Figure 13b) is obtained with an
initial *°Ar/*°Ar ratio of 292.3 + 7 and a MSWD of 1.34 +
0.43 (Figure 11b).

[38] Sample TS310 is an orthogneiss made of quartz,
feldspar, and few chloritized Fe-garnets (Alm. 70%) with a
N115-80NE foliation carrying a 105SE1S lineation Ls.
Microstructures such as biotite tails around garnet indicate
a top-to-the-N285 shearing. The textural ground is mainly
characterized by quartz and biotite that suffered a starting
chloritization. Two single biotite grains were extracted for
spot fusion laser probe experiments. Seven spots on the
first grain yield ages ranging from 142.4 + 27.8 Ma to
228.0 + 10 Ma, with a very high *°Ar contamination for all
spots from 54% to 96% of the total “°Ar released (Table 1).
This strong contamination is confirmed by the high position
of the representative points of biotite 1 in the 3°Ar/*°Ar
versus 3PAr/*°Ar correlation plot (i.e., close to the Air
intercept) (Figure 11c). The second biotite has eight ages

scattering between 198.5 £ 22.8 Ma and 315.1 £ 24.2 Ma
with a lower atmospheric contamination than for the first
biotite (8—43%). The *°Ar/**Ar versus *’Ar/*’Ar isotope
correlation plot compiles 14 spots (the one at 315 Ma was
removed) of the two biotites and gives an intercept age of
244.0 + 2.6 Ma (Figure 11c and Table 4) for an initial
*Ar/*°Ar ratio of 274.0 + 19 and a MSWD of 3.74 + 0.63.
The age of 244 Ma is interpreted as representing the
cooling at about 300°-350°C and coeval closure of the
biotite.

[39] Mylonitic amphibolites TS294 and TS295 are made
of amphiboles, albitized feldspar, minor clinozoisite (Czo
73—79%) and chlorite. Two types of amphiboles were
observed in these two samples. The first ones are high-Si
Mg-hornblende to Fe-tschermakite that occur as relicts.
The second ones surround the primary relicts and are
mainly syntectonic low-Si Mg-hornblendes and actinolites
(Figure 12c¢). In order to separately date the two gener-
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Figure 11. The *°Ar/°Ar dating results and corresponding *°Ar/*°Ar versus *°Ar/*°Ar isotope
correlation plots for samples (a) TS247, (b) TS305, and (c) TS310 in the Fuyun metamorphic complex.

See Figure 9 for location.

ations of amphiboles distinguished on chemical and tex-
tural ground, in situ laser probe fusion experiments were
carried out on polished thin sections of about 1 cm?.

[40] Amphibolite TS294 has a N30-10E foliation carry-
ing a NI105SE10 stretching lineation Ls. The textural
ground is mylonitic, and microstructures indicate a top-

to-the-N285 motion for the deformation associated to the
last thermal event (Figure 12d). Twelve spot fusions were
carried out on secondary amphibole. Ages range between
195.8 £ 6.8 Ma and 279.7 £ 12.8 Ma (Table 3) with no
systematic variation with the Ca/K ratio deduced from the
37Ar/°Ar ratio. Among the spot fusions, six records give
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Figure 12. Amphibole *°’Ar/*?Ar dating in Fuyun metamorphic zone. (a) Sample TS294 *°Ar/*°Ar
versus ’Ar/*Ar isotope correlation plot. (b) Sample TS295 *°Ar/*°Ar versus *°Ar/*°Ar isotope
correlation plot. (¢) Compositional diagram of the two types of amphibole in amphibolites TS294 and
TS295 [Leake et al., 1997]. Microphotographs of shear criteria showing (d) a top-to-the-N285
deformation for sample TS294 and (e) a sinistral motion for sample TS295. Foliation is parallel to large
side. See Figure 9 for location. Abbreviations are as follows: Aml, primary amphibole; AmlII, secondary

amphibole; and Feld, feldspar.

ages of 240—255 Ma. An intercept age of 244.1 + 2.8 Ma
has been obtained in the *°Ar/**Ar versus *°Ar/*°Ar iso-
tope correlation plot with an initial *°Ar/*®Ar ratio of 264 +
25 and a MSWD of 5.02 + 0.5 for the seven spots which
have the lowest *°Ar atmospheric yield (Figure 12a and
Table 4).

[41] TS295 is a N120-85N foliated orthoamphibolite with
some top-to-the-NW shear criteria along the 125SE20

lineation (Figure 12¢). Fifteen spot fusion experiments were
made on the section and give ages ranging between 140.4 +
36.1 Ma and 354.5 + 55.3 Ma, uncorrelated with the Ca/K
range (Table 3). As for sample TS294, owing to the low
amount of potassium in amphibole, the *°Ar atmospheric
content is notably high and scatters between 85% and 40%,
resulting in important age errors. Seven spots with errors
bars less than 15 Ma are in the range 224—-289 Ma. Together
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with two different spots with larger error bars, these spots
yield an intercept age of 249.1 + 3.8 Ma with an initial ratio
of 284 + 12 and a MSWD of 4.45 + 0.4 (Figure 12b and
Table 4). Younger ages are correlated with higher **Ar/*°Ar
ratios, suggesting that argon was partially released from
chlorine-rich domains during lasering. Ages older than 300
Ma probably result from an argon degassing from neighbor-
ing relict amphibole and/or from the presence of some
excess argon in some minerals.

[42] However, despite the uncertainty concerning the
nature and volume of material melted during these in situ
laser probe experiments, and mainly the nature of the
minerals behind those observed on the thin section surface,
the present study of amphibolites in Fuyun yields intercept
ages of 244.1 + 2.8 Ma and 249.1 + 3.8 Ma that are
concordant with ages previously obtained on biotites
(2454 £ 2.5 Ma and 244.0 + 2.6 Ma for samples TS305
and TS310, respectively). On the basis of an ionic porosity
model, Dahl [1996] calculated argon closure temperatures
of 554°C and 483°C for the Mg-hornblende and actinolite,
respectively, while Harrison et al. [1985] suggested on the
basis of diffusion experiments that biotite has a closure
temperature between 280°C and 350°C. The lack of sig-
nificant age difference between biotites and amphiboles
shows that the Fuyun metamorphic zone suffered probably
a fast cooling from about 500°-550°C to about 280°—
350°C at about 250 and 245 Ma, respectively.

4.3.3. Conclusion on Late Paleozoic Structures
in the Fuyun Metamorphic Zone

[43] Some dextral criteria were observed in a few south
dipping formations, but the “°Ar/*°Ar age of 265.6 + 2.5 Ma
obtained on sample TS247 is much too old to correspond
exactly to the thermal event at 250 Ma recognized in the
Fuyun metamorphic zone (Figure 13e). Located on the
northeastern border of the metamorphic zone, it is inter-
preted as a relict event of the sinistral deformation dated at
280—290 Ma in the Irtysh-Erqishi shear zone (Ar-Ar on
micas by Melnikov et al. [1998]), which could migrate to the
southwest through transcurrent motions between 265 and
245 Ma.

[44] The 250—245 Myr old event is well identified in the
metamorphic formations where kinematic criteria related to
this deformation are top-to-the-NW shear microstructures
in all rocks whatever their foliation attitude. In north
dipping limbs, criteria associated with stretching lineation
point to the top-to-the-NW shearing in medium temperature
conditions (Figures 13a—13c). The *°Ar/*°Ar dating of this
motion provides concordant ages of 249 to 245 Ma.
Criteria associated with subhorizontal foliation in amphib-
olites also indicate a NW vergence of shearing (Figure
13d). This northwestward deformation has been dated at
244 Ma, which is concordant to that of shearing observed
on NE dipping foliation. Thus the Fuyun zone underwent a
sort of exhumation process, which was probably located
between two main strike-slip shear zones. Squeezed
between a north dextral fault and a south sinistral one,
the area could have experienced a northwestward deforma-
tion 245 Myr ago. Several reasons allow the assumption
that this age (~245 Ma) is the strike-slip shearing final age.
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When the deformations occur in low-temperature condi-
tions (300°—400°C), it is possible to think that the obtained
age from neoformed micas corresponds to their crystalli-
zation. When deformations occur in higher temperature
range, micas begin to retain argon after the end of the
strike-slip motion. Moreover, neoformed amphiboles,
because of their higher closure temperatures, allow the
dating of the end of the shearing when it occurs in high-
temperature conditions. Thus the obtained ages certainly
correspond to the end of the strike-slip activity. The
exhumation process, which will be discussed in the con-
clusion, is associated with a fast cooling. It was probably
due to the immediate thermal restabilization between
sheared rocks and neighboring ones, but a local denudation
could also participate to the fast cooling [Leloup et al.,
2001a, 2001b].

[45] At the end of this shearing a compressive event
induced the formation of tight upright folds, which affected
all the metamorphic complex rocks. In the synclinal bends,
disharmonic folds affect the upper metavolcaniclastic rocks
in a weak ductile type deformation (Figures 13f and 13g).
Finally, a dextral deformation occurred locally, in particular
along the borders of the complex zone, in low-temperature
conditions in the area. Chlorite tails and brittle shear bands
underline the structures formed during this last stage. Its
age is unknown, but the study of the satellite scenes shows
that the Fuyun metamorphic zone borders have their
directions secant to the foliation and to the regional folds
ones, confirming the youngest age of this dextral strike-slip
event.

5. Discussion and Conclusion

[46] In the Tianshan orogen the chronology of the differ-
ent strike-slip deformation stages can be deciphered on the
basis of several geological constraints. Field observations
provide evidence confirming the late Paleozoic age of the
strike-slip events: (1) The Carboniferous volcanic rocks of
northern Tianshan and Late Carboniferous granites under-
went the dextral ductile strike-slip deformation. (2) Upper
Permian undeformed and unmetamorphosed rocks lie
uncomformably on foliated Carboniferous rocks in the
Hami area (eastern Tu-Ha basin).

[47] We propose that the strike-slip shearing may have
reworked the main crustal discontinuities [e.g., Coleman,
1989; Ma et al., 1993; Shu et al., 1999a; Windley et al.,
1990] at the end of the convergence between Junggar and
central Tianshan in regional horizontal motions. The colli-
sional thrust tectonics evolved into a transcurrent ductile
dextral deformation, which probably accommodated the
residual shortening by a first 290 Ma stage along the
southern branch of the MTSZ in western Tianshan. A
high-temperature conditions sinistral event occurred in the
eastern Tianshan, but no chronological constraint support
the assumption of a synchronous or earlier activity com-
pared to the 290 Ma event. Finally, a regional dextral strike-
slip event occurred along the northern MTSZ and ended 245
Myr ago. Despite these results, there is still a lot of dating to
do along the different branch of the MTSZ to confirm the
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Figure 13. Three-dimensional block diagrams showing spatial and chronological relationships between
folding, foliations, lineations, and shearing. Orthogneisses, samples (a) TS310 and (b) TS305, showing a
top-to-the-NW sense of shearing on a NE dipping foliation. (¢) Amphibolite (sample TS295) with a NE
dipping foliation showing a top-to-the-NW deformation. (d) Amphibolite (sample TS294) with a SE low
dipping foliation showing a top-to-the-N285 motion. (e) Gneiss (sample TS247) with a SW dipping
foliation indicates a dextral shearing. (f) Metatuff with N110-10SW dipping foliation and a lineation
plunging to the N130 of 9°. Isoclinal fold axes are parallel to lineation. (g) L tectonics in a calcareous tuff.
Presence of sheath folds parallels to the 159SE70 lineation. Abbreviations are as follows: Am, amphibole
clast; Am-Feld, amphibolitofeldspatic groundmass; Bio, biotite ribbons or aggregates; Feld, feldspatic
clast or recrystallized feldspar; and Qz-Feld, quartzofeldspatic groundmass.

assumption of the northward propagation of the strike-slip
motion and the diachronism between the southern and the
northern branches and to better constrain the different
shearing stages between the eastern and the western Tian-
shan parts.

[48] In the Chinese Altay area several late Paleozoic
ductile deformation stages took place between 290 and
245 Ma. The first deformation is exemplified by the Erqishi
sinistral mylonitic zone. This crustal shearing started 290
Myr ago and built up all the southwestern boundary of the
Altay-Sayan complex over more than 1000 km. After this

first event the transcurrent motion evolved into several
structures such as top-to-the-W limited shear zones in the
Qinhe area. Ages of 280—-255 Ma were obtained in such a
deformed gneiss. In this area a southward shearing was
observed in gneiss and migmatites but no age was
obtained. No evidence of this southward thrust motion
was found in other studied areas. The Fuyun metamorphic
zone displays a complex cooling and structural history.
The structuring may have started before 265 Ma with a
limited dextral shearing in the eastern part of the area.
Then, the deformation probably migrated to the southwest
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Table Al. Location of Dated Samples and Summarize of Ages
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Samples Area Lithology Latitude Longitude
N3 North MTSZ (Mishigou) muscovite bearing gneiss N 42°24/ E 88°29’
TS07 North MTSZ (Bindaban) orthogneiss - -

TS520 South MTSZ (Kumux) orthogneiss N 42°19’ E 88°24
TS330 Qinhe area micaschist N 46°47'40" E 90°20'12"
TS247 Fuyun metamorphic complex orthogneiss N 46°58"26" E 89°39'56"
TS305 Fuyun metamorphic complex cordierite-garnet-bearing orthogneiss N 47°09'11” E 89°21'19”
TS310 Fuyun metamorphic complex garnet-bearing orthogneiss N 47°07'18" E 89°18'39”
TS294 Fuyun metamorphic complex mylonitic amphibolite N 47°04'22" E 89°28'05"
TS295 Fuyun metamorphic complex Mylonitic amphibolite N 47°05'37" E 89°26'08"

inducing a “squeezing” process 245 Myr ago. According
to structural features and “’Ar/°Ar ages a northwestward
deformation affected the metamorphic sequence before a
regional tight folding in a relative global sinistral and
compressive motion between Junggar and Siberian blocks.
Indeed, the area of Fuyun is located on the southeastern
margin of the Siberian block and could have recorded the
important strains that probably occurred in the region
between the two blocks. In the metamorphic sequence,
temperature range and deformation increase from the top
to the bottom but always indicate a top-to-the-N300
motion. Ages confirm the contemporaneity of sinistral,
dextral, and northwestward displacements observed in the
arca, depending on whether the foliation dips to the
northeast or southwest or is subhorizontal. This regional
structuring seems to have induced a fast cooling, as the
YOAr°Ar dating display. As it was shown in the Ailao
Shan-Red River shear zone [Leloup et al., 1995, 2001a,
2001b], such a cooling rate resulted from the strike-slip
motions, which induced the exhumation of rocks. More-
over, the cooling may be fast in the studied shear zones
because of their limited width, which induced a fast
thermal restabilization with the nonsheared surrounding
rocks. Another process that probably participated in the
fast cooling could be local denudations in a compressive
environment like in the Ailao Shan-Red River shear zone
[Leloup et al., 2001a]. Thus the structural and geochrono-
logical study of the Fuyun area, and also of the Tianshan,
could be complete in the future by precise thermobaro-
metric estimations on each shear zone.

[49] The structural and *°Ar/*°Ar studies on transcurrent
structures in eastern Xinjiang show that the late Paleozoic
strike-slip faults can be interpreted as an intracontinental
adjustment due to relative motions between all the different
blocks making eastern central Asia after the Carboniferous
thrusting stage. We make the assumption that, at the end of
Carboniferous, the Tarim block continued to move forward
to the north. The Tarim motion evolved into a northwest-
ward direction, allowing the accommodation of strains
along the southern MTSZ then the northern MTSZ and by
strike-slip faults in the Chinese Altay. The tectonic develop-
ment of north Xinjiang illustrates a transition between two
styles of convergence and shortening accommodation. The
deformation that occurred in the area during middle Pale-
ozoic evolved into a Permian horizontal ductile deformation
accommodating the residual shortening along the continen-

tal scale structures (e.g., the Erqishi-Irtysh shear zone and
the MTSZ) in eastern central Asia.

Appendix A: The “°’Ar/*’Ar Dating Analytical
Procedure

[s0] During this study, owing to large grain size of micas
in most samples (see descriptions of the samples in Table
Al), we preferentially realized spot fusion on biotite and
amphibole single grains using a laser probe operating in the
semipulsed mode [Monié et al., 1997]. Only two single
grains of muscovite were heated in a stepwise fashion using
a continuous mode of laser emission. The samples were
irradiated in the McMaster nuclear reactor (Canada)
together with different flux monitors including MMHb-1
(520.4 £ 1.7Ma) and HD-B1 (24.21 £ 0.32Ma). For this
reactor the following correction factors for argon nuclear
interferences were applied: (36Ar/37Ar)Ca = 0.000254,
(°Ar7Ar)c, = 0.000651, and (*°Ar/°Ar)x = 0.0156.
Results are synthesized in Table 1 for spot fusion laser
probe experiments, Table 2 for step-heating analysis, and
Table 3 for spot fusion laser probe experiments on amphib-
olite polished sections. The analytical device is comparable
to that described by Dalrymple [1989] and consists of (1) a
multiline continuous 6 W argon-ion laser with two main
wavelengths of 488 and 514 nm; (2) a beam shutter for
selection of exposure times, typically 30 ms for spot
fusions; (3) an optical device to focus the laser beam down
to a minimum impact diameter of 20 pm; (4) a small inlet
line for the extraction and purification of gases; and (5) a
MAP 215-50 noble gas mass spectrometer equipped with a
Nier source and a Johnston MMI1 electron multiplier. The
gain between the Faraday cup and multiplier at 2 kV is close
to 200. Each analysis involves 5 min for gas extraction and
cleaning and 15 min for data acquisition. System blanks
were evaluated every three experiments and ranged from 3
x 1072 cc for *°Ar to 6 x 107" cc for **Ar. Isotopic
corrections, age, and error calculations were made accord-
ing to McDougall and Harrison [1988]. Mass discrimina-
tion was calculated on the basis of a *°Ar/*°Ar ratio of
283.69 + 3.62 measured on an atmospheric argon aliquot.
The ages of individual steps or spots were calculated
assuming an initial **Ar/*®Ar ratio of 295.5.
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