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Abstract This paper presents the end Late Paleozoic tectonic stress field in the southern edge of
Junggar Basin by interpreting stress-response structures (dykes, folds, faults with slickenside and
conjugate joints). The direction of the maximum principal stress axes is interpreted to be NW—SE
(about 325°), and the accommodated motion among plates is assigned as the driving force of this
tectonic stress field. The average value of the stress index R’ is about 2.09, which indicates a variation
from strike-slip to compressive tectonic stress regime in the study area during the end Late Paleozoic
period. The reconstruction of the tectonic field in the southern edge of Junggar Basin provides insights
into the tectonic deformation processes around the southern Junggar Basin and contributes to
the further understanding of basin evolution and tectonic settings during the culmination of the Paleo-
zoic.
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Models on tectonic deformation processes require an under-
standing of the tectonic stress state (Wan, 1988; Hou et al.,
2010a,b). Besides, analysis of tectonic stress field has various

University. Production and hosting by Elsevier B.V. All rights reserved.

Peer-review under responsibility of China University of Geosciences
(Beijing).
doi:10.1016/j.gsf.2011.12.007

Production and hosting by Elsevier

applications including the migration and accumulation of hydro-
carbon deposits (Cao, 2005; Zhang et al., 2007).

Junggar is a triangular-shaped area bordered by the Tian-
shan range in the south, the Altai in the northeast and the west
Junggar mountains in the northwest, with different orientations
of verging and accretionary events (Charvet et al., 2007; Xiao
et al., 2008; Choulet et al., in press; Pirajno et al., 2011; Xiao
et al., 2011; Zhang et al., 2011). The reconstruction of the
tectonic stress field during the end Late Paleozoic in the
southern edge of Junggar Basin is of importance for the
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2004). Previous studies have shown that the Junggar Basin was
under the collision to basin formation stage during Carboniferous
to the end of Permian period (Chen et al., 2002; Wu et al., 2005;
7 » Yang et al., in press). During the Early—Middle Carboniferous,

. ‘ LI 4 the Siberian plate collided with the Junggar, which started the
/ - ‘ development stage of foreland basin systems in the eastern
== Junggar. To the northwest of Junggar Basin was a passive
continental margin during the Devonian to Early Carboniferous,
which witnessed the collision of the Junggar and Kazakhstan
plates in the Middle or even Late Carboniferous. Finally,
the Junggar collided with the Tarim plate in the Late
Carboniferous to Early Permian, which started the evolution of
thrusts in the North Tianshan Mountains and the southern fore-
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@ Suture Crustal thickness and Chen, 2004; Chen et al., 2005; Wu et al., 2005; Geng
et al., 2009; Zhang et al., 2011). Thus, before the end of
Figure 1  Sketch map of the tectonic framework of the Junggar Permian, the Junggar terrain was bonded together with
Basin (after Chen and Wang, 2004). Kazakhstan plate, Siberia plate and Tarim plate (Xiao, 1992; Han

et al., 1999; Chen et al., 2005); and the basic tectonic styles can

be summarized as arc-arc collision, oroclinal bending and

large-scale rotation, and multiple subductions with a complicated

. . archipelago paleogeography (Xiao et al., 2010).

2. Geological setting The present study area is around Urumgi city (Fig. 2) with two
transects along the Fukang—Tianchi route and the Urumgqi—Tuoli

The Junggar Basin, with an area of about 130,000 km?, is located route (Fig. 2).

in the northern part of Xinjiang, at the convergence area among

the Kazakhstan plate, Siberia plate and Tarim plate. The region 3. Structural analysis and palaeostress

forms a triangle-shaped sedimentary basin surrounded by Paleo- reconstruction

zoic orogenic belts (Xiao, 1992; Han et al., 1999; Chen and Wang,

2004; Chen et al., 2005; Fig. 1).

The Hercynian movement in the Carboniferous caused the
seas surrounding the Junggar to close by plate convergence.
The earlier sedimentary and volcanic rocks were folded and
constituted the basement of the Junggar Basin (Wang and Chen,

analysis of tectonic deformation processes around the southern
Junggar Basin during that period.

3.1. Dykes

The palaeostress field is not very easy to reconstruct because few
palaeostress indicators remain (Hou et al., 2010a). Mafic dyke
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Figure 2  Geological map of the Urumgqi area, Xinjiang Uygur Autonomous Region.
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Figure 3

Stress-response structures in the study area. a: conjugate joints in the Urumqi—Tuoli route; b: fault plane with slickenside (the pen

indicates the movement direction of the opposite wall); c: dykes in Tuoli County, the strike is NW—SE direction.

swarms represent conspicuous extensional structures and are of
great current international interest, because they are excellent time
makers and palaeostress indicators, and can be used to reconstruct
the palaeostress field (Ernst et al., 1995, 2001; Hou et al., 2006;
Hou, in press). In general, the maximum (o) and intermediate
(02) principal compressive stress directions lie normal to one
another within the plane of the dyke, whereas the minimum
principal compressive stress (g3) is perpendicular to the plane of
the dyke (Hoek and Seitz, 1995; Gudmundsson, 1995; Ray et al.,
2007; Hou et al., 2010a,b).

The dykes represent small extensional fractures or weak planes
that were formed under tectonic stress. Subsequently, these small
extensional fractures or weakness planes extended successively,
and finally they were intruded by mafic magma leading to the

Total: 10
Radius: 4

270°

Average direction : 326°

Figure4  Rose diagram of the strike of dyke swarms in Tuoli County.

formation of the dykes. The undeformed and unmetamorphosed
mafic dykes are usually vertical, with stable strike and are of great
importance in geological comparison (Hou et al., 2005; Xiao
et al., 2009).

A series of mafic dyke swarms, generally parallel, are well
developed in the North Tianshan area. The dykes are typical
dolerites and algovites, and most of the dykes are subvertical
without deformation and metamorphism. K-Ar dating shows that
they were formed in the Late Permian (National Geoscience
Database, www.geoscience.cn). The Tuoli dyke swarm (Fig. 3c),
60—80 km south of Urumgi city, is vertical or slightly east dipping
(Figs. 3 and 4). From the rose diagram of these dykes, the average
strike is estimated as 326 degrees (Fig. 4), which indicates the
maximum principal compressive stress direction is NW—SE (about
326 degrees, Xiao et al., 2009).

3.2. Folds

B analysis of the fold limbs provides an average estimate of the
trends of the axial plane and limbs, which further indicates the
direction of the maximum principal stress axes. In general, the
occurrence of axial plane is perpendicular to the maximum prin-
cipal compressive stress direction when the folds are simple and
the axial planes are almost vertical (Ramsay and Huber, 1987;
Wan, 1988; Xiao et al., 2009). In a subduction to collision setting,
as in the Junggar Basin, folds may initially develop due to
buckling (strictly pure shear type), but non-coaxial deformation
may lead to reorientation of folds.
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Table 1  Palaeostress tensors from stress-response structures data in Fukang—Tianchi route.
Site Location Data  Stratigraphic ~ Principal Dip Dip angle (°) n R Graphical
Longitude (E)  Latitude (N) type  position stress axes  direction (°) solution
FTO1  88°07'30” 43°54'18" 1 C-P ) 328 17 18 0.52 Fig. 5a
0> 066 23
o3 204 60
FT02  88°07'51” 43°54'00" 1 C-P gy 319 15 13 049 Fig. 5b
0> 056 27
g3 203 58
FT03  88°04'48” 43°57'36" 2 C—P gy 333 06 10 056 Fig. 5c
(23 176 82
g3 063 02
FT04  88°04'57" 43°57'36" 3 J Fig. 5d
FTO5  88°04'50" 43°57'40" J g 352.6 15.2 40
FT06  88°04'32" 43°57'47" J (23
FT07  88°04'44” 43°57'42" J 03
FT08  88°03'40” 44°00'12" J
FT09  88°03'40” 44°0024" 3 J gy 163.3 134 35 Fig. 5e
FT10  88°04'04” 44°01'10" J (23
FT11  88°04'12" 43°01'50” J 03

0y: maximum principal compressive stress; g,: intermediate principal compressive stress; ¢3: minimum principal compressive stress. Date type:
1 — fault plane with slickenside; 2 — conjugate joints; 3 — folds; R — the ratio of principal stress differences; R =(g, — 03)/(6; — 03); C—P for

Carboniferous—Permian and J for Jurassic.

In the field, we measured and obtained data from 75 folds and
divided them into two groups based on their locations. The
average angle of axial planes is about 75 degrees, from which we
could estimate the maximum principal compressive stress direc-
tion (Table 1).

3.3. Faults and conjugate joints

Filed investigation on the kinematics was conducted in the study
area and the palaeostress tensors were obtained by the applica-
tion of a stress inversion technique (described in Delvaux and
Sperner, 2003) on fault measurements and conjugate joints
(Fig. 3a and b).

The inversion method is based on the assumption that (a) the
stress field is uniform and invariant in space and time, and (b)
slip on a plane occurs in the direction of the maximum resolved
shear stress (Bott, 1959; Etchecopar et al., 1981; Delvaux and
Barth, 2010). Striae on a fault plane, such as slickenside linea-
tions (Fig. 3b), may be used to infer the sense of relative
movement between the footwall block and the hanging wall
block of a fault (Doblas, 1998). Slickensides thus provide the
essential tool for stress tensor calculations based on the
assumption mentioned above and parameters computed of the
reduced stress tensor, as defined by Angelier (1989): the prin-
cipal stress axes ¢; (maximum compression), g, (intermediate
compression) and o3 (minimum compression), and the ratio of
principal stress differences R = (o, — 03)/(6; — 03) (Angelier,
1979; Delvaux et al., 1995; Manby and Lyberis, 1996). The four
parameters are determined using successively improved version
of the Right Dihedron method and a rotational optimization
method (Delvaux and Sperner, 2003). These two methods have
been successfully applied in many regions (Delvaux, 1993;
Delvaux et al., 1995; Zaineldeen et al., 2002; Foeken et al.,
2006; Ferroni et al., 2008).

The method also allows the use of compressional and tensional
joints for estimating the four parameters of the stress tensor.
However, as to conjugate joints, if the strata are horizontal, we can
calculate them directly. If not, the strata leveling must be done
before analysis (Rawnsley et al., 1998; Arlegui and Simon, 2001;
Eyal et al., 2001). The data in this paper have been adjusted by
using the StereoNet program (Version 3.06).

In the field, we measured and obtained 41 faults with slick-
ensides data, divided them into three groups, calculated them with
the method described in Delvaux and Sperner (2003) (Fig. 5), and
the palaeostress tensors were obtained (Table 1).

3.4. Palaeostress reconstruction

The palaeostress reconstruction in the study area is conducted
along the Fukang—Tianchi route and Urumqi—Tuoli route with
the rotational optimization method (described in Delvaux and
Sperner, 2003; Table 1; Figs. 5 and 6).

The fault and slickensides are well developed in the Car-
boniferous—Permian strata in the North Bogeda Mountain and
South Tuoli County, which are not seen in the Triassic—Quater-
nary strata. Furthermore, the Mesozoic and Cenozoic tectonic
stress fields were established in this area, with the maximum
principal stress (compression) direction as near N—S and
NE—NNE (Tao, 1992; Wu et al., 2000; Xiao et al., 2009).
Therefore the end Late Paleozoic tectonic stress field could be
confirmed and reconstructed (NW—SE direction; Table 1 and
Fig. 5).

The conjugate joints developed in the Carboniferous—Permian
strata also record this stress field (Table 1; Figs. 5 and 6). The age
of the dyke swarm in this area also define an end Late Paleozoic
stress field (Fig. 4). However, the folds occur in the Jurassic strata,
and therefore they represent tectonic deformation which is broadly
contemporaneous with or younger than Jurassic. These folds
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Figure 5 Graphical solutions of palaeostress tensors in the
Fukang—Tianchi route. Slip lines: black dot with outward arrow for
normal faulting, inward arrow for reverse faulting and double arrows
for strike-slip faulting. Stress inversion results are represented by the
orientation of the three principal stress axes; a dot surrounded by
a circle for g4, a triangle for g,, and a square for 3. The related Symax
and Sy, are represented by large arrows outside the stereogram.
White arrows when o3 is subhorizontal (always Symin), green arrows
when ¢, is subhorizontal (either Symin OF Symax)> red arrows when g is
subhorizontal (always Symax). Outward arrow indicates extensional
deviatoric stress and inward arrow indicates compressional deviatoric
stress.

might record the Mesozoic tectonic stress field based on the
maximum principal stress direction (Table 1 and Fig. 5).

According to the analysis above, the direction of maximum
principal stress axes (o) in the southern edge of Junggar Basin
during the end Late Paleozoic period is estimated as NW—SE
(Figs. 3, 5 and 6; Table 1).

4. Discussion

4.1. Stress regimes

The stress regimes can be used to define the tensor type (Delvaux
et al., 1995, 1997). The stress regime is defined by the vertical
stress axes; if o is vertical, it is extensional, and if o, is, then it is
strike-slip, and it is compressive if the vertical axes is os.
Furthermore, the stress regime has a relation with the ratio of
principal stress differences R (Fig. 7).

The stress index R’ is defined from a combination of the stress
ratio R and the nature of the most vertical principal stress axes
(Delvaux et al., 1997; Delvaux and Sperner, 2003), and it can
define all types of stress regimes systematically. It is ranging from
0 to 3 as follows: R* = R when o, is vertical (extensional stress
regime), R* = 2 — R when o, is vertical (strike-slip stress regime)
and ' = 2 + R when g3 is vertical (compressive stress regime)
(Delvaux et al., 1997; Delvaux and Sperner, 2003; Zhang and
Wang, 2004).

A continuous scale ranging from 0 to 1 is defined for normal
faulting regimes, from 1 to 2 for strike-slip regimes and from 2 to
3 for thrust faulting regimes (Delvaux et al., 1995; Delvaux and
Barth, 2010).

The stress index R’ in the study is about 1.44 to 2.52 (Table 2),
with an average of 2.09, suggesting variation from strike-slip to
compressive stress regime in the southern edge of Junggar Basin
during the end Late Paleozoic.

The angle of o3 calculated from the faults is inclined up to
31 degrees in average from the vertical (Figs. 5 and 6), which may
indicate there is the action of shearing traction acting along the
air-earth interface to some extent. Therefore, at shallow depths,
the angle o3 need not to be perpendicular to the earth’s surface.
The angle of axial plane of folds also shows the existence of little
shearing traction (Fig. 5).

4.2. Driving force

During the Late Carboniferous to Early Permian, only a remnant
part of the Junggar Ocean was still in the subduction in the inner
part of the orocline (Xiao et al., 2010). The closure of the basin
was accommodated by the development of strike-slip faults and
dextral kinematics in Tianshan (Laurent-Charvet et al., 2003;
Wang et al., 2007) and sinistral kinematics in Altai (Charvet et al.,
2007).

The end of Paleozoic is characterized by transcurrent tectonics.
Since the Permian, sinistral strike-slip along the Irtysh fault and
dextral strike-slip along the Tianshan shear zones accommodated
the counterclockwise rotation of south Junggar with respect to
Siberia (Wang et al., 2007; Choulet et al., 2010; Fig. 8); and the
accommodated motion was completed till Cretaceous and possibly
Middle Triassic time (Lyons et al., 2002). Therefore, the accom-
modated rotation among these plates might cause this stress field
in the study area and even in the whole Junggar terrain during the
end Late Paleozoic.
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Figure 6  Graphical solutions of palaeostress tensors in the Urumgi—Tuoli route. a: faults with slickensides in the Carboniferous strata of
the Urumgqgi—Tuoli route; b: isodensity map of the maximum principal stress derived from conjugate joints, south of Tuoli County (Xiao et al.,
2009).
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Figure 7

Types of stress regimes and their representation in map view (after Delvaux et al., 1995). Arrows indicate the azimuth of horizontal

stress axes, with their length according to the relative stress magnitude. While outward arrows indicate extensive deviatoric stress axes and black
inwards arrows indicate compressive deviatoric stress axes. Vertical stress axes are symbolized by a solid circle for extensive regimes (g, vertical),
a dot for strike-slip regimes (o, vertical) and an empty circle for compressive regimes (g5 vertical).

Table 2

Stress inversion results of fault plane with slickensides and conjugate joints.

Box definition

Tectonic stress regime

Horizontal stress axes SH

Site Types Number Regime R R SHmax S
FTO1 1 18 TF 0.52 2.52 131 041
FT02 1 13 TF 0.49 2.49 132 042
FT03 2 10 SS 0.56 1.44 163 073
UT 1 12 SS 0.09 1.91 128 038

The stress regime: NF, normal faulting; SS, strike-slip faulting; TF, thrust faulting; NS, intermediate between NF and SS; TS, intermediate between SS
and TF. Date type: 1 — fault plane with slickensides; 2 — conjugate joints.

260Ma

Irtysh-Zaisan

Tianshan

Early Paleozoic
Kazakhstan

Devonian volcanic arc E

Precambrian craton
Carboniferous arc
Back-arc basin Accretionary wedge

Fold-and-thrust belt Oceanic domain

AR[-IEE

Strike-slip fault

Figure 8  Tectonic map of Eastern Central Asia during the end Late
Paleozoic period (after Van der Voo et al., 2008).

5. Conclusions

The tectonic stress field in southern edge of Junggar Basin is
reconstructed with stress-response structures (dykes, conjugate
joints, faults with slickenside and folds), the average occurrence of
maximum () principal compressive stress is 16/324 (dip angle/
strike), the average intermediate (g,) principal compressive stress
is 25/62 (dip angle/strike), and the average minimum (o3) prin-
cipal compressive stress is 59/203 (dip angle/strike). The
accommodated motion among plates is inferred to be the cause of
this stress field in the southern edge of Junggar Basin during the
end Late Paleozoic.

The stress index R’ in the study area is about 1.44 to 2.52, with
an average of 2.09, thus the stress regime of the southern edge of
Junggar Basin is a variation from strike-slip to compressive.

The reconstruction of the tectonic stress field in the southern
edge of Junggar Basin at the end Late Paleozoic provides insights
into the tectonic deformation processes around the southern
Junggar Basin and sheds light on a further understanding of the
basin evolution and tectonic settings during that period.
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