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Abstract Meso-Cenozoic extensional structures are

important for understanding the tectonics of the Chinese

Central Asia. This paper presents a systematic investigation

on the Meso-Cenozoic extensional structures in the Northern

Tarim Basin. Close interpretations of seismic data reveal

that the Meso-Cenozoic extensional structures were widely

developed in the Northern Tarim Basin. These extensional

structures are regionally composed of many small normal

faults, which usually group into left- or right-step en echelon

and form several transtensional fault zones. Combinations of

normal faults in profile become small graben-horst or

staircase-like cross-sections. Based on the areal distribution,

structural style, combination relationship, formation and

evolution time, and formation mechanism of the extensional

structures, we found that the Meso-Cenozoic extensional

structures in Northern Tarim Basin can be classified into two

conjugate normal fault systems, which were formed sepa-

rately in Jurassic-Early Cretaceous and Late Cretaceous-

Neogene. The former is likely associated with the stress

relaxation after a collisional orogeny accompanied with a

certain degree of anticlockwise rotation of the Tarim block

relative to the South Tianshan; the latter is possibly induced

by the east by south tectonic escape of the Tarim block with

a certain degree of clockwise rotation relative to the South

Tianshan triggered by the far-field effect of the Himalayan

orogeny.

Keywords Northern Tarim Basin � Seismic profile �
Meso-Cenozoic extensional structure � Transtensional fault

zone � Post-orogenic stress relaxation � Tectonic escape

Introduction

Tarim Basin is one of the large Meso-Cenozoic hydrocar-

bon-bearing basins in Central Asia (Fig. 1). The whole

Central Asia including the Tarim block was in the Late

Cenozoic regional strong compressional tectonic regime

controlled by the far-field effect of the Himalayan orogeny

(Guo et al. 1992; Sobel and Dumitru 1997; Li et al. 2001b).

Compressional tectonics abnormally developed with scarce

extensional structures. Typical compressional thrust struc-

tures developed in the Late Cenozoic orogenic thrust belt in

the periphery of the Tarim Basin (Allen et al. 1999; Scharer

et al. 2004; Lu et al. 1994, 2000; Liu et al. 2000; Chen et al.

1998; Jia et al. 1997; Li et al. 2001b, 2008; Sun et al. 2002;

Yang et al. 2010; Zheng et al. 2007; Tang et al. 2004;

Wang et al. 2002, 2009). The orogenic belts surrounding

the Tarim Basin, either developed during the collisional

orogenic period in Paleozoic or the mountain building

stage in Late Cenozoic, were all created under regional

compressional tectonic background, and thus compres-

sional thrust structures are dominant and became the focus

of attention (Sobel and Dumitru 1997; Yin et al. 1998;
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Bullen et al. 2001; Li et al. 2009, 2010; Zhang et al. 1996).

Investigations on structural deformation within the Tarim

Basin are also focused on the compressional thrust struc-

tures (Zheng et al. 2009; Meng et al. 2008). Few Meso-

Cenozoic extensional structures have been investigated in

the study area, in spite of some early studies on Meso-

Cenozoic extensional structures along the Yaha and Luntai

fault zones (1 and 2 in Fig. 3) (Tang et al. 1999; Tang and

Jin 2000; Wei et al. 2001). This paper presents a systematic

investigation on the Meso-Cenozoic extensional structures

in the Northern Tarim Basin.

Northern Tarim Basin is hydrocarbon-rich with several

important oil and gas accumulations (Figs. 1, 2, 3). With

the extensive oil and gas exploration, the improving pre-

cision of seismic data, and especially the constantly

increasing of the 3D seismic coverage area, we are able to

characterize more finely the structural deformations within

the basin.

Careful interpretation of the seismic data discovers the

extensive development of the Meso-Cenozoic extensional

structures in the Northern Tarim Basin (Figs. 1, 2, 3). A

large number of small normal faults arrange in left- or

right-step en echelon and can be grouped into four sets of

transtensional fault zones (Figs. 3 and 10), and further

combined into two conjugate normal fault systems

(Fig. 10). This paper will depict the features of the Meso-

Cenozoic extensional structures in the Northern Tarim

Basin and discuss their formation and evolution, as well as

their formation mechanism.

Generations of the Meso-Cenozoic extensional

structures in the Northern Tarim Basin

Table 1 is a concise (seismic) stratigraphic chart of the

Northern Tarim Basin. It is a basic stratigraphic criterion

for the interpretation of seismic data and description of the

Meso-Cenozoic extensional structures. Correlations of

important seismic reflection surfaces with lithostratigraphic

units and chronostratigraphic units in the table are based on

Jia et al. (1992, 2004) and Wang (1992).

In Northern Tarim Basin, the well-developed Meso-

Cenozoic normal faults usually are in en echelon and

gather into transtensional fault zones (Fig. 3). As shown in

profile, they form graben-horst or staircase-like cross-sec-

tions. Below some of the normal fault zones, there are large

faults (for example the Yaha and Luntai faults; see Fig. 3),

which indicate that the structural development in Meso-

Cenozoic was specifically intensified by the preexisting

fault structures. However, the development of normal

faults is not confined to the areas having deep fault struc-

tures. A large number of Meso-Cenozoic normal faults did

develop in areas with no preexisting deep faults (such as

areas to the south of Sangtamu Oilfield) (Fig. 3). Our

results show that there are two generations/stages of Meso-

Cenozoic extensional structural development in the

Northern Tarim Basin. The first stage is from the Jurassic

to Early Cretaceous (colored blue in Fig. 3), occurred

mainly in the eastern part of Lunnan Lower Uplift (I1 in

Fig. 3). The second is from the Late Cretaceous to

Fig. 1 Tectonic framework of the Tarim Basin and its vicinity
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Early-Middle Neogene (colored red in Fig. 3), developed

in the western and northern parts of Tabei Rise (I2 and I3 in

Fig. 3) and with minor influence in the eastern part of

Lunnan Lower Uplift.

Post-Triassic Meso-Cenozoic extensional structures

in the Northern Tarim Basin

In Northern Tarim Basin, the contact between Meso-

Cenozoic and pre-Mesozoic is an important unconformity

with varying stratigraphic hiatus. The Permian magmatism

brought further an uneven surface to the top of Permian (Tg

in Table 1). All these factors prevent us to determine the

initiation time of the Meso-Cenozoic extensional structures

from the seismic profiles. Therefore, the definition of the

onset of extension has to depend on the investigation of the

closely related thrust structures, which were certainly

formed earlier than the onset of extension.

In Lunnan region, there are three fault zones, namely

the Lunnan, Sangtamu, and Lunxi (3, 4, and 5 in Fig. 3).

They are capable of providing distinct records of thrusting

event. The Sangtamu fault zone (Fig. 4) records especially

the initiation of thrusting at the terminal Permian–Early

Triassic.

The 3D seismic profile crossing the Sangtamu fault zone

(Fig. 4) shows that the fault zone comprises two faults: one

on the north and the other on the south. Under the control

of the thrusting of the two faults, the strata between them

were folded into anticlines. The fault displacements are

large below the Tg reflection surface (Fig. 4b), but small

above and even too small to be recognized where only

folding can be seen. The amplitudes of anticlines below the

Fig. 2 A geologic section crossing the Tarim Basin from north to south

Fig. 3 Distribution of normal fault zones in the Tabei Rise: I Tabei

Rise; I1 Lunnan Lower Uplift; I2 Luntai Uplift; I3 Yingmaili Lower

Uplift; II-Kuqa Depression. Normal faults of the Jurassic-Early

Cretaceous stage are shown in blue color and the Late Cretaceous-

Neogene stage in red color. The names of fault zones are: 1 Yaha; 2
Luntai; 3 Lunnan; 4 Sangtamu; 5 Lunxi
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Tg surface are obviously larger than those above the Tg

surface. The Paleozoic anticlines are consistent and have

larger amplitudes, whereas the kernels of anticlines display

obvious erosion and absence of many strata. The ampli-

tudes of anticlines above the Tg surface decrease gradually

and finally disappear at the top of Triassic, T8-3 (Fig. 4b).

Therefore, it is evident that the Sangtamu fault zone as well

as its associated anticlines were active in the terminal

Permian–Early Triassic and the thrusting ceased at the end

of Triassic.

According to the evolution of Sangtamu fault zone,

it is likely that the tectonic regime of the Northern

Table 1 Concise (seismic)

stratigraphic chart of Tabei

Rise, Tarim Basin (modified

after Jia et al. 1992, 2004; Wang

1992)

Chronostratigraphic unit Lithostratigraphic unit 

Code number of 

seismic  

reflection surface 

Quaternary (Q) 
mFuyiX

Kuqa Fm 

Neogene (N) 

Pliocene (N2) 

Miocene (N1) 
Kangcun Fm 

Jidik Fm 

Paleogene (E) 

mFiyivuS)3E(enecogilO

Eocene (E2) 
Kumglim Fm 

Paleocene (E1) 

Cretaceous (K)  

mFgnehcuG)2K(reppU

Lower (K1) 

Bashijilik Fm 

Kapushaliang 

   Group 

Baxigai Fm 

Shushanhe Fm 

Yageliemu Fm 

Jurassic (J) 

Upper (J3) 
mFazaraK

Qigu Fm 

Middle (J2) 
Qakmak Fm 

Kezilenul Fm 

Lower(J1) 
Yangxia Fm 

Ahe Fm 

Triassic (T) 

Upper (T3) 
mFekiqilaT

Huangshanjie Fm 

Middle (T2) Kelamayi Fm 

Lower (T1) Ehuobulake Fm 

Permian (P) 

Lopingian (P3) 
Shajingzi Fm 

Guadalupian (P2) Kaipaizileike Fm 

Kupukuziman Fm 

Cisuralian (P1) 
Nanzha Fm 

Carboniferous (C) 

Pennsylvanian (C2) 
mFiziahoaiX

Karashayi Fm 

Mississippian (C1) 
Bachu Fm 

Donghetang Fm 

Devonian

nairuliS

naicivodrO

nairbmaC

nairbmacerP

T2

T3

T5

T6

T7

Tg3

Tg2

Tg

T8-3

T8-2

T8

Tg4

Tg5

Tg6

Tg8
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Tarim Basin during the terminal Permian–Triassic was

compressional. The typical structural deformations are

represented by thrust faults and related folds, and the

Meso-Cenozoic extensional structures are likely formed

after the Triassic.

Jurassic-Early Cretaceous extensional structures

The Jurassic-Early Cretaceous normal faults are mainly

seen in the eastern part of Lunnan Lower Uplift (I1 in

Fig. 3) and are rare on the Luntai Uplift (I2 in Fig. 3).

Fig. 4 The N–S trending 3D seismic profile crossing the Sangtamu and Lunnan fault zones: a original and b interpreted (location of the profile

shown in Fig. 3; code number of seismic reflection surface shown in Table 1)

Fig. 5 A–A0 seismic profile in the Lunnan Lower Uplift: a original,

b interpreted, c growth indices of the F1 fault: a Upper Permian;

b Triassic; c Lower Jurassic; d Middle and Upper Jurassic;

e Cretaceous (location of the profile shown in Fig. 3; code number

of reflection surface shown in Table 1)

Fig. 6 B–B0 seismic profile in the eastern side of the Lunnan Lower

Uplift: a original, b interpreted, and c growth indices of F1 fault:

a Upper Triassic; b Jurassic; c Lower Cretaceous; d Upper Creta-

ceous. In b, Ta surface is the highest stratigraphic level being

disconnected; Tb is the surface selected within Triassic for the

calculation of growth indices (location of the profile shown in Fig. 3;

code number of reflection surface shown in Table 1)
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A–A0 cross-section is an ENE trending 3D seismic

profile located in a Meso-Cenozoic normal fault zone

(Figs. 3, 5). The normal fault zone comprises regionally a

series of small normal faults, which arrange in right-step en

echelon and constitute a left-lateral transtensional fault

zone. In profile, several normal faults with similar dip

direction show staircase-like sections and those with dif-

ferent dip directions constitute small graben-horst struc-

tures. The disconnections of normal faults extend upward

into the lower part of Jurassic and downward into Car-

boniferous. The faults clearly cut the base of the Permian

(Tg2) and intrude into the Carboniferous (Fig. 5b), where

the fault displacements quickly decrease and disappear.

Some faults are thrust faults in the lower part but normal

faults in the upper part (see the fault in the right most of

Fig. 5b). This phenomenon indicates that early thrusting

may occur.

In order to reveal the evolution of a fault from a seismic

profile, the growth index method (Tang and Jin 2000; Wei

et al. 2001) is used. The index is commonly used in

describing the formation and evolution of a fault, espe-

cially a normal fault, when the stratigraphic units on both

sides of the fault did not experience erosion after deposi-

tion. The growth index is a ratio of the thickness of

stratigraphic unit on the throw side to that of the uplift side.

The equation of the growth index is

Ei ¼ H1=H2:

Here, Ei is the growth index, H1 the thickness of a strati-

graphic unit on the throw side, and H2 the thickness of the

same stratigraphic unit on the uplift side. If Ei = 1, the

thicknesses of a stratigraphic unit on the two sides of a fault

are equal and signify that during the deposition of the

stratigraphic unit the fault was not active. When Ei [ 1, the

thickness of a stratigraphic unit on the throw side is larger

than that on the uplift side and reveals that the fault was

active during the deposition of the stratigraphic unit. The

larger the value of Ei is, the stronger the activity of the

fault becomes.

In order to study the evolution of the faults in A–A0

seismic profile, growth indices of F1 fault were calculated

(Fig. 5c). The probable existence of the Permian–Triassic

thrust structures is outside the scope of this paper and is

not considered here. The fault throws of the top and

bottom of the Triassic on the two sides of the fault are

the same; therefore, the thicknesses of Triassic on the two

sides of the fault are equal (a and b in Fig. 5c) and the

growth index is 1.00, indicating that the normal fault was

not active in the Triassic. In Lower Jurassic, the differ-

ence in strata thicknesses between two sides of the fault

is obvious and the thickness on the throw side is obvi-

ously larger than that on the uplift side and the growth

index is 1.14 (c in Fig. 5c). The fault does not cut the

Middle-Upper Jurassic and strata above (d and e in

Fig. 5c), and the growth index is 1.00. These indices

indicate that the fault zone occurred at Early Jurassic and

stabilized quickly with a short evolution and is typically

representative of the Jurassic extensional structures in the

Tabei region.

The occurrence of this normal fault zone is likely one of

the most reliable evidences of the Jurassic extensional

structures in the study area.

B–B0 profile is a nearly N–S trending 3D seismic profile

in the eastern part of the Lunnan Lower Uplift (I1 in

Fig. 3). Along the profile, there are many small normal

faults, which arrange in left-step en echelon and constitute

a nearly N–S trending right-lateral transtensional fault zone

(Figs. 3, 6).

The normal faults cut downward into the Paleozoic

through Tg reflection surface and become unclear (Fig. 6b).

Upwardly, they cut the Middle Cretaceous, but do not

affect the Upper Cretaceous. The dip angle of the faults

changes near the T8-3 reflection surface, steeper above and

gentler below (Fig. 6b), and is likely resulted from a kind

of fault refraction due to the lithological variation. Drilling

data in the area show that rocks of the Jurassic are mainly

sandstone and those of the Triassic are mostly mudstone.

The Triassic rocks are relatively softer than the Jurassic

rocks and this is likely the cause of the changes of dip

angle of faults near T8-3. The F1 fault and the fault on its

left side (Fig. 6b) constitute a small graben, whereas F1

and faults on its right side form staircase-like fault group.

In order to analyze the fault evolution, growth indices of F1

are calculated (Fig. 6c).

Growth index of the Upper Triassic (a in Fig. 6c) is

1.00, indicating that the normal fault was not active.

However, growth index of the Jurassic (b in Fig. 6c) is

1.04, signifying the onset of the normal faulting. The

growth index 1.11 of the Lower Cretaceous (c in Fig. 6c) is

the largest, representing the faulting entered the peak stage

of extension. However, the Upper Cretaceous (d in Fig. 6c)

was not influenced by the faulting since the growth index is

1.00, suggesting that the faulting had ceased.

The formation times of the normal faults in B–B0 and

A–A0 profiles are the same at the Jurassic, but the duration

of the faulting in B–B0 profile is longer. They are likely the

fault structures formed in the same period and under an

identical structural stress field.

In the later of this extensional stage, the influence of the

extension extended to the Luntai Uplift (I2 in Fig. 3), since

in the Yaha fault zone occur not only the Late Cretaceous-

Neogene extensional structures but also the Early Creta-

ceous extensional structures (as shown in D–D0 profile in

Fig. 7, see text below).
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Late Cretaceous-Neogene extensional structures

Late Cretaceous-Neogene extensional structures are widely

developed in the midwestern and northern parts of the

Tabei Rise (I in Fig. 3), and the Meso-Cenozoic exten-

sional structures along the Yaha and Luntai fault zones

(1 and 2 in Fig. 3) were recognized more than 10 years

ago, because they are large (the fault displacements are up

to hundred meters) (Tang et al. 1999; Tang and Jin 2000;

Wei et al. 2001). New and high precision seismic explo-

ration data, especially the 3D seismic exploration data,

reveal that the Late Cretaceous-Neogene normal faults are

widely distributed in the Tabei Rise and not confined to the

Yaha and Luntai fault zones. The Meso-Cenozoic normal

faults developed along the Yaha fault zone are resulted

from two extensional stages: the Early Cretaceous normal

fault activity likely belongs to the Jurassic-Early Creta-

ceous stage and the two Neogene normal fault activities are

related to the Late Cretaceous-Neogene stage.

D–D0 profile (Figs. 3, 7) is a nearly N–S trending 3D

seismic profile crossing the Yaha fault zone. In profile, F1

is the major fault (Fig. 7b), F2–F5 are likely the faults

derived in the later stage of the Yaha faulting, and F6 is a

sub-fault associated with the early thrusting stage of the

Yaha faulting (Fig. 7b). The Meso-Cenozoic normal faults

along the Yaha fault zone constitute generally a small

graben. From the seismic profile, the Cretaceous (T8-2 in

Table 1) overlies unconformably on the Lower Paleozoic

and even Precambrian (Tg8), highlighting the great sedi-

mentary gap between them (Fig. 7b). The major fault F1

exhibits thrust feature below the Cretaceous, but above the

Cretaceous, it converts to normal fault. Collectively, F1

assumes the characteristics of a negative reversal structure.

The bases of Paleozoic on the two sides of the fault are

very close to each other, suggesting that the early thrusting

was almost completely reversed (Fig. 7b).

The sub-fault F6 formed in the same time as the early

thrusting of F1 (Fig. 7b) but was later stabilized and not

Fig. 7 D–D0 seismic profile crossing the Yaha fault zone: a original,

b interpreted, and c growth indices of F1 fault: a Kapushaliang

Group; b Bashijiqike Formation-Gucheng Formation; c Kumglim

Formation-Suviyi Formation; d Jidik Formation; e Kangcun

Formation; f Lower-Middle Kuqa Formation; g Upper Kuqa Forma-

tion and Quaternary (location of the profile shown in Fig. 3; code

number of reflection surface shown in Table 1)

Fig. 8 C–C0 seismic profile in the western Lunnan Lower Uplift:

a original, b interpreted, and c the growth index of F1 fault:

a Jurassic; b Lower Cretaceous; c Upper Cretaceous; d Paleogene;

e Neogene and strata above (location of the profile shown in Fig. 3;

code number of reflection surface shown in Table 1)
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being negatively reversed. This convincingly proves the

existence of the early thrusting. Based on F1, the growth

indices of the Meso-Cenozoic normal faults will be cal-

culated and the evolution discussed.

The Cretaceous covered directly and unconformably on

the Cambrian with a great stratigraphic gap between them.

Before the deposition of the Cretaceous, the study region

remained in a prolonged uplift-erosion period and the fault

extension did not occur. In the Early Cretaceous, the

thicknesses of the Kapushaliang Group on the two sides of

the Yaha fault differ greatly (Fig. 7b): the thickness in the

throw side is twice the thickness in the uplift side and

the growth index is 2.00 (a in Fig. 7c), highlighting the

inception of the extension. Later on, the thicknesses of

Bashijiqike Formation-Gucheng Formation of Middle-Late

Cretaceous (b in Fig. 7c) and Kumglim Formation-Suviyi

Formation of Paleogene (c in Fig. 7c) on the two sides of

the fault are identical with growth index 1.00, signifying

the faulting ceased. During the deposition of the Neogene

Jidik Formation (d in Fig. 7c), the Yaha fault extended

once again with a growth index of 1.38. During the

deposition of the Kangcun Formation, the Yaha faulting

stopped again with a growth index of 1.00 (e in Fig. 7c).

Until the deposition of the middle-lower Kuqa Formation (f

in Fig. 7c), the third extension of the Yaha fault happened

and the growth index is 1.08.

The first extension of the Yaha fault, corresponding to the

normal faulting during the deposition of the Early Creta-

ceous Kapushaliang Formation, produced the Jurassic-Early

Cretaceous extensional structures. The second extension,

including the normal faultings happened during the deposi-

tion of Jidik Formation and Middle-Lower Kuqa Forma-

tion, affiliates to the Late Cretaceous-Neogene extensional

structures.

C–C0 profile is a 3D seismic profile trending NE–SW in

the Halahatang region in the west of Lunnan Lower Uplift

(I1 in Figs. 3, 8). The regional distribution of the small

normal faults is left-step en echelon and forms a NNE

trending right-lateral transtensional fault zone (Fig. 3), and

in profile form a series of small graben-horst structures

(Fig. 8b). The normal faults downwardly pass through the

Tg surface and become unclear after entering Permian.

Upwardly, they disconnect the T8 surface and enter the

Paleogene, and at most, may reach the base of the Neogene

(T6 in Fig. 8b). The growth indices calculated from the

F1 fault (Fig. 8b) are used to reveal the evolution of the

normal faults.

The Jurassic and Lower Cretaceous on the two sides of

F1 are equal in thickness (a and b in Fig. 8c) with a growth

index of 1.00, indicating that the extension did not happen

at that time. From the Upper Cretaceous upward, difference

between the strata thicknesses on the two sides of the fault

appears (c in Fig. 8c) and the growth index is 1.07,

showing that the extension had started since the Early

Cretaceous. The extension persisted up till the Paleogene,

since the strata thicknesses on the two sides of the fault are

different and have a growth index of 1.08 (d in Fig. 8c).

The fault upwardly disconnects strata up till T6 (Fig. 8c),

and after disconnecting Paleogene, it does not cut the

Neogene and the strata above; therefore, the growth index

of Neogene and strata above is 1.00 (e in Fig. 8c), signi-

fying the ending of the extension.

Late Cretaceous-Neogene extensional structures also

developed in the western part of the Tabei Rise. E–E0

profile (Figs. 3, 9) is a nearly N–S-directed 3D seismic

profile in the west end of the Luntai Uplift (I2 in Fig. 3). It

reveals that along a salt bed at the base of the Paleogene

(above and close to the T8 surface in Fig. 9b) developed a

distinct bedding detachment fault. Normal faults are seen

below the bedding detachment fault, but only thrust faults

are recognized above (Fig. 9b). The thrust faults are likely

the derivative faults of the bedding detachment fault. The

Fig. 9 E–E0 seismic profile in

the western Tabei Rise:

a original and b interpreted; Ta

is a reflection surface within the

Neogene Jidik Formation

(location of profile shown in

Fig. 3; code number of seismic

reflection surface shown in

Table 1)
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normal faults below are truncated by the bedding detach-

ment fault (Fig. 9b). It is not clear if the normal faults

cut the strata above the detachment fault. Therefore, the

complete evolution of the normal faults cannot be directly

delineated; however, the evolution process can be analyzed

through the determination of the upper and lower time

limits of the evolution of the normal faults.

The normal faults disconnect the T8-2 and T8 surfaces,

and the thicknesses of the Cretaceous on the throw side and

uplift side are the same (Fig. 9b) with a growth index of 1;

therefore, the extension did not occur in Cretaceous. The

normal faults were formed likely after the deposition of

Cretaceous. Then, when did the normal faulting stop?

The normal faults are truncated by the bedding detach-

ment fault along the Paleogene salt bed; therefore, the

bedding detachment fault and associated thrust faults cer-

tainly formed later than the formation of the normal faults.

The timing of the formation of the bedding detachment

faults and its associated thrust faults may define the upper

limit of the formation time of the normal faults.

Determination of the formation time of the bedding

detachment fault is based on its derived faults and folds.

Along the E–E0 profile (Fig. 9), Ta is a reflection surface

within the Neogene Jidik Formation, and the Ta surface

deforms at the same pace as the strata between Ta and the

bedding detachment fault, including the detachment anti-

cline and thrust faults. The fault displacements of the thrust

faults below Ta are the same, implying that below Ta, the

strata thicknesses on two sides of the thrust faults are equal

(Fig. 9b) and the thrust faulting did not exist. Above Ta,

the detachment folds are gradually being suppressed and

finally disappeared and the fault displacements of the thrust

faults also reduce gradually to zero and the faults finally

vanished. The highest disconnected stratigraphic level is in

the upper part of the Kangcun Formation (Table 1,

Fig. 9b). Based on the above analysis, it is certain that the

formation time of the bedding detachment fault and thrust

faults is in the middle-early stage of Neogene Jidik For-

mation, and the extension likely ended before this stage.

It can be concluded that the normal faults along the E–E0

profile were formed in Paleogene and remained active up

till Early Neogene. However, these Late Cretaceous-Neo-

gene normal faults were reversed by the development of

the Late Cenozoic South Tianshan fold-thrust belt.

The above detailed interpretation of seismic profiles

clearly shows that the formation and evolution time of

the Meso-Cenozoic extensional structures in the area can

be divided into two stages. The first stage comprises the

normal faults formed in the Jurassic-Early Cretaceous,

mainly found in the eastern part of the Lunnan Lower

Uplift and represented by A–A0 and B–B0 profiles. The

normal faults in the later stage, that is, the Late Cretaceous-

Neogene, are widely distributed in the Tabei Rise except in

the eastern part of the Lunnan Lower Uplift.

Structural stress analysis

In the study region, there are four groups of normal fault

zones, trending NS, ENE, NNE and nearly EW, and can be

Fig. 10 Tectonic stress analysis of extensional structures: a the Jurassic-Early Cretaceous stage and b the Late Cretaceous-Neogene stage

(locations shown in Fig. 3). Pairs of parallel opposite red arrows indicate the directions of transtensional stresses
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further grouped into two fault systems by the formation and

evolution times of the fault zones and by the characteris-

tics, structural style, and combination relation of the faults.

The left-lateral transtensional fault zone trending ENE

(represented by A–A0 profile) and the right-lateral trans-

tensional fault zone trending nearly NS (represented by B–

B0 profile) are a pair of conjugate fault zones and constitute

a fault system formed in the Jurassic-Early Cretaceous

(Fig. 10a). The right-lateral transtensional fault zone

trending NNE (represented by C–C0 profile) and the left-

lateral transtensional fault zone trending nearly EW form

another pair of conjugate fault zones and constitute another

fault system appeared in the Late Cretaceous-Neogene

(Fig. 10b). Structural stress analysis of the two normal fault

systems is given below.

The Jurassic-Early Cretaceous extensional structures are

mainly distributed in the eastern part of the Lunnan Lower

Uplift (I1 in Fig. 3), their regional distribution comprises a

series of small normal faults gathering into several nearly

NS and ENE trending en echelon fault zones (Fig. 10a).

The transtensional fault zone trending nearly NS was

generated by right-lateral shearing, and the transtensional

fault zone trending ENE was formed by left-lateral shear-

ing, and together, they constitute a set of conjugate

fault systems. The direction of the maximum principal

compressional stress r1 of the system is NNE–SSW

(Fig. 10a). The corresponding direction of the minimum

principal tensile stress r3 is WNW–ESE, indicating that

during the Jurassic-Early Cretaceous, the study region was

under the control of extension in WNW–ESE direction. r1

can be decomposed into two shear stresses, in which the

NS shear stress s1 is obviously larger than the EW one s2,

implying that the study region had undergone a right-lateral

shearing in N–S direction (Fig. 10a).

The Late Cretaceous-Neogene extensional structures are

widely seen in the Tabei Rise (I in Fig. 3). A series of normal

faults occur regionally in en echelon and can be divided into

nearly NNE and ENE trending normal fault zones (Fig. 10b).

The nearly NNE trending transtensional fault zone generated

by right-lateral shearing together with the ENE-directed

transtensional fault zone formed by left-lateral shearing

constitute another conjugate fault system (Fig. 10b). The

direction of maximum principal compressional stress r1 is

NE–SW and the direction of corresponding minimum prin-

cipal tensile stress r3 is NW–SE, suggesting that the study

region was extended in NW–SE direction during the Late

Cretaceous-Neogene. The r1 can be decomposed into two

shear stresses. The NS shear stress s2 is smaller than the s1

on EW direction (Fig. 10b), implying that the study region

had undergone a left-lateral shearing in E–W direction.

Fig. 11 The N–S-directed TLM-Z50 seismic profile crossing the Tabei Rise. The upper one is original and the lower interpreted (code number

of seismic reflection surface shown in Table 1)
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Discussion

As described above, the postulated origins of the Meso-

Cenozoic extensional structures are in conflict with several

other tectonic postulations in the area. For example, is it

possible that these extensional structures were resulted from

the longitudinal tension at arched area of compressional

anticlines in the forebulge of Kuqa peripheral foreland

basin? What is the relationship between the Jurassic-Early

Cretaceous extensional structures and the widely distributed

Jurassic coal measures in the South Tianshan? If the Meso-

Cenozoic extensional structures truly exist, then why it is

not able to be observed in the field? These problems will be

discussed separately below.

Relationship of the Meso-Cenozoic extensional

structures in the Northern Tarim Basin to the forebulge

of the Kuqa peripheral foreland basin

Previous studies suggested that the Meso-Cenozoic exten-

sional structures in the Tabei Rise were resulted from

longitudinal tension at arched area of compressional anti-

clines in the forebulge of the Kuqa foreland basin (Tang

et al. 1999; Tang and Jin 2000; Wei et al. 2001).

Large anticlines in the Tabei Rise were formed in late-

Early Paleozoic and evolved in Late Paleozoic, and finally set

as the forebulge of Kuqa foreland basin in the terminal

Permian–Triassic (Fig. 11b). The formation and evolution

time of these anticlines obviously did not match with that of

the Meso-Cenozoic extensional structures. Regional seismic

profiles crossing the Tabei Rise (Fig. 11) reveal that, during

the development of the Meso-Cenozoic extensional struc-

tures (J–N), no large anticlines occurred in the Tabei Rise

(Fig. 11). In addition, new seismic data indicate that the

Meso-Cenozoic extensional structures are not limited to the

arched area of the Tabei Rise (Fig. 3). Therefore, the origin

of Meso-Cenozoic extensional structures in the region cannot

be adequately explained by the local extensional structural

stress field created by the local longitudinal extension at the

arched area of the Kuqa forebulge foreland basin.

Genesis of the Jurassic-Early Cretaceous extensional

structures

The Jurassic-Early Cretaceous normal faults demonstrate

likely a regional extensional tectonic background. Besides

the normal faults, the widely distributed Jurassic coal

measures are also an important evidence of the regional

extensional structures (Bureau of Geology and Mineral

Resources of Xinjiang Uygur Autonomous Region 1993;

Wang et al. 2011; Wu et al. 1999). Jia et al. (2001) when

studying the oil and gas basins in North Tethys have sug-

gested that after the terminal Triassic-Early Jurassic

collisional orogeny, isostatic adjustments in the Cimmerian

orogenic belt would induce post-orogenic extension and

put the orogenic belt as well as the neighboring areas into

an extensional tectonic environment, and enable the for-

mation of the Jurassic normal faults in the Tarim Basin. In

addition, Chen et al. (2009) discover the Early Jurassic

extensional structures in Southeast Tarim Basin and pos-

tulated that they were resulted from the post-orogenic

stress relaxation of collisional orogeny between the

Qiangtang terrane and Laurasia continent.

We also propose that the Jurassic-Early Cretaceous

extensional structures in the Tarim Basin were resulted

from the post-orogenic relaxation in the North Tethys.

However, the difference is that we postulate that not only

the post-orogenic relaxation of the Cimmerian orogen but

also the post-orogenic relaxation of the South Tianshan

orogen may be an important element in the formation of

the Jurassic-Early Cretaceous extensional structures. This

is because (1) the post-orogenic relaxation of Cimmerian

orogen cannot reasonably reconcile the origin of all the

Jurassic-Early Cretaceous extensional structures in the

Tarim Basin. The Cimmerian collisional orogeny took

place at the terminal Triassic-Early Jurassic (Jia et al.

2001); however, the formation of the Jurassic-Early Cre-

taceous normal faults in Northern Tarim started out at the

terminal Triassic-Early Jurassic (and some seismic profiles

even indicate that the normal faults may have happened at

terminal Triassic) (Figs. 5, 6). Therefore, there is a time

discrepancy. (2) Previously, the South Tianshan collision

event was thought to take place in the Middle or even Early

Paleozoic (Wang et al. 1990; Shu et al. 2007; Gao et al.

1995; Laurent-Charvet et al. 2002, 2003; Charvet et al.

2007); however, updating geologic evidences, including

data from paleontology, isotopic chronology, mineral

deposit geology, petrology and lithogeochemistry, and

from studies on the South Tianshan indicate that the South

Tianshan paleo-ocean was not completely closed at the

terminal Permian. The time of the complete closure and the

South Tianshan collision event likely happened in the ter-

minal Permian–Triassic (Long et al. 2006; Han et al. 2006;

Zhang et al. 2005, 2007; Xiao et al. 2004, 2008, 2009,

2012; Li et al. 2001a, b, 2002, 2003, 2005, 2009, 2010).

This new point of view reconciles the temporal relationship

with the formation time of the Jurassic-Early Cretaceous

normal faults in the Tarim Basin. Therefore, it is believed

that the formation of the Jurassic-Early Cretaceous normal

faults in the Tarim Basin was not only related to the post-

orogenic stress relaxation of the Cimmerian orogenic belt

but also controlled by the post-orogenic stress relaxation of

the South Tianshan orogenic belt. The Jurassic-Early

Cretaceous normal faults in the Northern Tarim Basin

likely have closer relationship with the post-orogenic stress

relaxation of the South Tianshan orogenic belt.
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Stress analysis reveals that the Jurassic-Early Creta-

ceous extensional structures in the Northern Tarim Basin

exhibit a slight anticlockwise rotation relative to the South

Tianshan. We also noticed that previous paleomagnetic

data indicate that the Tarim block kept rotating clockwise

in millions of years in Phanerozoic (Fang et al. 1996). How

can the difference be accounted for? First of all, we have to

emphasize the difference in the basic concepts between the

two rotations. In paleomagnetic study, the rotation of the

Tarim block means that the block was rotated with respect

to the (present) longitude and latitude of the Earth; how-

ever, the rotation in this paper means only a rotation of the

Northern Tarim relative to the South Tianshan. These two

kinds of rotations do not have direct relationship and

therefore are not in contradiction. Second, the block rota-

tion revealed by paleomagnetic method is generally a

rough estimate on a large scale; however, the rotation

revealed in our study is on a small and fine scale and likely

beyond the resolution of paleomagnetic measurement.

Third, the features of structures revealed in our paper,

though on a small scale, will likely be helpful in future

paleomagnetic study on the Tarim Basin.

Our study on the Meso-Cenozoic extensional structures

in the Northern Tarim Basin indicates that the Meso-

Cenozoic extensional structures and their origin are com-

plicated and more work needs to be done in the future.

Origin of the Late Cretaceous-Neogene extensional

structures

The time of the development of Late Cretaceous-Neogene

extensional structures likely coincides with the time of the

Himalayan collisional orogeny (Gansser 1991; Beck et al.

1995; Xiao et al. 1988; Liu et al. 1993; Xu et al. 1993a, b;

Li et al. 2000). Central Asia was then under the control of a

regional compressional tectonic field. Obviously, the origin

of the Late Cretaceous-Neogene extensional structures

cannot be explained by an inexistent regional extensional

field but likely by a kind of block escape and rotation under

the regional compressional tectonic background. The

escape direction of the Tarim block was likely east by

south and accompanied by a certain degree of clockwise

rotation relative to the South Tianshan (Fig. 12).

The regional tectonics in Central Asia was extensional

since the Jurassic, but the far-field effect of the Himalayan

orogeny transformed it into a regional compressional tectonic

regime. Under this compressional tectonic background,

strong compressional thrusting happened in Central Asia. In

the meantime, tectonic adjustment among different blocks

may trigger tectonic escapes and rotations. The possible east

by south escape of the Tarim block relative to the South

Tianshan likely created a local extensional structural stress

field in the study area (Fig. 12b). Furthermore, relative to the

South Tianshan, the Tarim block likely rotated clockwise and

induced the left-lateral transtensional fault zone. Similar

transtensional fault structures were reported in the southeast

of the Qinghai-Tibet Plateau (Harrison et al. 1996). The

collision between India and Asia as well as the induced block

escape had long been taken seriously (Xiao et al. 1988;

Molnar and Tapponnier 1975; Tapponnier and Molnar 1977;

Tapponnier et al. 1982, 1986). The escape of cratonic blocks

(including North China and Yangtze) was realized by shear

slip between adjacent blocks. The escape of the Tarim block

in the Late Cretaceous-Neogene was likely a part of the

activities. Avouac and Tapponnier (1993) had inferred the

clockwise rotation of the Tarim block when they studied the

active tectonics in Central Asia. Our study likely verifies the

inferred clockwise rotation proposed by Avouac and Tap-

ponnier (1993).

The Late Cretaceous-Neogene extensional structures in

the Northern Tarim are likely a good example of exten-

sional structures occurred in a relatively limited area

located in a setting of regional compressional tectonics.

Difficulty in field observation for the Meso-Cenozoic

extensional structures in Tarim Basin and its periphery

Why the Meso-Cenozoic normal faults were not recog-

nized through field geological observation in the Tarim

Basin and its periphery? First of all, the peripheral

Fig. 12 A cartoon showing the origin of the Late Cretaceous-

Neogene extensional structures: a before the deformations and b after

the deformations. The narrow black strips in (b) represent compres-

sional areas and the white strips extensional area. The blank arrows
show the northerly wedging direction of Pamir and the east by south

escape direction of the Tarim relative to the South Tianshan. The

black arrows indicate extensional direction in the Northern Tarim and

the semicircle arrow shows the clockwise rotation direction of the

Tarim relative to the South Tianshan
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mountains of the Tarim Basin were formed by the massive

tectonic uplift during the Himalayan collisional orogeny; in

which the strong compressional thrusting modified inten-

sively all earlier deformations. Except ductile deformation,

early brittle deformations (including the Meso-Cenozoic

normal faults) were almost completely modified, and

therefore, difficult to be recognized, though scanty traces

may have been left. Secondly, Meso-Cenozoic rocks are

mainly developed in the basin but covered by the Quater-

nary desert/gobi. Therefore, the Meso-Cenozoic rocks and

the related normal faults are difficult to be observed on the

surface. Thirdly, outcrops in the area are mainly pre-

Mesozoic with a few Mesozoic-Neogene; therefore, the

possibility of discovering the Meso-Cenozoic extensional

tectonics on the surface is further reduced.

Conclusions

In the Northern Tarim Basin, the Meso-Cenozoic exten-

sional structures are widely developed. A series of small

normal faults regionally arrange in left- or right-step en

echelon and constitute several transtensional fault zones. In

profile, they group into graben-horst structures and stair-

case-like normal fault combinations.

Four groups of Meso-Cenozoic en echelon transten-

sional fault zones are revealed, trending nearly NS, ENE,

NNE, and nearly EW. They combine into two conjugate

normal fault systems: one comprises a nearly NS trending

left-step right-lateral transtensional fault zone and a ENE

trending right-step left-lateral transtensional fault zone; the

other consists of a nearly NNE trending left-step right-

lateral transtensional fault zone and an EW trending right-

step left-lateral transtensional fault zone. The two systems

represent separately the extensional structures formed in

the Jurassic-Early Cretaceous stage and Late Cretaceous-

Neogene stage.

The Jurassic-Early Cretaceous extensional structures are

part of the North Tethys Mesozoic extensional structures.

They likely linked closely to the stress relaxation imme-

diately after the South Tianshan collisional orogeny and

accompanied by a weak anticlockwise rotation of the

Tarim block relative to the South Tianshan.

The Late Cretaceous-Neogene extensional structures

were likely resulted from the mass escape with a certain

degree of rotation triggered by the far-field effect of the

Himalayan collisional orogeny. Relative to the South

Tianshan, the escape direction of the Tarim Block was east

by south with a certain degree of clockwise rotation.
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