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the eastern segment and fault block traps in western seg-
ment are favorable for hydrocarbon accumulation.
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Introduction

The Western Kunlun Orogen is located in northwestern 
margin of the Tibetan Plateau, with a length of >1000 km 
and a width of ~100  km. Owing to the loading of over-
thrusting Western Kunlun in NW Tibetan Plateau, the 
Cenozoic foreland basin deposits accumulated along the 
southern Tarim block (Matte et al. 1996). A series of out-
crops of the Cenozoic sequences in the piedmont provide 
a key for understanding the Cenozoic deformation history 
of northwestern Tibetan Plateau (Li et  al. 1996; Wan and 
Wang 2002; Wang et al. 2003; Liu et al. 2004; Jiang et al. 
2013). Moreover, as an important aspect of the foreland 
basin, the fold-and-thrust belt has great potential for hydro-
carbon exploration, with the Kekeya oil field being discov-
ered in the region at 1971 (Fig. 1). However, more recent 
oil field was not discovered since then until an exploring 
breakthrough in KD 1 well at the first row structure of the 
fold-and-thrust belt (Fusha structural belt, FSB) in 2010 
(Figs. 1, 2). The success of the KD 1 well shows that FSB 
should have good prospective for future exploration. Unfor-
tunately, the failure of some later wells (e.g., KD 101 well 
and KD 2 well) in FSB indicates the hydrocarbon accumu-
lation of this region is more complex, due possibly to the 
unclarity of the intense and complex Cenozoic deformation 
process. 

Due to the thick Quaternary loess at surface and steep 
structures at the FSB (Figs. 1, 2), the seismic data in this 
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area are of low quality, resulting in ambiguity in structural 
model that hinders the hydrocarbon exploration. For exam-
ple, some scientists considered the structural characteris-
tics of the FSB are a typical triangle wedge style (Wu et al. 
2004; Xiang 2006; Hu et al. 2008; Cheng et al. 2011). But 
Yang et  al. (2011) suggested that the FSB was character-
ized by basement-involved structure at the back while by 

detachment structure in the front. Du et  al. (2013) inter-
preted the FSB as a transpressional structure which con-
sisted of steep basement fault and gently dipping backlimb 
and intensely deformed forelimb. However, the new 3D 
seismic data suggest that the vertical superposition seis-
mic reflections do not exist (Du et al. 2013). The borehole 
data from the KD 101 well and KD 1 well indicate that the 

Fig. 1   A simplified geological map of the southwest Tarim Basin and 
adjacent Tibetan Plateau, showing major Cenozoic faults and well-
exposed Cenozoic deposits, based on Cowgill et al. (2003), Cowgill 
(2010), Cheng et al. (2012a, b), Robinson et al. (2012) and Cao et al. 
(2013). I1 thrust belt in the front of the Western Kunlun Orogen,  

I1-1 Wupor segment, I1-2 Sugaite segment, I1-3 Kedong segment, I1-
4 Hetian segment, I1-3a Fusha structural belt, I1-3b Kekeya structural 
belt, I1-3c Guman–Heshitake structural belt. The red box is the range 
of the study area

Fig. 2   Regional geological map in Kedong area. Q2–4 Quaternary 
alluvial and eolian sediments, Q1x Quaternary Xiyu Formation, N2a 
late Pliocene Artux Formation, N1wq Oligocene–Miocene Wuqia 
Group, E Eocene strata, K2 Cretaceous Yingjisha Group, K1Kz Creta-

ceous Kezilesu Formation, J Jurassic sediments. The dashed box is 
the range of the CEMP zone. The original data are based on Institute 
of Petroleum Exploration and Exploitation, Tarim Oilfield Company, 
PetroChina
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Cenozoic–Mesozoic sequences are not repeated, which is 
inconsistent with imbricated structure model interpreted by 
previous researchers (Wu et al. 2004; Xiang 2006; Cheng 
et al. 2011).

In order to get a relatively complete understanding of 
the Cenozoic evolution of the FSB, this paper analyzes the 
Cenozoic deformation architecture and deformation his-
tory of the FSB based on field geological investigation and 
2D and recent 3D seismic and Continuous Electromagnetic 
Profile (CEMP) data (Fig. 2).

Geological setting

The Cenozoic collision and long-lasting convergence 
between Indian plate and Eurasian plate have resulted 
in regional deformation in Central Asia since ca. 55  Ma 
(Patriat and Achache 1984; Searle et  al. 1987; Clift et  al. 

2002; DeCelles et  al. 2002), resulting in rejuvenation of 
many paleo-orogens, i.e., Tian Shan, Kunlun Shan and Qil-
ian Shan, and major boundary faults, i.e., Karakorum and 
Altyn Tagh faults (Tapponnier et al. 1986). The rapid uplift 
and northward thrusting of the Western Kunlun Orogen 
(Sobel and Dumitru 1997; Arnaud et al. 2003; Wang et al. 
2003), as well as rapid northward penetration of the Pamir 
syntax (Sobel and Dumitru 1997; Burtman 2000; Robinson 
et al. 2004, 2007; Bershaw et al. 2012), led to development 
of Cenozoic Southwest Tarim foreland basin.

The Southwest Tarim foreland basin can be divided into 
four tectonic units, i.e., the thrust belt in front of Western 
Kunlun Orogen, Yecheng–Kashi depression, Markit slope 
and Bachu–Tazhong forebulge (Fig.  1). The thrust belt 
can be further subdivided into Wupor, Sugaite, Qimugen, 
Kedong and Hetian segments from northwest to southeast 
(Cheng et  al. 2012a, b). The FSB is one of the southern-
most row structures of Kedong segment and exhibits a 

Fig. 3   Jurassic to Quaternary stratigraphy in the front of the Western Kunlun Orogen
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northward convex shape, with ~210  km length and ~30–
50 km width (Fig. 1).

In front of Western Kunlun Orogen, the Mesozoic–Ceno-
zoic stratigraphy consists of continuous sequences (Fig. 3) 
(Jin et  al. 2003; Zhang et  al. 2003; Jia 2004). The Lower 
Jurassic strata are characterized by massive fine-grained 
sandstone and silty mudstone with coal beds, which have 
been interpreted as fan-delta facies (Zhang et  al. 2000). 
The Middle Jurassic strata include Targa and Yangye For-
mations, which are dominated by laterally continuous gray 
siltstone, tabular sandstone and organic-rich shale repre-
senting overbank and lacustrine deposition (Sobel 1999; 
Zhang et  al. 2000). The Upper Jurassic Kuzigongsu For-
mation comprises gray fine-grained sandstone, siltstone 
and conglomerates interpreted as deposition of braid delta 
and alluvial plain facies (Sobel 1999; Zhang et  al. 2000; 
Fang et  al. 2009). The Lower Cretaceous Kezilesu Group 
comprises packages of dark-red clastic rocks and varies in 
thickness between 190 and 1300  m, with the main depo-
center located in Qimugan region (Cheng et al. 2012a). The 
upper Cretaceous Yengisar Group include Kukebai, Wuyi-
take, Yigeziya and Tuyiluoke Formations, composed of 
clastic rocks, gray limestone and red gypseous mudstone of 
marine facies (Zhang et al. 2003; Cheng et al. 2012a), with 
a total thickness between 150 and 300 m (Fig. 3). A series 
of marine carbonate rocks and gypsum layers deposited 
during the late Cretaceous to Eocene forms important cap 
rocks in Southwest Tarim foreland basin (Xing et al. 2012; 
He et al. 2013), with thickness varying from 150 to 1200 m 
(Fig.  3). The late Cenozoic sequences are dominated by 
non-marine sediments, which consist of reddish sandstone, 
gray-green siltstone and conglomerate (Jin et  al. 2003), 
with a total thickness about 4000 m.

The geometry of FSB

In this paper, we obtain one prestack time-migrated 2D 
seismic line (A–A′) and two prestack time-migrated 3D 
seismic lines (B–B′ and C–C′) to decipher the geometry of 
the FSB (Fig.  2). The prestack time-migrated 2D and 3D 
seismic lines were carried out in 2011 by CNPC (China 
National Petroleum Corporation). The collection, stacking 
and processing methods are unknown. These prestack time-
migrated lines were converted to depth seismic sections 
using velocities for each stratigraphic unit constrained by 
Vertical Seismic Profiling (VSP) data from the drilling well 
KD 101 using the MOVE software (Midland Valley, Glas-
gow, UK). Also, the logging data were used to define seis-
mic facies and conduct stratigraphic correlations in these 
seismic profiles.

Seismic profile A–A′ is located in Wuxiabaxi area near 
to Fu2 well, with an orientation of profile substantially 

perpendicular to structural striking of FSB (Fig. 2). Based 
on the geological outcrop and seismic reflection, this sec-
tion is characterized by a syncline in the north and an 
anticline in the central part (Fig.  4). Through the detail 
interpretation of the architecture inner the anticline, a 
high-angle thrust fault (F3) and its branch faults have been 
identified which possibly consist of positive flower struc-
ture. In the southern part of the profile, the Upper Paleozoic 
thrusted onto the Quaternary along a high-angle thrust fault 
(F1) (Fig. 4).

Seismic profile B–B′ is located in the middle part of 
FSB, adjacent to Yuliqun area, with a orientation substan-
tially perpendicular to the tectonic line of FSB (Fig. 2). The 
Paleogene sequences show a clear strong continuous reflec-
tion in both south and north segments (Fig.  5), while the 
central segment is dominated by a chaotic reflection. The 
range of this chaotic reflection zone is consistent with the 
steep dipping strata controlled by two steep faults cropped 
out on the surface. Based on the geological outcrop and 
seismic reflection, this section is characterized by an anti-
cline which was cut by steep faults (Fig.  5). The growth 
strata developed in the north limb of the anticline indicate 
that the folding of the FSB began at the early Pliocene.

Seismic profile C–C′, approximately perpendicular to 
structural striking, is situated on the eastern segment of 
FSB, adjacent to Keliyang area (Fig. 2). Both outcropped 
northern and southern segments are composed of the Qua-
ternary sediments, while continuous strata spanning the 
Jurassic to Quaternary from south to north with nearly 
vertical dip angles are preserved in the central segment. 
The refection is clear and continuous in both southern and 
northern segments (Fig. 6), similar to that in A–A′ and B–
B′ profiles. An anticline exhibits in the southern segment, 
while the northern segment expresses monocline reflec-
tions. A steeply south-dipping fault (F3) and a north-dip-
ping and another south-dipping branch thrust faults can be 
identified in the central segment of the profile. The attitudes 
in central segment are approximately vertical, and some of 
pre-Mesozoic strata are uplifted onto the surface. However, 
the attitudes decreased gradually in the northern segment of 
the profile. Compared with steep faults in A–A′ and B–B′ 
profiles, the fault (F3) plane of the C–C′ profile begins to 
manifest south dipping.

Determination of property for the high‑angle fault 
(F3) in the FSB

Characteristics of CEMP section in the FSB

The CEMP data, covering an area of c. 800 km2 with line 
density of 500  m ×  500  m in the piedmont of the West-
ern Kunlun Orogen (Fig.  2), were carried out in 2011 by 
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Fig. 4   Geological interpretation of A–A′ seismic profile in FSB. Q1x 
Quaternary Xiyu Formation, N2a late Pliocene Artux Formation, N1p 
Miocene Pakabulake Formation, N1a Miocene Anjuan Formation, N1k 

Oligocene–Miocene Keziluoyi Formation, E Eocene Kashi Group, 
K Cretaceous sediments, J Jurassic sediments. The blue dots and 
oblique lines represent the strata dips of the outcrop section



1626	 Int J Earth Sci (Geol Rundsch) (2016) 105:1621–1636

1 3

Fig. 5   Geological interpretation of B–B′ seismic profile in FSB. Q1x 
Quaternary Xiyu Formation, N2a late Pliocene Artux Formation, N1p 
Miocene Pakabulake Formation, N1a Miocene Anjuan Formation, N1k 

Oligocene–Miocene Keziluoyi Formation, E Eocene Kashi Group, 
K Cretaceous sediments, J Jurassic sediments. The blue dots and 
oblique lines represent the strata dips of the outcrop section
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Fig. 6   Geological interpretation of C–C′ seismic profile in FSB. Q1x 
Quaternary Xiyu Formation, N2a late Pliocene Artux Formation, N1p 
Miocene Pakabulake Formation, N1a Miocene Anjuan Formation, N1k 

Oligocene–Miocene Keziluoyi Formation, E Eocene Kashi Group, 
K Cretaceous sediments, J Jurassic sediments. The blue dots and 
oblique lines represent the strata dips of the outcrop section
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CNPC. Unknown processing procedures of original data 
were carried by CNPC.

The correlations between the stratigraphic and electri-
cal units have been established, with (1) low resistive layer 
corresponding to the Neogene sequences; (2) second high 
resistive layer corresponding to the Mesozoic sequences; 
(3) first high resistive layer corresponding to the Paleozoic–
Proterozoic and Quaternary (Chen et al. 2010). The CEMP 
section in FSB is characterized by zonal features from 
south to north (Fig.  7). The uppermost parts in the south 
and north of the sections are featured by high resistance, 
corresponding to the Quaternary. The deep parts in the 
south and north of the sections are characterized by the sec-
ond high resistive layer and first high resistive layer, cor-
responding to the Paleogene–Mesozoic and Paleozoic–Pro-
terozoic, respectively. The central parts of the sections are 
dominated by the high resistive layer with triangle shapes, 
which are continuously stable from the east part of FSB to 

FS 2 well. The borehole data from the YC 1, KD 1 and KD 
101 wells suggest that this continuously stable high resis-
tive layer is consistent with steeply dipping Cretaceous–
Eocene strata cut by several faults (Zeng et al. 2011). The 
first high resistive layer in the central part extends to the 
deep, reaching 14,000 m or deeper, which suggests that the 
exposed steeply dipping Cretaceous–Eocene strata were 
not likely to be thrusted directly by the southern thrust fault 
as previously interpreted (Qu et al. 1998, 2005; Xiao et al. 
2000; Liu et  al. 2004; Wu et  al. 2004). A possible inter-
pretation is that these steeply dipping Cretaceous–Eocene 
strata were thrusted to surface by strike-slip reverse faults.

The attitude change of outcrops in the FSB

For the FSB, most part is covered by the Quaternary strata, 
and a series of Mesozoic–Cenozoic strata are exposed only 
in Aqike, Keliyang, Kaersu and Sulaazi areas (Figs. 2, 8). 

Fig. 7   CEMP section in Fusha structural belt (the original data are based on Institute of Petroleum Exploration and Exploitation, Tarim Oilfield 
Company, PetroChina)

Fig. 8   The distribution of dip angle and measuring outcrop sections 
in FSB. Q2–4 Quaternary alluvial sediments, diluvial sediments and 
eolian sediments, Q1x Quaternary Xiyu Formation, N2a late Pliocene 

Artux Formation, N1wq Oligocene–Miocene Wuqia Group, E Eocene 
strata, K2 Cretaceous Yingjisha Group, K1Kz Cretaceous Kezilesu For-
mation, J Jurassic sediments
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The dip angles of these strata are steep, and some are more 
than 70°. The range of the high-angle strata is consistent 
with the chaotic reflection in the seismic profiles and first 
high resistive layer in the CEMP section. Meanwhile, an 
attitude change zone, which trends to northwest, is identi-
fied at surface in the north part of the FSB. The dip angles 
are more than 70° in the southern portion, but decrease 
sharply to less than 50° in the northern portion (Fig.  8). 
This phenomenon is interpreted as that the FSB is con-
trolled by the blind thrust faults, which is consistent with 
the interpretation in the seismic profiles (Figs. 4, 5, 6).

The deformation characteristic of different outcrop 
sections in the FSB

Aqike section

The Aqike section is located in the west of YC 1 well and 
is measured from the 37°18′27.77″N, 77°35′70.24″E to 
37°18′01.17″N, 77°35′54.97″E (Figs. 8, 9). The strata out-
cropped in this section span the Eocene to Pliocene which 
consist of Kalatar, Wulagen, Bashibulake and Artux For-
mations. An anticline, with its core consisting of Kalatar 
Formation, develops in the middle part of this section. The 
Kalatar Formation in southern limb of the anticline strikes 
145° and dips 73°, while strikes 310° and dips 63° in the 
northern limb (see photograph in Fig.  9a). The Eocene 
strata in the northern limb of the anticline are deformed by 
a set of steep NE-trending faults and form a c. 200-m-wide 
strong fracture zone (see photograph in Fig.  9b, c). This 
zone is characterized by tectonic lenses consisting of lime-
stones of Kalatar Formation and calcareous breccia of 
Wulagen Formation, and mudstone matrixes from Bashibu-
lake Formation are prevalent within the zone (Fig. 9b, c). 
These tectonic lenses, 1–3 m and up to 10 m in diameter 
in some places, indicate intense activity of faults (Fig. 9b). 
The dip angle of Wulagen and Bashibulake Formations 
exposed in the north of the deformation fracture zone is 

approximately vertical. The dip angle of Bashibulake For-
mation in northern segment of this section decreases to 53°. 
A set of north–northeast striking and steeply southeast-
dipping faults with fault striae of low dip angles can be 
recognized in this zone (see photograph in Fig. 9d). Based 
on the brittle shear-sense indicators such as striae, steeply 
southeast-dipping faults were dextral strike-slip faults and 
the deformation fracture zone was a dextral strike-slip frac-
ture zone (see photographs in Fig. 9b–d).

Yuliqun section

Yuliqun section lies in west side of KD 1 well, adja-
cent to YC 1 well, and is measured from 37°17′30.01″N, 
77°41′36.38″E to 37°19′26.44″N, 77°41′25.80″E (Figs.  8, 
10). The exposed sediments span from the Jurassic to 
Neogene strata. This section is featured by fault contact 
between Jurassic Yarkand Group and Paleo-Eocene Qimu-
gen Formation, and a deformation fracture zone, with the 
Kalatar, Qimugen and Wulagen Formations involved, is 
identified between the Aertashi and Bashibulake Forma-
tions in the north. The fault contact between Yarkand 
Group and Qimugen Formation implies that the fault is a 
reverse fault, and the opposite dipping between hanging 
wall and foot wall maybe implies that a anticline was cut 
by this fault and the hanging wall and foot wall represent 
two limbs of anticline. In the fracture zone, series of thrust 
faults are found in this fracture zone. Some tectonic lenses 
are observed in the internal fracture zone, with a maximum 
diameter up to c. 1 m (see photograph in Fig. 10c), suggest-
ing an intense fault activity. The interbed shear fabrics (see 
photograph in Fig. 10a) indicate a nature of dextral strike-
slip reverse fault.

Sulaazi section

Sulaazi section lies in the east of FSB and is adjacent to 
Keziyigele area (Figs.  8, 11). The sediments spanning 

Fig. 9   Geological section in Aqike area
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from the Jurassic to Neogene strata are exposed along a 
riverbed near Sulaazi from south to north. These strata 
are now quite steep with dip angles up to >75° (see pho-
tographs in Fig.  11a, b). A 1- to 2-m-wide fracture zone 
which is controlled by a reverse fault is observed between 
the Kukebai and Yigeziya Formations in the middle part of 
the Sulaazi section. This fracture zone consists of severely 
broken limestone of Yigeziya Formation (see photograph 
in Fig.  11b). Compared with the Aqike and Yuliqun sec-
tions, the scale of the fracture zone in the Sulaazi section 
becomes significantly smaller, suggesting that the activ-
ity intensity of the fault becomes significantly weak. The 
features described in this section suggest that the fault in 
the Sulaazi section is the same as that in the Aqike and 
Yuliqun sections.

Based on the geological survey, CEMP data and 3D and 
2D seismic profiles, the complex chaotic reflection zone 
developed in the FSB is interpreted to be a dextral strike-
slip reverse fault zone. Moreover, the whole characteris-
tic of the FSB is an anticline which is destroyed by later 
transpressional faulting (Fig. 12).

The extending scale and activity of the strike‑slip 
reverse fault

The strike-slip reserve fault zone is 200–300 m wide and 
consists of giant tectonic lens at the Aqike (see photo-
graphs in Fig. 9b, c) and Yuliqun sections (see photograph 
in Fig.  10c), indicating intense activity of the strike-slip 
reserve fault, while the phenomenon of the 1- to 2-m-wide 
strike-slip reserve fault zone and small tectonic breccias 
(see photograph in Fig. 11b) at the Sulaazi section suggests 
that the activity intensity of the strike-slip reserve fault 
decreases rapidly toward east.

In the western segment of the FSB, the features of the 
seismic profiles are dominated by positive flower struc-
tures, indicating that the strike-slip reverse fault has existed 
(see profiles ① ② ③ in Fig. 12). In the middle segment of 
the FSB, the dip angles of the strata in the south are small, 
while those in the central are almost vertical forming obvi-
ous positive flower structures. In the eastern segment of 
the FSB, the strike-slip reverse fault cuts through the north 
limb in the Keliyang section and extends eastwardly (see 

Fig. 10   Geological section in Yuliqun area

Fig. 11   Geological section in Sulaazi area
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profiles ④ ⑤ in Fig. 12). In the easternmost of the FSB, 
the main structure indicates that the deformation is domi-
nated by thrusting rather than strike-slipping. Therefore, 
the strike-slip reverse fault varies its expression spatially. 
It is speculated that the strike-slip reverse fault extends 
westward to the west of Yecheng area, and intersects the 
Aertashi fault, while it prolongs eastward to the east of 
Sanju area and may intersect the Sanju sinistral strike-slip 
fault (Zhang et al. 2011; Cheng et al. 2012b). In a planar 
view, the strike-slip reverse fault exhibits northward convex 
shape. The orientation changed from E–W direction along 
the western part to NW direction along the eastern part, and 
the dip angles decreased eastward from ~90° to <45°.

Spatial overlay relations between strike‑slip reverse 
fault (F3) and anticlines

Two anticlines are identified in the FSB in early stage and 
superpose in the Keliyang area through the geological 
survey and 2D and 3D seismic profiles (see profile ④ in 
Fig.  12). The western anticline distributes in E–W trend, 
while the eastern anticline shows NWW trend, parallel to 
the strike-slip reverse fault. The shape of the western anti-
cline is tight, and the Eocene strata are exposed in the core 
of the anticline in Aqike area, and the Cretaceous strata 
are exposed in the core of the anticline in Yuliqun area. In 
contrast, the eastern anticline is a broad fold, and the core 

of the anticline is exposed by the Jurassic strata in Kaersu 
area.

Discussion

Deformation time of the FSB

The growth strata, which recorded the growth process of 
tectonic deformation, can be used to constrain the time of 
the tectonic deformation (Suppe et  al. 1992). In the pedi-
ment of the Western Kunlun Orogen, obvious growth strata 
have been identified (Chen et al. 2001). The growth strata, 
which is identified in the seismic profiles (Fig. 5), initiated 
in the bottom of the Artux Formation, indicating that the 
Fusha anticline developed in the Artux Formation deposi-
tion. Combined with the surrounding magnetostratigraphic 
data (Sun and Liu 2006), the Fusha anticline developed in 
the early Pliocene.

An unconformity between the Wusu Group and the 
Paleo-Neogene Formations from the geological survey 
indicates that a regional tectonic movement initiated after 
the deposition of Xiyu Formation. In addition, the later 
dextral strike-slip reverse fault was truncated and over-
lain by the approximately horizontal Wusu Group (Fig. 9), 
which suggests that the fault initiated before the deposition 
of Wusu Formation. The magnetostratigraphic data and 

Fig. 12   Spatial change of the structural style in the FSB



1632	 Int J Earth Sci (Geol Rundsch) (2016) 105:1621–1636

1 3

geological survey from the Kekeya section show the Xiyu 
Formation initiated at ~3.5 Ma (Zheng et al. 2000) and ter-
minated at ~1.3 Ma (Chen et al. 2001). Therefore, we pro-
pose that the later dextral strike-slip reverse fault may initi-
ated in the late Pliocene, while the exact time still needs 
more study in the future.

Cenozoic tectonic evolution of the FSB

The FSB belonged to the northern part of the Paratethys 
in Paleogene (Dercourt et al. 1993) and experienced mul-
tiple-stage regression and transgression processes (Yin 
et  al. 2002; Bosboom et  al. 2011; Sun and Jiang 2013), 
which resulted in forming a series of marine carbonate 
rocks, clastic rocks and mudstone (Sobel 1999; Zhang 
et  al. 2000; Jin et  al. 2003; Jia 2004; Wang et  al. 2014). 
In Miocene, due to the continuous intracontinental strain 
resulting from the collision between Indian and Eurasian 
plates, Pamir syntax moved rapidly northward (Sobel and 
Dumitru 1997; Burtman 2000; Coutand et al. 2002; Rob-
inson et  al. 2004, 2007; Bershaw et  al. 2012), and the 
Kashgar–Yecheng transfer fault system initiated (Cowgill 
2010). The Keziluoyi, Anjuan and Pakabulake Formations 
were deposited during this time, with sediment sourced 
from the Western Kunlun Orogen based on the sandstone 
composition (Zheng et  al. 2002, 2006). But the relief of 
the Western Kunlun Orogen was lower than present, and 
the tectonic activity was weak (Zheng et al. 2000, 2003a, 
b). In early Pliocene, with the rapidly northward conver-
gence of the Indian plate, the uplift of the northwestern 
margin of the Tibetan Plateau was commenced, and Tik-
lik terrane started to thrust northward (Zheng et al. 2000; 
Jin et  al. 2003; Wang et  al. 2003; Li et  al. 2007), result-
ing in fault-propagation fold forming in the FSB (Liu et al. 
2004; Wu et  al. 2004; Cheng et  al. 2011). From middle 
Pliocene to early Pleistocene, the Pamir syntax under-
went northward thrusting and tectonic rotation (Sobel and 
Dumitru 1997; Burtman 2000; Robinson et al. 2004, 2007; 
Bershaw et  al. 2012), while the Western Kunlun Oro-
gen experienced significantly accelerated uplift process 
(Zheng et  al. 2006; Li et  al. 2007; Liu et  al. 2010), and 
the Tiklik terrane showed significantly northward conver-
gence. The northeast oblique compressive stress resulted 
in transpressional faulting, which split the complete anti-
cline forming in early Pliocene into several fault blocks in 
the FSB. Although the Tiklik terrane continued to uplift, 
the rate and northward compressive stress decreased sig-
nificantly, and loose conglomerate and loess deposited in 
the FSB since late Pleistocene (Jin et al. 2003; Zheng et al. 
2006; Si et  al. 2007). Therefore, the FSB has undergone 
two phases of tectonic superposition since Miocene. The 
first stage is contraction deformation that caused the fault-
propagation fold with complete anticlines in the FSB. The 

second stage is dominated by transpressional deformation 
that developed the steeply dipping strike-slip reverse fault 
which destroyed the complete anticlines. The second stage 
of transpressional sense of deformation suggests that the 
regional stress might change into compression with dextral 
strike-slip component in late Pliocene, which is consistent 
with the fact that the study area located between the sin-
istral Altyn Tagh fault and the dextral Kashgar–Yecheng 
transfer fault system. We speculate that the transpressional 
sense of deformation should be attributed to the impact of 
these two major strike-slip fault systems.

In addition, the tectonic evolution is diverse between 
west segment and east segment (Fig. 13). The lateral strike-
slip reverse fault cuts through the anticline in different posi-
tions of the anticline. The north limb of the west anticline 
is cut through by lateral strike-slip reverse fault and shows 
as a monocline, while the deep part of the south segment of 
the west anticline retains the anticline shape. But the late 
strike-slip reverse fault cuts the east anticline at the north 
limb, and the core of anticline is reserved at the south, and 
there is an anticline shape on the surface. The rework of 
later transpressional deformation on previous anticlines in 
FSB implies that evolution of the fold-and-thrust belt in 
the Western Kunlun Orogen is more complex than a simple 
forward propagation model as previously thought.

Hydrocarbon accumulation significance

There had been no breakthrough in petroleum exploration 
in the study area since nearly 30 years ago, until the suc-
cess of KD 1 well in the FSB in 2010, which indicates sig-
nificant exploration potential in the study area. However, 
failure of later KD 101 and KD 2 wells suggests that the 
hydrocarbon accumulation of this study area is compli-
cated. This complexity should be related to the complex 
regional structure. The late transpressional faulting dam-
aged early large anticline reservoir and redistributed the 
hydrocarbon.

The source rocks of the FSB include the Lower Carbon-
iferous limestone, Lower Permian limestone and mudstone, 
and Jurassic mudstone, while they are dominated by the 
Lower Carboniferous and Lower Permian strata (Li et  al. 
1996; Mo et al. 2013; Zhang et al. 2013). Reservoir rocks in 
the FSB are located in several levels with the Cretaceous–
Neogene sediments, such as the Cretaceous sandstone, the 
Paleocene Kalatar limestone and the Miocene sandstone. 
The Cretaceous–Neogene thick gypsum and mudstone beds 
constitute the main seal, trappings the hydrocarbon concen-
tration with these series (Xing et al. 2012; He et al. 2013). 
Given the fertile source rocks, effective reservoir rocks, 
good cap rocks and migration pathway, the trap condition 
is the most vital factor for restricting the hydrocarbon accu-
mulation in the FSB.
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Fig. 13   Miocene evolution of east and west segments in FSB
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From Miocene to early Pliocene, the fault-propagation 
fold in the FSB was developed by the northward conver-
gence of Tiklik block. Meantime, Permian source rocks 
situated on the stage of hydrocarbon generation, and the 
Carboniferous oil source rocks reached post-mature, while 
the Jurassic oil source rocks were still immature (Mo et al. 
2013). The hydrocarbon which was from Permian oil 
source rocks began to fill the complete anticline. From late 
Pliocene to Pleistocene, the deformation of the FSB was 
controlled by transpressional faulting, with the steeply dip-
ping dextral strike-slip reverse fault initiating in the middle 
part of the FSB and dividing the early complete anticline 
into several fault blocks. Moreover, this tectonic activ-
ity resulted in readjusting and distributing the oil and gas 
accumulation. At this time, the Permian oil source rocks 
reached high maturity and were dominated by generating 
gas. The Jurassic oil source rocks were at low mature stage 
and began to generate gas, while the Carboniferous oil 
source rocks were at the mature stage and still generated a 
small amount of gas. The natural gas was continually filling 
in the traps in this stage.

Due to the fact that the anticlines which are cut through 
by late strike-slip reverse fault are different between the 
western segment and eastern segment, the present structural 
types of the western segment and eastern segment are obvi-
ously different, which results in forming different traps. 
The late strike-slip reverse fault cuts though the core of 
the western anticline, and the complete anticline is divided 
into several fault blocks which form fault block traps. In 
contrast, the late strike-slip reverse fault cuts though the 
northern limb of eastern anticline and results in fault block 
traps. The anticline style is still retained in the deep in the 
southern area of the anticline and forms an anticlinal trap. 
Therefore, the western trap type is composed of fault block 
traps, while the eastern includes the fault block traps and 
anticline traps.

The migration path and fault seal ability in diverse fault 
blocks exert important influence on the late hydrocarbon 
accumulation. The strike-slip reverse fault and accompa-
nied secondary fracture can be the good channel for oil 
and gas migration which destroy the primary reservoir and 
migrate the oil and gas, such as the KD 101 well and KD 
2 well. If the fault plays a major role in sealing, the trap 
can restore the hydrocarbon, such as KD 1 well. Therefore, 
in order to search for the favorable target of oil and gas, 
we should focus on the stable region of early anticline and 
fault traps with good fault sealing.

Conclusion

1.	 FSB has experienced two types of tectonic deforma-
tion since Cenozoic. The first stage was the contraction 

deformation, and the FSB which belongs to the Ceno-
zoic thrust belt in front of the Western Kunlun Orogen 
was formed and was composed of two anticlines which 
were superposed near the Keliyang area in the early 
Pliocene. The second stage was transpressional defor-
mation, and a steeply dipping dextral strike-slip reverse 
fault cuts through the anticlines, which destroyed and 
divided the anticline into a number of blocks since the 
late Pliocene.

2.	 The steeply dipping dextral strike-slip reverse fault pre-
sents northward convex shape in map view and varied 
its trend, NWW direction in the eastern segment, while 
EW direction in the western segment with the changing 
region located in the Yuliqun area. Moreover, the spa-
tial distribution of this fault is limited, which intersects 
with Sanju fault to the east, and is predicted to intersect 
with Kusilaf fault to the west.

3.	 The shift from earlier contraction deformation during 
the early Pliocene to later transpressional deformation 
in the Pleistocene implies variation in regional stress 
field in the northwestern Tibetan Plateau at this time.

4.	 The trap style of the western segment is dominated by 
fault block trap, while the eastern segment is character-
ized by fault block trap and anticlinal trap. Taking into 
account of the target of the hydrocarbon accumulation, 
the relatively stable tectonic zone in the early anticline 
and the fault block traps with well fault sealing should 
be considered firstly.
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