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thrusting, and a nearly 2.2-km uplift has been observed 
in the hanging wall in the Arlar fault. The south-dipping 
thrusting is the far-field effect of the full collision that 
occurred between the Indian-Eurasian plates. The lake 
area in the SW Qaidam Basin has been shrinking since the 
Middle Miocene and presents widespread delta and fluvial 
deposits, which are consistent with the proposed tectonic 
evolution.

Keywords  Cenozoic · SW Qaidam Basin · Tibetan 
plateau · Tectonic · Sedimentation

Introduction

The uplift of the Tibetan Plateau is an important geological 
event that has been the subject of considerable debate for 
decades (Molnar and Chen 1983; Shackleton et  al. 1984; 
Miller et  al. 1987; Kroon et  al. 1991; Raymo and Ruddi-
man 1992; Rea et al. 1998; Yin and Harrison 2000; Soofi 
and King 2002; Johnson 2002; Wang et  al. 2012) and is 
important for evaluating the Indian-Eurasian collision. 
Despite its importance in determining the dynamics of 
deformation, the models that have been proposed to reveal 
the Cenozoic deformation of the Tibetan Plateau remain 
controversial (Raymo and Ruddiman 1992; Rea et al. 1998; 
Yin and Harrison 2000; Soofi and King 2002; Johnson 
2002; Wang et al. 2012).

The Qaidam Basin and Qimen Tagh-Eastern Kunlun 
Range in the northern margin of the Tibetan Plateau hold 
important implications for the growth mechanism of the 
Tibetan Plateau. Thus, figuring out their tectonic relation-
ship is important for revealing the Cenozoic deformation 
of the Tibetan Plateau. Fortunately, the Kunbei fault sys-
tem, which stands out as a Cenozoic tectonic deformation 

Abstract  The structural relationship between the Qaidam 
Basin and Qimen Tagh-Eastern Kunlun Range holds impor-
tant implications for evaluating the formation mechanism 
of the Tibetan Plateau. Various models have been proposed 
to reveal the structural relationship, although controversies 
remain. To address these issues, we analysed the seismic 
and lithologic data of the Kunbei fault system (i.e. the Kun-
bei, Arlar and Hongliuquan faults), which lies to the north 
of the Qimen Tagh-Eastern Kunlun Range within the SW 
Qaidam Basin. Based on the regional geological framework 
and our kinematic analyses, we propose that the Ceno-
zoic tectonic evolution of the Kunbei fault system can be 
divided into two stages. From the Early Eocene to the Mid-
dle Miocene, the system was characterized by left-lateral 
strike-slip faults and weak south-dipping thrust faults based 
on the flower structure in the seismic section, which is an 
apparent strike-slip deformation that was identified in the 
−1510-ms time slice and the root-mean-square amplitude 
attribute slice. This strike-slip motion was generated by 
the uplift of the Tibetan Plateau caused by the onset of the 
Indian-Eurasian collision. Since the Middle Miocene, the 
Kunbei fault system has undergone intense south-dipping 
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feature, is greatly influenced by the Qimen Tagh-Eastern 
Kunlun Range and accepted as a natural laboratory for 
exploring Cenozoic crustal deformation and structure rela-
tionship between the Qaidam Basin and Qimen Tagh-East-
ern Kunlun Range.

Over the past three decades, a number of models have 
been proposed to explain the Cenozoic crustal deforma-
tion and structure relationship between the Qaidam Basin 
and Qimen Tagh-Eastern Kunlun Range (Bally et al. 1986; 
Burchfiel et  al. 1989; Song and Wang 1993; Meyer et  al. 
1998; Metivier et  al. 1998; Chen et  al. 1999; Mock et  al. 
1999; Tapponnier et al. 2001; Lin et al. 2002; Jolivet et al. 
2003; Zhou et al. 2006; Fu and Awata 2007; Yin et al. 2007, 
2008b; Meng and Fang 2008; Wang et al. 2010, 2011a, b, 
2012; Cheng et al. 2014; Wu et al. 2014). Burchfiel et al. 
(1989) and Chen et  al. (1999) proposed that the East-
ern Kunlun Range was induced by the motion of a major 
south-dipping thrust and bounded the southern margin of 
the Qaidam Basin. Mock et  al. (1999) expanded the con-
cept of the Eastern Kunlun Range and speculated that the 
northward thrusting across the Eastern Kunlun Range was 
associated with vertical wedge extrusion starting at ca. 
30–20 Ma. As opposed to the south-dipping thrusting point, 
Yin et al. (2007) and Wang et al. (2011a, b) proposed that 
a series of Cenozoic north-dipping faults occurred in the 
Qaidam Basin and the basin thrusted southward over the 
Qimen Tagh Mountains. Compared with the above mod-
els, Cheng et  al. (2014) proposed that the Late Neogene 
northward growth of the convex northward structures in the 
Qimen Tagh Range and SW Qaidam Basin was driven by a 
left-lateral strike-slip motion along the Kunlun fault. While 
migrating northward, the western segment of the Kunlun 
fault gradually rotated over time. In addition to the hypoth-
eses described above, scholars have suggested that the 
Eastern Kunlun Range consists of a large transpressional 
system that includes the left-slip Kunlun fault in the south 
and a north-directed thrust along the northern flank of the 
Eastern Kunlun Range (Meyer et al. 1998; Tapponnier et al. 
2001; Jolivet et al. 2003).

To date, the growth mechanism of the Tibetan Plateau 
and the structural relationships between the development of 
the Qaidam Basin and Qimen Tagh-Eastern Kunlun Range 
remain controversial. In this work, we have undertaken a 
detailed petrographical, stratigraphical and seismic sedi-
mentological analysis of the Kunbei fault system (i.e. Kun-
bei, Arlar and Hongliuquan faults) from the SW Qaidam 
Basin to constrain the tectonic relationship between the 
Qaidam Basin and the Qimen Tagh-Eastern Kunlun Range. 
It is hoped that information from this study may be useful 
for revealing the relationships between the uplift pattern of 
the Tibetan Plateau and the geometry and temporal devel-
opment of the SW Qaidam Basin.

Geological setting

The Kunbei fault system consists of the Hongliuquan, Arlar 
and Kunbei faults, which represents important features 
in the tectonic evolution of the SW Qaidam Basin. Fault 
traces are not visible at the surface because of the occur-
rence of widespread modern unconsolidated deposits across 
this region (Cheng et  al. 2015c). The Cenozoic evolution 
of the Kunbei fault system, which is distributed in paral-
lel to the north of the Qimen Tagh-Eastern Kunlun Range 
within the SW Qaidam Basin, was greatly influenced by 
the Altyn Tagh Range to the west and Qimen Tagh-Eastern 
Kunlun Range to the south (Fig. 1). This system represents 
a valuable testing ground for unravelling the structural rela-
tionships between the SW Qaidam Basin and Qimen Tagh-
Eastern Kunlun Range and revealing the growth mecha-
nism of the Tibetan Plateau in the Cenozoic.

Altyn Tagh range and Qimen Tagh‑Eastern Kunlun 
range

The Cenozoic Altyn Tagh Fault system lies along the north-
western edge of the SW Qaidam and has an along-strike 
length of >1500 km (Fig. 1a; Yin and Harrison 2000; Yin 
et  al. 2002; Wang et  al. 2014; Cheng et  al. 2015b). The 
ENE-trending fault links the western Kunlun Range in the 
south-west and the Qilian Shan Range in the north-east 
(Burchfiel et al. 1989; Wang 1997; Yue and Liou 1999; Yin 
and Harrison 2000; Yin et  al. 2002; Cheng et  al. 2015b). 
The left-lateral structure of the Altyn Tagh Fault is gener-
ally believed to be a reflection of the far-field effect of the 
initial stage of the India-Asia collision, and it was initiated 
in the Palaeocene to Middle Eocene (60–45  Ma) (Bally 
et al. 1986; Yin et al. 2002, 2008a, 2010). All of the viable 
pre-slip piercing points on the eastern-central Altyn Tagh 
Fault have a range of common offsets between 350 and 
400  km (Wang et  al. 2014), indicating a total left-lateral 
displacement of 375 ± 25 km (Yue et al. 2001; Wang et al. 
2014). Although the Quaternary slip rate in the eastern-
central part of the Altyn Tagh Fault, which was measured 
using GPS by Zhang et al. (2004), was 5.6 ± 1.6 mm/yr, 
additional dating and reinterpretations have led to a revi-
sion of the fault slip rate to approximately 10 mm/yr (Cow-
gill 2007; Zhang 2007), which is consistent with the long-
term geologic rate of the fault over tens of millions of years 
(Shen et al. 2001; Yin et al. 2002, 2010).

The Eastern Kunlun Range is located in the north-eastern 
Tibetan Plateau at an average elevation of approximately 
5000 m. Both morphologically and tectonically, this range 
separates the Hoh Xil Basin to the south from the Qaidam 
Basin to the north (Cheng et al. 2015a). The Eastern Kun-
lun Range consists of a series of valleys and ranges, such as 
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the Qimen Tagh Range, Adatan Valley and Kumukol Basin. 
The onset time of uplift of the Eastern Kunlun Range var-
ies from the Eocene to Miocene (Mock et al. 1999; Jolivet 
et al. 2001; Yin et al. 2007, 2008b; Wang et al. 2008; Clark 
et al. 2010; Duvall et al. 2013), and the range reached high 
altitudes during the Oligocene and early Miocene (Dai 
et al. 2013; Wang et al. 2014). The Qimen Tagh range has 
a general WNW–ESE elongated shape (Fig. 1). To the NW, 
it bends sharply with a south-westward trend subparallel to 
the Altyn Tagh Range, which lies directly to the north. To 
the SE, the Qimen Tagh Range converges with the Eastern 
Kunlun Mountains (Cheng et al. 2014). The sharp contact 
between the Qaidam Basin and the Qimen Tagh Range has 
been interpreted as evidence of active north-directed thrust-
ing (Meyer et al. 1998; Jolivet et al. 2003).

SW Qaidam Basin

The Altyn Tagh Range to the north-west and the Qimen 
Tagh-Eastern Kunlun Range to the south bound the SW 
Qaidam Basin. The Cenozoic sedimentary filling charac-
teristics and evolutionary processes of the SW Qaidam 
Basin were influenced by the Altyn Tagh and Kunlun 
boundary faults along the margins and the Hongliuquan, 
Arlar and Kunbei faults within the basin. The SW Qaidam 

Basin experienced multi-stage tectonic activities in the 
Cenozoic (Fu and Awata 2007; Wang et  al. 2010; Cheng 
et  al. 2014, 2015c; Wu et  al. 2014). Among the tectonic 
units, the NW-trending and NE-trending faults dominate 
the SW Qaidam Basin. The Kunbei fault system includes 
the Kunbei, Arlar and Hongliuquan faults, which are the 
major NW-trending faults in the area, and they played key 
roles in the tectonic evolution and sedimentary filling of 
the basin. In addition, several NE-trending faults, includ-
ing the #III, #VIII and other faults, are adjusting faults 
that influenced the development of the regional strata and 
faulted blocks.

During the Cenozoic, the basin underwent formation, 
development and shrinkage stages. Based on magnetostrati-
graphic evidence, the lithostratigraphic formations from the 
oldest to the youngest in the Qaidam Basin are divided into 
the Lulehe Formation (Early–Middle Eocene; Rieser et al. 
2006), Lower Xiaganchaigou Formation (43–37.8  Ma; 
Zheng et al. 2006; Sun et al. 2007; Pei et al. 2009), Upper 
Xiaganchaigou Formation (37.8–35.5 Ma; Sun et al. 2005b, 
2007; Pei et al. 2009), Shangganchaigou Formation (35.5–
22  Ma; Sun et  al. 2005b; Lu and Xiong 2009), Xiayou-
shashan Formation (22–15  Ma; Fang et  al. 2007; Lu and 
Xiong 2009), Shangyoushashan Formation (15–8 Ma; Fang 
et  al. 2007), Shizigou Formation (8–2.5  Ma; Fang et  al. 

Fig. 1   Geological map and Cenozoic stratigraphic column of the SW Qaidam Basin. The three major faults (Kunbei fault, Arlar fault and Hong-
liuquan fault) and seismic section locations are indicated on the map. Modified from the Qaidam Basin 1:1,000,000 geological map
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2007) and Qigequan Formation (2.5  Ma–present; Fang 
et al. 2007).

The Lulehe (LLH) Formation is distributed across most 
of the SW Qaidam Basin and generally dominated by 
brownish-red coarse clastic sediments. Borehole data show 
an upward-fining succession in the LLH Formation, with 
the lower part containing coarse to pebbly sandstones that 
gradually grade upward into medium-fine sandstones and 
mudrocks.

The Xiaganchaigou (XGCG) Formation exhibits a dis-
tinct upward-fining succession. Based on the lithological 
characteristics, the XGCG Formation can be divided into 
lower and upper members. The thickness of the lower mem-
ber increases gradually from east to west and from north to 
south. This member is characterized by brownish-red sand-
stone–conglomerate assemblages and a basal conglomerate 
horizon throughout the basin. The upper member is obvi-
ously thicker than the lower member and has a maximum 
thickness of over 1400 m, indicating an apparent increase 
in the sedimentation rate of the SW Qaidam Basin. The 
extent of the lake reached its maximum during the deposi-
tion of the upper XGCG Formation, during which extensive 

lacustrine marl and calcareous mudstones were deposited 
(Fig. 2a). The detrital components of these deposits in the 
Ganchaigou section are composed of quartz, lithic frag-
ments, feldspar and a small amount of calcite (Fig. 3a). The 
increased amount of quartz indicates long transportation 
distances resulting from the transition of the sedimentary 
environment to a relative stable lacustrine environment.

The Shangganchaigou (SGCG) Formation inherited the 
sedimentary characteristics of the upper XGCG Forma-
tion, including lacustrine marl and calcareous silty mud-
stones (Fig.  2b), although the lacustrine depositional area 
has decreased to some extent. The SGCG Formation is 
generally dominated by sandstones and conglomerates on 
the margins and transitions rapidly to dark grey mudstones 
or argillaceous carbonate rocks towards the centre of the 
basin. The detrital components of the SGCG Formation 
show slight changes relative to the XGCG Formation and 
present decreased quartz content and increased feldspar 
content (Fig. 3b).

The overlying Xiayoushashan (XYSS) Formation is 
dominated by conglomerates on the margins and sandstones 
interlayered with variegated mudstones and marlstones in 

Fig. 2   Digital photographs from the SW Qaidam Basin. a Picture of 
the upper XGCG Formation showing widespread lacustrine marl and 
calcareous mudstones. Ganchaigou field section. See Fig.  1 for the 
location of Ganchaigou. b Picture of the SGCG Formation, which is 
dominated by lacustrine marl and calcareous silty mudstones. Gan-

chaigou field section. c Picture of the XYSS Formation showing the 
coarse clastic fan delta deposits. Ganchaigou field section. d Picture 
of the SYSS Formation showing the sedimentary characteristics of 
the braided rivers. Youshashan. See Fig. 1 for the location of Yoush-
ashan
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the centre of the basin. Widespread coarse-grained depo-
sitions associated with fan delta and fluvial depositions 
developed (Fig.  2c), indicating a rapid accumulation of 
sediment. Obvious changes occur among the detrital com-
ponents of the XYSS Formation (Fig. 3c), with the quartz 
content remaining high and the feldspar content increasing. 
Compared with the sediments in the SGCG Formation, the 
argillaceous matrix is significantly increased. Additionally, 
the low roundness and sorting of the detrital components 
may reflect a rapid accumulation of particles.

In comparison, the overlying Shangyoushashan (SYSS) 
Formation is thinner and contains much coarser deposits. 
The SW Qaidam Basin is dominated by braided rivers and 
delta sediments (Fig. 2d), with a massively shrunken basin. 
The sediments in the Youshashan section exhibit the typi-
cal river-binary structure, with a coarse sandy conglomer-
ate deposited at the bottom and a fine-grained deposition 
above. The detrital components of the SYSS Formation 
are primarily quartz and lithic fragments (Fig.  3d), with 
the sorting and roundness of the clastic constituent further 
decreasing.

The Shizigou (SZG) Formation is composed of grey and 
yellowish-grey conglomerates along the basin margins. 

In contrast, a succession of greyish-brown and yellowish-
grey mudstones with carbonaceous mudstones is deposited 
in the centre of the basin. Compared with the underlying 
XYSS Formation, this formation includes minor carbonate 
rocks intercalated with white salts and dark grey gypsums.

In conclusion, the Cenozoic deposits in the SW Qaidam 
Basin are dominated by widespread fine-grained sediments 
from the LLH to SGCG Formations. The coarse-grained 
deposition associated with the fan delta and fluvial depo-
sitions developed as the basin has shrank since the XYSS 
Formation.

Data and methods

Three-dimensional seismic data consisting of 13 second-
ary three-dimensional seismic data covering almost the 
entire area of the SW Qaidam Basin were applied in our 
study. The area covered by the three-dimensional seis-
mic data is up to approximately 1955 km2. The horizontal 
sampling interval of the three-dimensional seismic data 
is 15  m ×  15  m. To ascertain the actual tectonic pattern 
and displacement of the fault, we conducted a time–depth 

Fig. 3   Photomicrographs of the middle Eocene to Miocene sand-
stones from the Ganchaigou section in the SW Qaidam Basin. a 
Lithic quartz sandstone from the upper XGCG Formation; b Felds-
pathic quartz sandstone from the SGCG Formation; c Feldspathic 

quartz sandstone from the XYSS Formation; d Lithic quartz sand-
stone from the SYSS Formation. All photographs are shown in 
orthogonal polarized light. Abbreviation of minerals: Q quartz, F 
feldspar, L lithic fragment, C calcite, M matrix
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conversion of the seismic data. First, we produced a syn-
thetic seismogram and established the time–depth relation-
ship between the well logs and seismic data. Depending on 
the time–depth relationship, we then calculated the aver-
age velocity of each key horizon and obtained the velocity 
model. Finally, we produced the time–depth conversion by 
taking advantage of the velocity model. To confirm the cor-
rectness of these results, we refer to previous works. Our 
modified results are consistent with the results of Wang 
et al. (2011a, b), Li (2012) and Cheng et al. (2015c).

The purpose of the seismic exploration is to determine 
the structure (horizon depth, reservoir thickness, faults, 
etc.), internal architecture (heterogeneity), petrophysical 
properties (porosity, permeability, etc.) and hydrocarbon 
properties (Cosentino and Sabathier 2001). Most seismic 
interpretations have been performed on vertical and cross 
lines, and they are then projected onto a time slice (Chopra 
and Marfurt 2005). A seismic attribute is a quantitative 
measure of the 3D seismic interpretation. Currently, more 
than 50 distinct seismic attributes have been calculated 
from seismic data and applied to the interpretation of geo-
logic structures, stratigraphies and rock/pore fluid proper-
ties (Chopra and Marfurt 2005). Horizon amplitude attrib-
utes have been introduced (Dalley et al. 2007) to interpret 
characteristics that are not easily observed in the vertical 
seismic sections. These amplitude maps are directly related 

to stratigraphic events and have been used to extrapolate 
reservoir properties from well controls (Thadani et  al. 
1987) and sedimentary facies distributions. In this study, 
we adopt the time slice and horizon root-mean-square 
(RMS) amplitude attributes to identify changes in the sedi-
mentary facies on both sides of the fault.

Geometry and kinematic features of the Kunbei 
fault system

The Kunbei fault system consists of three major WNW-
trending faults, including the Kunbei fault, the Arlar fault 
and the Hongliuquan fault (Cheng et  al. 2014), and is 
located at the front of the Qimen Tagh-Eastern Kunlun 
Range (Fig. 1). The deformation and temporal development 
of these second-order tectonic units can provide important 
information regarding the tectonic relationship between the 
Qaidam Basin and the Qimen Tagh-Eastern Kunlun Range.

Geometric features analysis

The seismic section A–A′ runs from the northern front of 
the Qimen Tagh Range to the north-western section of the 
SW Qaidam Basin and intersects the Hongliuquan fault, 
Arlar fault and Kunbei fault (Fig. 4). The tectonic pattern 

Fig. 4   Seismic section A–A′ intersecting the Kunbei fault system (i.e. the Hongliuquan, Arlar, #VIII and Kunbei faults) in the SW Qaidam 
Basin. See Fig. 1 for the location. Growth strata and flower structures can be recognized in the Hongliuquan, #VIII, Arlar and Kunbei faults
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of section A–A′ is characterized by several high-angle 
faults with flower structures (Fig. 4). The sediments within 
the section are Mesozoic to Cenozoic in age.

The Hongliuquan fault is situated in the north-western 
part of the SW Qaidam Basin and consists of a north-dip-
ping high-angle fault cutting strata from the late Mesozoic 
to late Cenozoic. The Hongliuquan fault is a reverse fault 
presenting pre-Middle Miocene strata in the hanging wall 
that thrust over the strata in the footwall. The apparent ver-
tical fault throw is primarily concentrated between the LLH 
Formation and the SYSS Formation and clearly indicates 
the Middle Miocene motion of this fault. The thickness of 
the Cenozoic strata is constant within each tectonic com-
partment but varies sharply between the hanging wall and 
footwall. Combined with the typical flower structure in the 
pre-Middle Miocene strata, the Hongliuquan fault can be 
explained by pre-Middle Miocene strike-slip movements 
and southward thrusting since the Middle Miocene.

The Arlar fault strikes nearly E–W and extends for 
84 km. Based on the A–A′ section (Fig. 4), the Arlar fault 
is a south-dipping high-angle fault (Fig. 4) with an obvious 
stratigraphic throw of the thickness in each formation on 
either side of the fault. The fault throw decreases from the 
bottom to the top of the Cenozoic strata. The stratigraphic 
thicknesses in the footwall are relatively uniform, whereas 
the thicknesses in the hanging wall above the XYSS For-
mation apparently decrease towards the Arlar fault and 
show typical wedge-shaped growth strata, which demon-
strates the northward thrusting motion along the Arlar fault 
since the Middle Miocene. Similar to the Hongliuquan 
fault, a positive flower structure is also observed in the 
Arlar fault, which implies a strike-slip motion. The positive 
flower structure was generated in the Late Mesozoic strata 

and occurs in the strata from the Late Mesozoic to the Late 
Cenozoic, indicating the long-term motion of the strike 
slip. The strike-slip motion induced a vertical offset of the 
strata in addition to a thrusting motion.

The #VIII fault is an N–S-trending adjusting fault that 
developed in the north of the Arlar fault. The B–B′ section 
(Fig. 5) of the fault indicates that it is a north-west-dipping 
thrusting fault. The apparent fault throw may have been 
influenced by the strike-slip movement of the Arlar fault. 
The strike-slip movement pushed the hanging wall to thrust 
over the footwall of the pre-Middle Miocene strata.

The Kunbei fault is located to the north of the Qimen 
Tagh-Eastern Kunlun Range. This fault strikes NW–SE and 
dips SW over a total length of approximately 134 km. Sec-
tion A–A′ (Fig.  4) intersects the high-angle Kunbei fault. 
The apparent fault throw between the two sides of the fault 
demonstrates that thrusting was dominant. The activity 
along the Kunbei fault is characterized in the hanging wall 
by the erosion of the Late Eocene and younger strata and 
the non-deposition of certain upper Tertiary and Quater-
nary series (Cheng et al. 2014). Combined with the north-
ward thrusting recognized in the Arlar fault, this erosion 
may have been caused by the intense northward thrusting 
in the Middle Miocene. In addition, the steep fault pattern 
and flower structure demonstrate that the Kunbei fault also 
experienced strike-slip movement in the Cenozoic.

To summarize, the Hongliuquan, Arlar and Kunbei faults 
are characterized by high-angle faults, typical flower struc-
tures and apparent vertical fault throw. The high-angle fault 
and typical flower structure may imply strike-slip motion 
from the Late Mesozoic to Late Cenozoic. The apparent 
vertical fault throws concentrated between the LLH For-
mation and SYSS Formation clearly indicate a thrusting 

Fig. 5   Seismic section B–B′ intersecting the #VIII fault in the SW Qaidam Basin. See Fig. 1 for the location. The #VIII fault is a high-angle 
thrust fault, and the fault throw is concentrated below the XYSS Formation, indicating the intense strike-slip motion of the Arlar fault
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motion since the Middle Miocene. Compared with the 
Arlar and Kunbei faults, the Hongliuquan fault, which pre-
sents a north-dipping high-angle fault, is the result of back-
thrust facilitated by asymmetric compression. The #VIII 
fault is a secondary fault that developed to the north of the 
Arlar fault, and the north-west-dipping thrusting and appar-
ent fault throw may have been influenced by the strike-slip 
movement of the Arlar fault.

Time slice interpretation

Three-dimensional seismic data provide the opportunity to 
image stratigraphic records at selected time slices or along 
interpreted stratigraphic markers (Miall 2002). Such imag-
ing has been used to interpret depositional architecture for 
a number of years (Miall 2002; Brown 2004). Relatively 
time-equivalent seismic events are used as a geologic time 
or chronostratigraphic framework, and phantom slices are 
created between these framework events using a simplified 
mathematical model (Zeng 2013).

To further determine the lateral placement of faults, 
we produced a time slice of −1510  ms. Obvious drag 
structures associated with the Arlar and Kunbei faults are 
observed in the time slice (Fig. 6). The strata near the faults 
were deformed by the strike of the Arlar and Kunbei faults, 
which may have been induced by the left-lateral strike-slip 
faulting. A nearly 5-km offset occurs at the end of the Arlar 
fault because of the sudden deformation along the fault. 
The strata to the south of the Arlar fault also exhibit obvi-
ous deformation that pushed ahead towards the fault, indi-
cating significant northward thrusting. Based on the strata 
deformation features north-west of the junction between 
the #VIII fault and the #VII fault, the northward thrusting 
was posterior to the left-lateral strike-slip faulting. Thus, 

this area experienced northward thrusting superimposed on 
the strata that present strike-slip movement.

Amplitude attribute interpretation

Of all the amplitude attributes, the root-mean-square 
(RMS) amplitude can indicate isolated or extreme ampli-
tude anomalies, and it has been used to track lithologic 
changes, such as deltaic channels and gas sand (Chen and 
Sidney 1997; Chopra and Marfurt 2005, 2007). Thus, the 
different amplitude characteristics of the delta, river chan-
nel, submarine fan and other sedimentary facies can be 
identified from the RMS amplitude slice, which reflects 
the average amplitude changes in waves within a specific 
window. To detect the strike-slip behaviour, which was 
observed in the seismic section, and determine the offset 
of the Kunbei, Arlar and Hongliuquan faults, we created 
RMS amplitude slices from the lower XGCG to XYSS 
Formations.

Various characteristics of the RMS amplitude attrib-
ute along the Kunbei, Arlar and Hongliuquan faults are 
observed in the RMS amplitude attribute slices in the 
Cenozoic strata (Fig. 7). Although the changes are not clear 
along every fault in the different formations because of the 
relatively uniform lithologic characteristics along these 
faults, the Kunbei, Arlar and Hongliuquan faults are con-
sidered to be left-lateral strike-slip faults that occurred in 
the Cenozoic. Of all of the attribute slices, the slice in the 
lower XGCG Formation best demonstrates the strike-slip 
behaviour of the Kunbei strike-slip fault system (Fig. 7a). 
Along the Hongliuquan fault, the RMS amplitude pattern 
can be divided into two zones: one for large amplitudes 
(yellow or green zone) and one for low amplitudes (pur-
ple or blue zone). The large amplitude zone is sharply trun-
cated by the fault resulting from the strike-slip movement, 
and the offset is 6.0–6.2 km (Fig. 7a). Similarly, the offset 
of the Arlar is approximately 8.8 km (Fig. 7a). The offset 
of the Kunbei fault cannot be clearly recognized in the 
lower XGCG Formation because of the poor quality of the 
seismic data from the front of the Qimen Tagh Range. For-
tunately, clear strike-slip behaviour of the Kunbei fault is 
observed in the XYSS Formation attribute slice, which pre-
sents an offset of approximately 9.2 km (Fig. 7c). Figure 7b 
and d shows the RMS amplitude attribute slices belong-
ing to the upper XGCG Formation and SYSS Formation. 
The sinistral offset from the lower XGCG Formation to 
the SYSS Formation decreased successively, implying the 
long-term movement of the strike slip, and the largest offset 
cumulated in the lower XGCG Formation. The inconspicu-
ous offset along the Hongliuquan fault in the SYSS Forma-
tion was generated by thrusting rather than by the strike-
slip movement, implying that the strike-slip movement 
decreased in the XYSS Formation (Fig. 7d).

Fig. 6   Time slice (−1510 ms) of the SW Qaidam Basin in the XYSS 
Formation. The drag structures indicate the strike-slip motion and 
northward thrusting
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Stratigraphic thickness analysis

Strike-slip movements are known to result in strata thick-
ness variations between the two sides of a fault. To deci-
pher the strike-slip faulting behaviour of the Kunbei fault 
system, we analysed the isopach map of the upper XGCG 
Formation to detect the impact of fault motion on the sedi-
ment distribution (Fig.  8). The three major faults Kunbei, 
Arlar and Hongliuquan were marked on the isopach maps 

produced based on the seismic and drill-hole data. The 
Kunbei fault system was arranged into a left-lateral right-
step en-échelon pattern instead of the usual imbricated pat-
tern of a purely compressive thrust system (Macedo and 
Marshak 1999; Thomas 2001; McQuarrie 2004; Sepehr and 
Cosgrove 2004; Cheng et al. 2014). Sharply truncated vari-
ations in sediment thickness denoted the offset on either 
side of the faults. Based on the truncated isopach line, 
such as the 200- and 400-m isopach lines, the offset of the 

Fig. 7   RMS amplitude attribute slices in the SW Qaidam Basin. a Slice of the lower XGCG Formation. b Slice of the upper XGCG Formation. 
c Slice of the XYSS Formation. d Slice of the SYSS Formation. e Strike-slip pattern of the lower XGCG Formation

Fig. 8   Isopach map of the 
upper XGCG Formation. The 
Kunbei, Arlar, Hongliuquan and 
#VIII faults are indicated on 
the isopach map. An apparent 
offset with a maximum change 
of approximately 200 m can be 
observed along these faults
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three major strike-slip faults can reach tens of kilometres 
(Fig. 8). Therefore, we infer that the left-lateral strike-slip 
faulting dominated the Kunbei fault system in or after the 
Late Eocene.

Discussion

Interpretation of the Kunbei fault system

The Kunbei fault system, located at the front of the Qimen 
Tagh-Eastern Kunlun Range, holds important implications 
for the tectonic evolution between the SW Qaidam Basin 
and the Qimen Tagh-Eastern Kunlun Range. However, 
there is a lack of consensus on the faults’ general properties 
and evolution, and a convincing explanation is not available 
(Song and Wang 1993; Yin et  al. 2007; Zhou et  al. 2006; 
Wu et al. 2014; Cheng et al. 2014, 2015c). Therefore, stud-
ying the Kunbei fault system is of great significance.

Several models have been proposed to explain the tec-
tonic and sedimentary evolution of the Qimen Tagh-Eastern 
Kunlun Range and Qaidam Basin in recent decades. The 
northward thrusting model was first proposed by Burchfiel 
et al. (1989) and then revised by Chen et al. (1999) based 
on a synthesis of the focal mechanisms and focal depth 
distributions combined with geological features, which 
indicate that the Qaidam Basin is limited by a series of 
south-dipping thrust faults. Therefore, many scholars have 
suggested that the Qimen Tagh-Eastern Kunlun Range is 
a transpressional system limited by the Kunlun strike-slip 
Kunlun fault to the south and a series of south-verging 
basement thrusts to the north (Jolivet et  al. 2001, 2003; 
Tapponnier et al. 2001; Wang et al. 2006).

However, based on field observations, seismic inter-
pretations and a high-precision deep reflection survey, 
Yin et al. (2007) proposed the southward thrusting model, 
which states that a series of Cenozoic north-dipping faults 
occurred in the Qaidam Basin and the basin thrusted south-
ward over the Qimen Tagh Mountains. Wang et al. (2011a, 
b) expanded this model and indicated that the initiation of 
the compressive deformation along the southern margin 
of the Qaidam Basin is much younger than that along the 
northern margin of the basin. Compared with the above two 
models, Cheng et  al. (2014) argued that the faults in the 
northern Kunlun area exhibit regional strike-slip features. 
The left-lateral movement of the Kunlun fault was initi-
ated in the early Miocene and migrated northward, where it 
formed a series of left-lateral strike-slip faults (i.e. the Kun-
bei, Arlar and Hongliuquan faults).

To summarize, despite the large number of models that 
have been proposed, few studies can yield a convincing 
hypothesis regarding the relationship between the Qaidam 
Basin and the Qimen Tagh-Eastern Kunlun Range. Neither 

the south-dipping thrusting point (Burchfiel et  al. 1989; 
Chen et al. 1999) nor the north-dipping thrusting point (Yin 
et  al. 2007; Wang et  al. 2011a, b) can explain the high-
angle reverse faults observed in the seismic data (Fig.  4) 
and the strike-slip behaviour observed in the −1510-ms 
time slice (Fig. 6), the RMS amplitude slices (Fig. 7) and 
the isopach map of the upper XGCG Formation (Fig.  8). 
Wu et al. (2014) indicated that the high-angle reverse faults 
may have originated from the inversion of pre-existing 
extensional faults in response to the far-field effect of the 
Cenozoic India–Eurasia collision, although there is no 
direct evidence. The strike-slip model proposed by Cheng 
et  al. (2014) considers the left-lateral strike-slip factor; 
however, it cannot explain the nearly 2.2-km uplift of the 
Cenozoic strata.

Based on the geometry and kinematic analysis of the 
Kunbei fault system, we attempt to develop a new con-
vincing explanation. The apparent positive flower structure 
(Fig. 4), strata deformation along the faults in the time slice 
(Fig. 6), sharply truncated sediments observed in the RMS 
amplitude attribute slices (Fig. 7) and sudden variation in 
sediment thickness indicated by the offset of the isopachs 
on both sides of the Arlar and Kunbei faults (Fig. 8) reveal 
that long-term strike-slip motion occurred throughout the 
Cenozoic. However, the positive flower structure of the 
Hongliuquan fault is in the pre-Middle Miocene strata, 
implying the decrease in strike-slip faulting in the Middle 
Miocene.

The above analysis indicates that the Kunbei fault sys-
tem is a series of strike-slip faults that occurred during 
the Cenozoic. However, growth strata, which are closely 
related to thrusting, can be observed in the A–A′ section. 
Previous studies have suggested that the growth strata were 
caused by the northward thrusting, which has been active 
since the early Cenozoic (Song and Wang 1993; Zhou 
et  al. 2006; Wang et  al. 2012; Wu et  al. 2014). However, 
growth strata occur in the post-XYSS Formation, which 
is inconsistent with previous studies. To determine the 
time period when rapid thrusting occurred and its dura-
tion in the Cenozoic, balanced sections based on the seis-
mic reflection profile data are produced. We re-emerge 
the evolution of sections C–C′ by each formation in the 
basin (Fig.  9). The balanced sections of the Cenozoic 
show that the flower structure occurs in all of the forma-
tions, which implies the occurrence of strike-slip activi-
ties throughout the Cenozoic. The strata on either side of a 
fault should have a relatively uniform thickness. Emerging 
from the balanced section, the strata thickness before the 
XYSS Formation decreased from north to south across the 
Hongliuquan fault and had an apparent vertical fault throw 
between the hanging wall and footwall, and these proper-
ties are also observed in the Arlar and Kunbei faults. The 
different rates of deposition may have caused the thickness 
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variations across faults to some extent. However, this dif-
ference could not have caused the stepwise changes in the 
strata thickness. The formations before the XYSS Forma-
tion are flat and do not indicate south-dipping thrust fault 
activities. Combined with the typical flower structures, we 
determined that the apparent thickness variations across the 
fault were mainly caused by left-lateral strike-slip move-
ment. Generally, the sedimentary strata in the centre of the 
basin are thicker than those in the margin of the basin. The 
thicker sedimentary strata closer to the centre of the basin 
are transferred from the east, which can explain the step-
wise changes in strata thickness. The sedimentary strata of 
the XYSS Formation show typical wedge-shaped growth 
strata that present apparently decreasing thicknesses in 
the hanging wall towards the Arlar fault, which is closely 
associated with the south-dipping thrusting. To illustrate 
this change objectively, we measured the thickness across 

the Arlar Fault in every formation and calculated the thick-
ness differences. The Cenozoic stratigraphic thickness 
difference between the hanging wall and footwall was up 
to approximately 2.2  km according to the corresponding 
measured thicknesses (Fig.  9). Before the XYSS Forma-
tion, the apparent thickness variations across the Arlar fault 
were mainly caused by the strike-slip movement, which 
resulted in a vertical elevation of approximately 0.6  km 
(Fig. 10). Massive strata uplift mainly occurred above the 
SGCG Formation, which presented a nearly 1.6-km verti-
cal elevation (Fig. 10). However, certain vertically elevated 
strata may also have resulted from the accompanying 
strike-slip movement.

Synthesizing the above analysis, we propose that the 
Kunbei fault system (i.e. the Kunbei, Arlar and Hong-
liuquan faults) is characterized by strike-slip movement 
throughout the Cenozoic. Intense northward thrusting has 

Fig. 9   Evolution of sections C–C′ by each formation in the basin. Apparent growth strata and thrusting can be observed in the XYSS Formation
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occurred since the Middle Miocene and caused the huge 
strata uplift.

Tectonics control on deposition in the SW Qaidam 
Basin

The Cenozoic Qaidam Basin experienced multi-stage tec-
tonic activities in the Cenozoic (Fu and Awata 2007; Wang 
et al. 2010; Cheng et al. 2014, 2015c; Wu et al. 2014), and 
the sedimentary characteristics are consistent with the evo-
lution of the tectonic mechanism. The tectonic activity in 
the pre-Middle Miocene was not intense, and strike-slip 
faulting dominated, which is consistent with the expan-
sion of the lacustrine basin and the widespread fine-grained 
deposits. In the Middle Miocene, the Tibetan Plateau expe-
rienced rapid uplift and the Qimen Tagh-Eastern Kunlun 
Range (Dai et  al. 2013; Wang et  al. 2014) experienced a 
complete uplift. In addition, rapid northward thrusting 
dominated the Kunbei fault system. Under this condition, 
the lacustrine area narrowed significantly and led to the 
establishment of widespread delta and fluvial systems in 
the SW Qaidam Basin.

The strike-slip behaviour of the Kunbei fault system 
lasted throughout the Cenozoic. Allen and Allen (2013) 
noted that some of the world’s best known strike-slip 
faults, such as the San Andreas and North Anatolian faults, 
commonly have startling geomorphic expressions. Alluvial 
fans accumulate downstream of the range front and may 
present laterally displaced apices, and stream channels 
on the fan surface may become beheaded. Geomorphic 
evidence for strike-slip tectonics is classically displayed 
along the San Andreas system of California (Wesson et al. 
1975; Keller et  al. 1982) and along the Hexi Corridor of 
north-central China (Li and Yang 1998). In the Cenozoic, 
especially from the Early Eocene to the Middle Miocene, 

the Kunbei fault system was dominated by a left-lateral 
strike slip. The left-lateral strike-slip movement also 
caused asymmetry in the facies patterns across the strike-
slip fault.

Sedimentary facies can be identified from the lithologi-
cal facies. Well-l and Well-2 are located on either side of 
the Arlar fault, and the sedimentary facies in the SGCG 
Formation and the XYSS Formation show different charac-
teristics (Fig. 11). The apparent changes in the sedimentary 
facies of the SGCG Formation in Well-1 are obvious. The 
lower SGCG Formation (1370–1481 m) primarily contains 
lacustrine deposits, such as dark mudstones and fine sand-
stones, whereas the upper portion (1198–1370 m) contains 
brownish-red sandstone intercalated with conglomerate, 
which indicates an alluvial fan sedimentary environment. 
However, the sedimentary environment of the SGCG For-
mation (2309–2708 m) in Well-2 is relatively constant and 
results in lacustrine deposits throughout the formation. 
The apex of the alluvial fan may be sharply truncated by 
the strike-slip fault and displaced laterally. This charac-
teristic is a convincing indicator of strike-slip movement. 
The sedimentary environments of the XYSS Formation in 
Well-1 and Well-2 are relatively uniform, especially for 
fluvial deposition sedimentary environments. This relative 
uniformity implies a decreased strike-slip movement. The 
high sedimentation rate also restrained the exhibition of 
strike-slip characteristics, such as the asymmetry of facies 
patterns and strike-slip displacement, as well as the move-
ment of the strike slip.

The analysis of the tectonic activities and sediment in 
the SW Qaidam Basin suggests major control of the tec-
tonic processes during basin filling as documented above. 
In turn, the depositional records provide a useful archive 
for deciphering the tectonic behaviour and evolution of the 
SW Qaidam Basin.

Fig. 10   Stratigraphic thick-
ness difference between the 
hanging wall and the footwall 
in the Cenozoic. The apparent 
thickness variations occurred 
in the Miocene, implying the 
enhanced south-dipping thrust-
ing
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Two‑stage evolution of the Kunbei fault system

According to the above analysis, we have determined the 
Cenozoic geometrical characteristics of the Kunbei fault 
system. However, the spatial and temporal response of 
the strike-slip and thrusting behaviour to the uplift of the 
Tibetan Plateau are still open for discussion.

The Tibetan Plateau is generally regarded as reflecting 
the Indian-Eurasian collision that started in approximately 
55  Ma (Molnar and Chen 1983; Shackleton et  al. 1984; 
Miller et  al. 1987; Jijun 1991; Kroon et  al. 1991; Raymo 
and Ruddiman 1992; Rea et al. 1998; Zhisheng et al. 2001; 
Johnson 2002; Soofi and King 2002; Wang et  al. 2014), 
with the full collision occurring from the Eocene to the 
Miocene (Molnar and Tapponnier 1975; Klootwijk and 
Peirce 1979; Patriat and Achache 1984; Patzelt et al. 1996; 
Wu et  al. 2008). The Indian-Eurasian collision may have 
resulted in crustal shortening (Patriat and Achache 1984; 

Ratschbacher et al. 1994; Yin and Harrison 2000; Dupont-
Nivet et al. 2004) and strike-slip faulting (Tapponnier et al. 
1986, 2001; Yin et al. 1994; Dupont-Nivet et al. 2004).

Surface uplift caused by thrusting is well developed 
in the basins around the Tibetan Plateau, such as the Hoh 
Xil Basin, Qaidam Basin and Jiuquan Basin. The Qaidam 
Basin is separated from the Hoh Xil Basin by the Eastern 
Kunlun Range and from the Jiuquan Basin by the Qilian 
Shan Range (Fig. 1a; Yin and Harrison 2000). Based on a 
balanced section of 5 seismic profiles, Wang et al. (2010) 
reconstructed the Cenozoic deformation history of the 
Qaidam Basin and indicated that the Qaidam Basin expe-
rienced two intensive tectonic deformations, with the first 
phase occurring from the Middle Eocene to Early Miocene 
and the stronger second phase occurring from the Middle 
Miocene to the present. The two stages are consistent with 
the initial and full Indian-Eurasian collision. Based on the 
anisotropy of the magnetic susceptibility, Yu et  al. (2014) 

Fig. 11   Cenozoic stratigraphic column of the SGCG and XYSS Formations in Well-1 and Well-2. See Fig. 1 for the well locations. The data 
were acquired by the Qinghai Oilfield Company (China)
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showed that the Qaidam Basin has experienced at least 
two periods of compression during the Cenozoic: an early 
N–S-trending strain no later than the Oligocene and a late 
NE–SW-trending strain since the Miocene. Coincidentally, 
Cheng et  al. (2015b) estimated that the initial movement 
along the Altyn Tagh fault occurred broadly between the 
Eocene and Miocene Epochs (Chen et al. 2001; Meng et al. 
2001; Wan et  al. 2001; Yue et  al. 2001; Yin et  al. 2002; 
Robinson et  al. 2003; Wu et  al. 2012a, b) and the left-
lateral slip of the Altyn Tagh fault accelerated in the early 
Miocene.

Similar to the Qaidam Basin, the uplift history of the 
Tibetan Plateau is recorded in the Jiuquan Basin and Hoh 
Xil Basin. The Jiuquan Basin is a foreland basin, and the 
southern boundary is formed by the Qilian Shan fold and 
thrust belt, which separates the Jiuquan Basin from the 
Qaidam Basin. The basin’s development can be divided 
into a strike-slip basin stage (37.7–30.3  Ma) and a thrust 
foreland basin stage (29.5–0 Ma; Wang et al. 2014). Dur-
ing the thrust foreland basin stage, the strata consisted of 
several coarsening-upward sequences, which indicate that 
the basin was a foreland basin controlled by faults along 
the thrust front of the North Qilian Shan. The initiation of 
the uplift in southern Qilian Shan might have occurred at 
approximately 30 Ma based on its cooling history (Jolivet 
et  al. 2001; Wang 2004). However, the rapid cooling of 
northern Qilian Shan began in 8–9.5 Ma (Zheng et al. 2010; 
Wang et al. 2014). Hoh Xil is also a foreland basin that was 
uplifted, and it formed the northern part of the Tibetan Pla-
teau in the Eocene and Early Oligocene under the influence 
of Fenghuo Shan-Nangqian thrusting, which was caused by 
the onset of the India-Asia collision (Liu and Wang 2001; 
Horton et al. 2002; Spurlin et al. 2005; Zhu et al. 2006). In 
summary, the Miocene was a critical period in the tectonic 
evolution of the Tibetan Plateau and basins around (Yue 
and Liou 1999; Kirby et al. 2002, 2007; Ding et al. 2004; 
Sun et  al. 2005a; Wang et  al. 2010, 2012; Yu et  al. 2014; 
Cheng et al. 2015b).

Combined with the points mentioned above, we pro-
pose that the tectonic evolution of the Tibetan Plateau and 
the surrounding tectonic zones can be divided into two 
stages that are consistent with the initial and full Indian-
Eurasian collision. Yang et  al. (2007) indicated that the 
concomitant uplift with strike-slip faults is a result of the 
restraining bend during the oblique collision of plates. The 
oblique collision of the India and Eurasian plates caused 
the basement-involved structure to express certain features, 
such as a strike-slip and thrust fault (Xie et al. 1998; Xiao 
et al. 1998; Yang 1999). The Eocene–Middle Miocene crus-
tal shortening and strike-slip faulting in the north-eastern 
margin of the Tibetan Plateau are associated with the ini-
tial Indian-Eurasian collision. From the Middle Miocene, 
regional rather than local rapid uplift and fast exhumation 

of the north-eastern Tibetan Plateau have occurred under 
the far-field effect of the full Indian-Eurasian collision.

Early Eocene to Middle Miocene: dominated by strike‑slip 
deformations

The Indian-Eurasian plates began to collide in the Early 
Eocene and caused plateau building and strike-slip extru-
sions towards the east and north-east (Tapponnier et  al. 
2001). The extrusion stress accompanying the initial colli-
sion was released by the widespread strike-slip movements. 
Thus, the margin of the Tibetan Plateau was dominated by 
strike-slip extrusions, which generated a series of strike-slip 
faults, such as the Altyn Tagh left-lateral strike-slip fault, 
Red River right-lateral strike-slip fault and Eastern Kunlun 
left-lateral strike-slip fault (Fig. 12a). Under this condition, 
the Kunbei fault system began to form (Fig. 12b). The Kun-
bei fault system acted as a series of strike-slip faults during 
the Cenozoic. Based on the RMS amplitude attribute along 
the faults, the sinistral offset from the lower XGCG Forma-
tion to the SYSS Formation decreased successively, which 
implies the long-term movement of the strike slip, with the 

Fig. 12   Genetic model of the Kunbei fault system in the Cenozoic. a 
Sketch map of strike-slip fault in the plane and the escape structures. 
b Genetic model of the Kunbei fault system before the Middle Mio-
cene. The offset before the Middle Miocene are determined based on 
the offset of the lower XGCG Formation by subtracting the offset in 
the stratum of the Middle Miocene. The offsets are identified in the 
RMS amplitude slices. c Genetic model of the Kunbei fault system 
from the Middle Miocene to the present. The stratigraphic thickness 
difference between the hanging wall and footwall is based on the bal-
anced section
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largest offset cumulated in the lower XGCG Formation. 
Thus, the offset before the Middle Miocene can be deter-
mined based on the offset of the lower XGCG Formation 
by subtracting the offset in the stratum of the Middle Mio-
cene (Fig. 12a). The three faults formed almost simultane-
ously. Considering that the Kunbei fault is much closer to 
the Eastern Kunlun left-lateral strike-slip fault, the Kunbei 
fault may have formed slightly earlier than the Arlar and 
Hongliuquan faults. Influenced by the ribbon and dolphin 
effects, certain changes may have occurred in the strike-slip 
fault dips. Inevitably, north-dipping backthrust occurred 
with the strike-slip motion. Consistent with the relatively 
weak tectonic activities, the SW Qaidam Basin is mainly 
composed of widespread lacustrine deposits of fine-grained 
sediments (Fig. 13a).

Middle Miocene to present: dominated by south‑dipping 
thrusting

In the Middle Miocene, full collision occurred between the 
Indian-Eurasian plates. The intense extrusion stress could 
not be released by the strike-slip fault movements. Thus, 
the anabatic collision caused the rapid uplift and fast exhu-
mation of the north-eastern Tibetan Plateau, Eastern Kun-
lun Range (Yin et al. 2008b; Cheng et al. 2015a) and Qilian 
Shan (Zheng et al. 2006; Fang et al. 2007; Lu and Xiong 
2009; Clark et al. 2010; Lin et al. 2010; Zheng et al. 2010) 
and accelerated the strike slip of the Altyn Tagh fault (Yue 
and Liou 1999; Kirby et al. 2002, 2007; Ding et al. 2004; 
Sun et  al. 2005a; Wang et  al. 2010, 2012; Yu et  al. 2014; 
Cheng et al. 2015b). Blocked by the northern Qilian Shan 
Range, the Arlar and Kunbei faults began to rapidly thrust 
northward (Fig. 12c). Based on the balanced sections, the 
Cenozoic stratigraphic thickness difference between the 
hanging wall and the footwall can reach nearly 2.2 km. A 
pre-existing strike-slip structure produces thrusting, and 
high-angle faults are possible.

The growth style for the three faults can be divided into 
two stages. In the first stage, the three faults mainly devel-
oped strike-slip structures, and little northward thrusting 
may have occurred in the Kunbei fault. In the second stage, 

the growth style of the Hongliuquan fault was quite dif-
ferent from that of the Arlar and Kunbei faults. Influenced 
by the full collision of the Indian-Eurasian plates and the 

Fig. 13   Schematic drawing showing the tectono-sedimentary frame-
work in the Cenozoic SW Qaidam Basin. a Tectono-sedimentary 
framework in the late Oligocene. The Kunbei fault system was domi-
nated by strike-slip movement and weak south-dipping thrusting. 
Widespread lacustrine deposits dominated the SW Qaidam Basin. b 
Tectono-sedimentary framework in the Middle Miocene. South-dip-
ping thrusting of the Kunbei fault system was markedly enhanced in 
the Middle Miocene. The Qimen Tagh-Eastern Kunlun Range experi-
enced rapid uplift and reached high altitude at that time. Correspond-
ing to the tectonic evolution of the Kunbei fault system and Qimen 
Tagh-Eastern Kunlun Range, delta deposits developed in the SW 
Qaidam Basin. c Tectono-sedimentary framework of the present SW 
Qaidam Basin

▸
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uplift of the Tibetan Plateau, the Arlar and Kunbei faults 
began to rapidly thrust northward. However, facilitated by 
the asymmetric compression, the Hongliuquan fault was a 
backthrust, and the pre-Middle Miocene strata in the hang-
ing wall thrust over the strata in the footwall. Regarding the 
northward-decreased sinistral offset from the Kunbei fault 
to the Hongliuquan fault identified from the RMS ampli-
tude slice (Fig.  7), the Kunbei fault system experienced 
long-term intense strike-slip faulting, which was influenced 
by the East Kunlun left-lateral strike-slip fault.

In the second stage, the Qimen Tagh Range experienced 
fast exhumation and the areal extent of lacustrine facies 
began to shrink and was replaced by widespread coarse-
grained deposits associated with fan delta and fluvial depo-
sitions (Fig. 13b). The shrinkage of the lake area continues 
today, and the current SW Qaidam Basin is dominated by 
non-lacustrine deposits and only presents a small lake area, 
i.e. the Gas-Hure Lake (Fig. 13c). The Qimen Tagh-Eastern 
Kunlun Range has experienced a complete uplift.

Conclusions

Based on the geometry and kinematic analysis of the Kun-
bei fault system, we have shown that the Kunbei fault 
system and SW Qaidam Basin experienced a two-stage 
evolution during the Cenozoic. The initial collision of the 
Indian-Eurasian plates caused plateau building and strike-
slip extrusion towards the east and north-east. The Kunbei 
fault system was closely related to the strike-slip extrusion 
and characterized by left-lateral strike-slip faults and weak 
south-dipping thrust faults from the Early Eocene to the 
Middle Miocene. From the Middle Miocene, the influence 
of the full collision between the Indian-Eurasian plates 
and the accompanying rapid uplift of the Tibetan Plateau 
caused the Kunbei fault system to experience intense south-
dipping thrusting, which continues today.

Controlled by the tectonic evolution of the Kunbei fault 
system, the SW Qaidam Basin has experienced basin for-
mation, stable sedimentation and shrinkage stages. The 
areal extent of the lacustrine facies in the SW Qaidam 
Basin has been shrinking since the Middle Miocene, which 
is consistent with the rapid uplift of the Qimen Tagh-East-
ern Kunlun Range and intense south-dipping thrusting of 
the Kunbei fault system.
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