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Abstract
The western Qinling Mountains, located between the East Kunlun fault and the West Qin-
ling fault, hold the key to investigating the outward expansion of the Tibetan Plateau. We 
use up-to-date GPS observations to derive high spatial–temporal resolution crustal velocity 
and strain rate fields for this region. Our results suggest that a series of NEE-trending faults 
bounding the eastern margin of the western Qinling Mountains experience right-lateral 
strike slip with low rates of ~ 1 mm/yr. In addition, our results suggest that crustal defor-
mation of the western Qinling Mountains could be governed by a right-lateral shear zone 
trending NNE at a rate of ~ 6  mm/yr, producing a clockwise rotation of subblocks: left-
lateral and right-lateral strike slip on the NWW-trending and NEE-trending faults, respec-
tively. The eastward extrusion of the Tibetan Plateau along the western Qinling Mountains 
is limited further east. In contrast, the NNE-ward expansion of the northeastern Tibetan 
Plateau is the primary motion which extends through the western Qinling Mountains and 
the Longxi block. The results of this study improve our understanding of the outward 
expansion of the Tibetan Plateau influenced by the Indian–Eurasian collision.
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1  Article Highlights

1. High spatial–temporal resolution of crustal velocity and strain fields for western Qinling 
Mountains.

2. Crustal deformation of western Qinling Mountains could be governed by a right-lateral 
shear zone trending NNE.

3. NNE-ward expansion of Tibetan Plateau is the primary motion, while eastward extrusion 
is limited.

2 Introduction

The northeastern Tibetan Plateau is a transition zone connecting the Tibetan Plateau and 
the North China–Pacific plate, and it is also the junction of tectonic structures striking EW 
and NS in mainland China (Tapponnier et al. 1982; Zhang et al. 1995, 2004; Mercier et al. 
2013). Large-scale left-lateral strike-slip fault systems trending EW, such as the East Kun-
lun fault and the Haiyuan fault, indicate significant eastward extrusion of the Tibetan pla-
teau. At the same time, development of several right-lateral strike-slip faulting structures 
trending NNE, such as the northern segment of the Longmenshan fault zone, the Longriba 
fault, and the Yinchuan graben, suggests northward movement of the plateau (Deng et al. 
1999; Xu et al. 2008, 2017; Shi et al. 2020). Although the two groups of structures above 
can be attributed to the context of northeastward expansion of the Tibetan Plateau, whether 
their tectonic deformation is dominated by the eastward extrusion or northward expan-
sion of the plateau and how the two groups of deformation interact in a unified kinematics 
scheme remain in dispute.

Numerous kinematic models have been proposed to delineate different deformation 
processes of the northeastern Tibetan Plateau, based on large fault offsets and left-lateral 
strike-slip rates on the East Kunlun fault and the Haiyuan fault inferred from geological 
(Van der Woerd et al. 2002; Li et al. 2005, 2009; Kirby et al. 2007, 2013) and GPS-derived 
crustal deformation (Zuza and Yin 2016; Li et al. 2018). One model stresses the signifi-
cance and importance of the eastward lateral extrusion of the crustal material in the pla-
teau (Peltzer et al. 1985; Tapponnier et al. 2001; Jiang et al. 2003; Zhang et al. 1995; Ma 
et al. 2013). Considering geological records of clear left-lateral strike slip along the eastern 
Qinling Mountains, either the East Kunlun–Qinling Mountains fault system (Jiang et  al. 
2003; Zhang et al. 1995; Ma et al. 2013) or the Haiyuan–Liupanshan–Qinling Mountains 
fault system (Peltzer et al. 1985; Tapponnier et al. 2001) is regarded as the channel for the 
eastward escape of the plateau and the connection for influencing the tectonic deforma-
tion of the North China Plain in the late Quaternary. Constraining from geological and 
geodetic measurements, another model suggests that the eastward extrusion of the north-
eastern Tibetan Plateau along the East Kunlun fault and the Haiyuan fault is resisted by the 
rigid block-like motion of the South China and the Ordos block (Kirby et al. 2007; Harkins 
and Kirby 2008; Kirby and Harkins 2013; Zheng et al. 2016; Zuza and Yin 2016; Li et al. 
2018). Moreover, the deformation is accommodated by thrusting on the eastern tip of the 
faults, crustal shortening, and mountain uplift in the western Qinling Mountains. Hence, 
the eastward extrusion is largely confined within the plateau (Kirby et al. 2007; Harkins 
and Kirby 2008; Kirby and Harkins 2013; Zheng et al. 2016; Li et al. 2018). England and 
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Molnar (1990) indicated that there is significant northward movement in the northeast-
ern Tibetan Plateau, and a prominent right-lateral shear deformation zone trending NNE 
is formed between the plateau and the stable Sichuan basin (Kirby and Harkins 2013). 
According to this second model, the right-lateral shear deformation controls left-lateral 
strike slip on the EW-trending faults of the northern Tibetan Plateau in the pattern of the 
bookshelf fault model (Zuza and Yin 2016).

These models suggest different crustal deformation patterns and slip rates on the major 
active faults within the northeastern Tibetan Plateau, especially the EW-trending East Kun-
lun and West Qinling faults, and a series of secondary active fault systems consisting of 
the NWW-trending and NEE-trending between them. It is challenging to record geological 
slip rates on faults with small offsets in the western Qinling Mountains, where the multi-
ple NWW-trending, NEE-trending and arcuate faults intersect (Duvall and Clark 2010). 
Geodetic observation can be used to probe deformation of millimeter-scale accuracy and 
is well suited for monitoring regional crustal movement and slip rates on faults. Previous 
studies have provided various GPS velocity fields for the western Qinling Mountains (Ge 
et al. 2013; Liang et al. 2013; Zheng et al. 2017; Wang and Shen 2020). These GPS results 
suggest that the East Kunlun fault and the Haiyuan fault experience prominent left-lateral 
strike-slip deformation, and the slip rates decrease eastward and transfer to crustal con-
traction and folding (Zheng et al. 2013; Li et al. 2018). In addition, geological and geo-
detic data imply that the deformation of the Haiyuan fault and Alxa block is influenced 
by significant northward movement of the northeastern Tibetan Plateau (Duvall and Clark 
2010). These studies expand our understanding of tectonic deformation of the northeast-
ern Tibetan Plateau, but it is hard to quantify present characteristics of faults between the 
West Qinling and East Kunlun faults, and reveal the regional deformation patterns more 
completely.

In this study, a GPS horizontal velocity field spanning from 1999 to 2019 with high 
spatiotemporal resolution was acquired by additional observations from our recent field 
geodetic works. Then, the slip rate on faults of the west Qinling Mountains was estimated 
by using GPS velocities. A deformable block motion model was employed to characterize 
the movements of nine tectonic terranes in this region. Our study provides new constraints 
on deciphering the outward expansion of the Tibetan Plateau: The NNE-ward expansion of 
the northeastern Tibetan Plateau is the primary motion which extends through the western 
Qinling Mountains. However, the eastward extrusion of the Tibetan Plateau along the west-
ern Qinling Mountains is limited further east.

3  Regional Tectonic Setting

The western Qinling Mountains are located between the East Kunlun fault and the West 
Qinling fault and are recognized as the step-over of these two major left-lateral strike-
slip faults (Yuan et al. 2004). Previous studies suggest that the left-lateral strike-slip rates 
along the East Kunlun fault decrease from > 10 to < 2 mm/yr toward its eastern tip (Van der 
Woerd et al. 2002; Guo et al. 2007; Kirby et al. 2007; Lin and Guo 2008; Duvall and Clark 
2010; Li et al. 2011; Diao et al. 2019), while the West Qinling fault has low left-lateral slip 
rates of 2–3 mm/yr (Li et al. 2007; Shao et al. 2011; Ge et al. 2013; Li et al. 2015).

Within the western Qinling Mountains, two sets of active faults trending NWW and 
NEE are located at its western and eastern parts, respectively. The former mainly consists 
of the Lintan-Tanchang fault, the Guanggaishan-Dieshan fault, the Bailongjiang fault, and 
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the Tazang fault. The latter includes the Lixian-Luojiabao fault, the Chengxian-Taibai fault, 
and the Wenxian-Kangxian fault (Fig. 1).

Recent geological studies have documented the constraints of slip rate on these faults. 
The Lintan-Tanchang fault is a left-lateral strike-slip and thrust fault, which hosted the 
2013 MS 6.6 Minxian earthquake (Zheng et  al. 2013). The estimated strike-slip rate has 
been ~ 1  mm/yr since the late Quaternary (Liu 2012). The Guanggaishan-Dieshan fault 
experiences left-lateral strike slip with thrusting deformation (Yu et  al. 2012). The field 
investigations, satellite image analysis, and structural data reveal that the left-lateral strike-
slip rate of the late Quaternary on the Bailongjiang fault is 1.7–2.6 mm/yr (Li et al. 2019). 
Moreover, the Tazang fault, the easternmost segment of the East Kunlun fault, has left-
lateral strike-slip rates of 1.3–3.2 and 0.2–0.3 mm/yr on its west and east sections, respec-
tively (Ren et  al. 2013). The 2017 MS 7.0 Jiuzhaigou earthquake occurred on the Huya 
fault connecting the Tazang fault to the south (Xu et al. 2017; Sun et al. 2018).

With respect to the east section of the western Qinling Mountains, previous studies sug-
gested that the Lixian-Luojiabao fault is a left-lateral strike-slip fault with a slip rate of 
0.95 mm/yr since the late Quaternary (Han et al. 2001). Additionally, the 1654 M 8 south-
ern Tianshui earthquake occurred on this fault (Yang et al. 2015). The Chengxian-Taibai 
fault bounding the Chengxian basin on the north has left-lateral strike-slip and thrust dip-
slip rates of 0.71 ± 0.18 and 0.43 ± 0.13  mm/yr (Zheng et  al. 2016), respectively. Other 
studies have revealed that the Lixian-Luojiabao fault and the Chengxian-Taibai fault expe-
rience right-lateral shear deformation instead of left-lateral deformation, which responds to 

Fig. 1  Tectonic setting of the western Qinling Mountains, showing active faults, earthquakes, and GPS 
stations. The white rectangle in (b) shows our study area. Earthquakes represented as circles (a) are from 
China Earthquake Data Center (http://data.earth quake .cn). Abbreviations used are: East Kunlun fault (F1), 
West Qinling fault (F2), Qinling Piedmont fault (F3), Haiyuan fault (F4), Liupanshan fault (F5), Longmen-
shan fault zone (F6), Pingwu-Qingchuan fault (F7), Huya fault (F8), Mingjiang fault (F9), Tazang fault 
(F10), Bailongjiang fault (F11), Guanggaishan-Dieshan fault (F12), Lintan-Tanchang fault (F13), Lixian-
Luojiabao fault (F14), Chengxian-Taibai fault (F15), and Wenxian-Kangxian fault (F16)

http://data.earthquake.cn
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the northward expansion of the Tibetan Plateau (Xu et al. 2017; Shi et al. 2020). Although 
the Wenxian-Kangxian fault is determined to be a left-lateral strike-slip fault bounding 
the north margin of the stable Bikou block, its slip rate remains ambiguous (Wang et al. 
2001; Jia et  al. 2012). Which seismogenic fault produced the 1879 M 8 southern Wudu 
earthquake is still controversial (Hou et al. 2005; Yuan et al. 2014; Li et al. 2019) due to 
the absence of well-preserved surface ruptures, but there is consensus that the epicenter of 
this earthquake was located at the intersection of the Bailongjiang fault and the Wenxian-
Kangxian fault (Fig. 1). To summarize, the broad distribution of active faults, together with 
frequent strong earthquakes, implies the region of study is undergoing complex tectonic 
deformation.

4  Data and Methods

GPS data used in our study were mainly obtained from the key national scientific infra-
structure project of the Crustal Movement Observation Network of China (CMONOC). 
The campaign GPS stations were resurveyed every 2 or 3 years from 1999 to 2019, and 
the continuous GPS stations in the western Qinling Mountains have been operational since 
2010. Additionally, we collected data from campaign GPS stations from the National GPS 
Geodetic Control Network of China (NGGCNC), which conducted the first survey in 2005 
or 2014; surveys were conducted again twice by the Second Monitoring and Application 
Center (SMAC) and the China Earthquake Administration in 2012 and 2018–2019, respec-
tively. We also collected GPS data from Continuous Operation Reference Stations (CORS) 
recorded in 2014–2018 by the Gansu Bureau of Surveying Mapping and Geoinforma-
tion (GBSMG). In order to monitor activity of the Chengxian-Tianbai fault, the SMAC 
has installed three continuous GPS stations across this fault since October 2017. Figure 1 
shows that GPS stations from the NGGCNC and GBSMG are a necessary supplement in 
space for the CMONOC in the western Qinling Mountains.

The GAMIT package (Herring et al. 2015a) was utilized to process the double differ-
enced carrier-phase data to obtain loosely constrained daily solutions for satellite orbits, 
station coordinates, tropospheric zenith delays, and their variances–covariances matrix. 
The IONEX files (provided by the Center for Orbit Determination in Europe) containing 
total electron content (TEC) at 2-h intervals were adopted to mitigate high-order iono-
spheric delays. We also process GPS data of ~ 70 International Terrestrial Reference Frame 
(ITRF) core stations with the same model to get global loosely constrained daily solutions. 
Then, the regional daily solutions were combined with global solutions and then fixed to 
ITRF2014 (Altamimi et al. 2017) by utilizing the GLOBK package (Herring et al. 2015b). 
In the last step, we calculated the GPS station position time series.

The GPS position time series in our study area were affected by two large earthquakes: 
the 2008 MS 8.0 Wenchuan, China earthquake, and the 2011 MS 9.0 Tohoku-Oki, Japan 
earthquake. To reduce the coseismic offsets of the Wenchuan earthquake from the cam-
paign station time series, the Kriging method was employed to interpolate the coseismic 
displacement field given by Shen et  al. (2009). Then, the interpolated coseismic offsets 
were used to correct the time series. For the effect of postseismic displacements following 
this earthquake, we only used GPS data measured before 2008 for stations within the post-
seismic deformation region determined by Wang and Shen (2020). Hao and Zhuang (2020) 
provided the coseismic displacement field of the 2011 Tohoku-Oki earthquake using more 
GPS stations located in the eastern China and found that this event affected the region east 
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of 105°E, and the postseismic deformation was confined in the northeastern China and 
eastern portions of North China. Therefore, we also used the Kriging method to interpolate 
coseismic displacements to correct the campaign GPS time series and neglect the postseis-
mic deformation. Finally, we employed the weighted least squares method to fit position 
time series and derive the linear velocity with respect to ITRF2014.

In order to represent differential horizontal movements within the western Qinling 
Mountains, we selected its adjacent stable Ordos block as a regional reference frame. 
We chose the GPS velocities located on the Ordos block to estimate the Euler pole with 
the assumption of the block boundaries freely slipping. We employed the weighted least 
squares by applying constraints that minimized motions within the interior of the Ordos 
block. We ruled out potential outliers from the velocities through an iterative procedure: 
The stations with the largest post-fit residual were removed and re-calculated the angular 
velocity until all the post-fit residuals were less than 2 mm/yr. With respect to ITRF2014, 
we estimated the Ordos block Euler pole of 75.083°N ± 0.850° and 139.692°W ± 3.701°, 
with an angular rotation rate of 0.352 ± 0.006°/Ma. Finally, we transformed the velocities 
into the Ordos-fixed frame (Fig. 2). The GPS velocity field is provided in supplementary 
material.

5  Results

5.1  Strain Rate Field

As shown in Fig. 2, the crustal velocities are divided into two parts by about 105°E, where 
the west section moves NNE-ward and the east section deforms insignificantly. To visu-
alize the crustal deformation of the studied region, we calculate the strain rate field by 
using the method of a continuous function developed by Shen et al. (2015). This method 
interpolates a set of discrete GPS velocities and introduces the spatial weighting function 
with smoothing distance D optimally determined according to the in situ data quality. It is 
robust because it does not depend on certain assumptions on data. As shown in Fig. 3a, the 

Fig. 2  GPS velocity field with 
respect to the Ordos-fixed frame. 
Red polygons show locations 
of the GPS velocity profiles in 
Fig. 6. The orientation of profiles 
A and B is N13°E and N30°W, 
respectively. Error ellipses 
denote 1 − σ uncertainties
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smallest D of about 50 km is along the southeastern margin of the Ordos block, where the 
GPS stations are the most densely distributed. Across the western Qinling Mountains, the 
smoothing distances are 60–80 km due to our updated dense GPS data.

The maximum shear strain rate in Fig.  3b shows that significant shear strain rates of 
16–24 × 10−9/yr appear in the Haiyuan fault and the East Kunlun fault, where the primary 
strain rates are the largest too. Our estimated maximum shear strain rate across the Hai-
yuan fault is much lower than the result in Li et al. (2018), but consistent with Zheng et al. 
(2017) and Wang and Shen (2020). The orientation of compressive strain changes from 
nearly EW around the Kunlun fault to NE around the Haiyuan fault. The primary strain 
and the maximum shear strain rates in the east of 105°E are insignificant, which is similar 
to the results of Wang and Shen (2020). The dilatation rate in Fig. 3c indicates that the 
western Qinling Mountains and the surroundings are mainly in contractional deformation. 
There is a N–S trending contraction zone along about 105°E, where the strain rates cal-
culated by Li et al. (2018) and Wang and Shen (2020) also appear approximately. On the 
intersection region between the NWW-trending and NEE-trending faults, the areal con-
traction rate is up to 12 × 10−9/yr. Figure 3d demonstrates that the region between the East 
Kunlun fault and the Haiyuan-Liupanshan fault behaves in a clockwise rotation, and the 
rotation rate is increasing and then decreasing gradually to the eastward, where the largest 

Fig. 3  Strain rate fields for the western Qinling Mountains. a Spatial smoothing distance used in GPS 
velocity interpolation. b The maximum shear strain and principal strain rates. c Dilatation rate (areal con-
traction negative). d Rotation rate (clockwise rotation positive)
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clockwise rotation rate of up to 15 × 10−9 rad/yr is found at the center of the Longxi block 
located between the West Qinling fault and the Haiyuan-Liupanshan fault (Wang and Shen 
2020). The rotation rate across the Longxi block is larger than that across its west and east 
regions. On the south of the East Kunlun fault, the rotation rate reduces from west to east, 
demonstrating the decreasing shear deformation toward the eastern tip of the East Kunlun 
fault. The rotation rate is little across the Ordos block.

5.2  GPS Velocity Profiles and Baseline Length Changes

We construct two GPS velocity profiles across the NWW-trending and NEE-trending 
faults, which are shown in Fig.  2. Profile A passes through the Tazang, Guanggaishan-
Dieshan, Lintan-Tanchang, and West Qinling faults. The N13°E components (parallel 
to the profile) (Fig. 4a) suggest ~ 1 mm/yr crustal shortening across regions between the 
Tazang and West Qinling faults, but little shortening across each of them. The N103°E 
components (normal to the profile) (Fig. 4b) imply ~ 3 mm/yr left-lateral shear across the 
region between the Tazang and West Qinling faults. Specifically, the Tazang, Guanggais-
han-Dieshan, and West Qinling faults experience left-lateral shear deformation of 1.6 ± 0.1, 
0.9 ± 0.2 and 0.4 ± 0.3  mm/yr, respectively. The Lintan-Tanchang fault has no obvious 
strike-slip deformation.

Profile B strikes N30°W across the Pingwu-Qingchuan, Wenxian-Kangxian, Chengx-
ian-Taibai, and Lixian-Luojiabao faults. Figure  4c also shows undetectable shortening 
across the region between the Pingwu-Qingchuan and West Qinling faults, and the veloc-
ity components normal to the profile (Fig. 4d) indicate right-lateral shear of ~ 2.5 mm/yr 
within this region. The right-lateral slip rates of 0.8 ± 0.2, 0.7 ± 0.2 and 1.8 ± 0.2 mm/yr are 

Fig. 4  GPS velocity profiles across the western Qinling Mountains. a–d show the GPS velocity components 
parallel and normal to direction of profiles A and B. Dashed line in (d) shows a velocity gradient zone. 
Abbreviations are Tazang fault (TZF), Bailongjiang fault (BLJF), Guanggaishan-Dieshan fault (GGS-DSF), 
Lintan-Tanchang fault (LT-TCF), West Qinling fault (WQLF), Pingwu-Qingchuan fault (PW-QCF), Wenx-
ian-Kangxian fault (WX-KXF), Chengxian-Taibai fault (CX-TBF), and Lixian-Luojiabao fault (LX-LJF)
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on the Pingwu-Qingchuan, Wenxian-Kangxian, and Lixian-Luojiabao faults, respectively. 
There is a left-lateral slip rate of 0.8 ± 0.2 mm/yr on the Chengxian-Taibai fault. Particu-
larly, our GPS profile reveals a velocity gradient zone (here named “Niangniangba defor-
mation zone”) located about 10 km south of and parallel to the Lixian-Luojiabao fault. In 
fact, the right-lateral slip rate of 1.8  mm/yr across the Lixian-Luojiabao fault is mainly 
accommodated by its south velocity gradient, which demonstrates complex tectonic activ-
ity in the western Qinling Mountains.

Additionally, three continuous GPS stations (CT01, CT03, and CT04 in Fig. 1) across 
the Chengxian-Taibai fault have been operational since October 2017. Therefore, we calcu-
late the baseline length change across this fault and the Lixian-Luojiabao fault using GPS 
data of these three stations and one continuous station (GSTS) from the CMONOC. We 
decomposed the baseline change into two components: parallel and normal to the fault. As 
shown in Fig. 5a, the baseline CT01–CT03 across the Chengxian-Taibai fault and the par-
allel and normal components suggested a right-lateral slip rate of 2.0 ± 0.1 and extensional 
slip rate of 1.8 ± 0.1 mm/yr on this fault. The parallel and normal components of length 
changes for baseline CT03-GSTS across the Lixian-Luojiabao fault (Fig. 5b) show that this 
fault deforms 2.1 ± 0.1 mm/yr right-lateral shear and 1.7 ± 0.1 mm/yr shortening. The base-
line CT03–CT04 passes through the Niangniangba deformation zone, and the parallel and 
normal components (Fig. 5c) show 1.9 ± 0.1 mm/yr right-lateral and 1.7 ± 0.1 mm/yr short-
ening deformation across this gradient zone. The baseline changes imply that the deforma-
tion across the Lixian-Luojiabao fault is not obvious, but the velocity gradient zone to its 
south demonstrates significant right-lateral shear, which is consistent with the GPS veloc-
ity profile.

5.3  Block Motion

We employed the deformable block motion model (Shen et  al. 2015) in order to reveal 
characteristics of crustal deformation in the western Qinling Mountains respective to its 
adjacent tectonic terranes. Using the model, we estimated the block translation and rota-
tion parameters with respect to the Ordos block and the internal uniform strain rates of the 
block without considering locking on the block boundary. Zhang et  al. (2003) proposed 
that active tectonic blocks are geological units that have been separated from each other by 
active tectonic zones, which represent significant gradient of differential movement. And 
most of tectonic activities occur on the blocks’ boundaries. In addition, the boundaries of 
tectonic blocks may follow those of old geological units, but may also be newly formed 
during the latest tectonic deformation in the late Cenozoic (Zhang et al. 2003). Based on 
this assumption, the blocks are bounded by the primary and secondary active faults within 
the western Qinling Mountains. We defined nine blocks around the western Qinling Moun-
tains based on the distribution of GPS stations and previous block division results (Zhang 
et al. 2003; Ge et al. 2013; Rui and Stamps 2016; Zheng et al. 2016; Li et al. 2018, 2019): 
Longxi (LX), Minxian (MX), Bailongjiang (BL), Bayan Har (BH), Bikou (BK), Chengx-
ian (CX), Xihe (XH), South China (SC), and Ordos (OR) blocks. The block motion model 
results are shown in Fig. 6 and listed in Table 1.

With respect to the Ordos block, the block motion model results suggest that the Bayan 
Har, Bailongjiang, Minxian, and Longxi blocks on the west move from the inner Tibetan Pla-
teau toward outside along the NE direction, the velocity rates decrease from 5.7 to 2.8 mm/
yr gradually, and these blocks undergo compressive strain deformation directing EW or 
NEE. The South China block on the east moves SW-ward at a rate of 2.1 mm/yr. The Xihe, 
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Fig. 5  Baseline length changes 
across faults. a, b, and c show 
components of baseline changes 
parallel and normal to the 
Chengxian-Taibai fault (CX-TB) 
striking N80°E, the Lixian-
Luojiabao fault (LX-LJ) and the 
Niangniangba deformation zone 
(NNB) striking N70°E, respec-
tively. Red lines denote the fitting 
linear rates for the components of 
baseline changes
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Chengxian, and Bikou blocks between them demonstrate negligible translation movement and 
ambiguous internal strain owing to large uncertainty (Table 1). The Longxi, Bayan Har, Minx-
ian, Bailongjiang, and Bikou blocks move in a clockwise rotation, and the Longxi block has 
the largest rate of 16.6 × 10−9 rad/yr, while the Chengxian and Xihe blocks in the east of the 
western Qinling Mountains do not show clear rotation.

To further delineate differential deformation behavior of tectonic blocks, the GPS veloci-
ties in the Longxi, Minxian, and Bailongjiang blocks are projected to the directions of N20°E 
and N110°E, normal and parallel to the strike direction of the West Qinling fault (Figs. 6a 
and Fig. 7). The result from the N20°E components of velocity illustrates that from the west 
of the western Qinling Mountains to the east of the Longxi block, northward movement is 
significant. This could be recognized as the main channel for strain transformation of the 
Tibetan Plateau (Duvall and Clark 2010). Furthermore, this northward strain transforma-
tion is decreasing eastward along the West Qinling fault (Fig. 7a), which is consistent with a 
lower strain rate distribution (Fig. 3). The decreasing northward movement from west to east 
results in a large right-lateral shearing deformation with a rate of ~ 6 mm/yr, which could be 
the regional kinematics governing the right-lateral strike-slip faults trending NEE, including 
the Lixian-Luojiabao, Chengxian-Taibai, and Pingwu-Qingchuan faults (Figs. 4 and 5). The 
right-lateral shear trending NNE over the northeastern Tibetan Plateau accounts for clockwise 
rotation of subblocks (Fig. 6b).

The N110°E components of velocity (Fig. 7b) from south to north suggest that right-lateral 
shear deformation of ~ 3 mm/yr trending EW bounds the Longxi block, which produces the 
eastward extrusion and clockwise rotation of the Longxi block. Together with right-lateral 
shear trending NNE, clockwise rotation of the Longxi block is larger than that of the western 
Qinling Mountains. Comparing to eastward movement of 2–4 mm/yr in the Longxi block, the 
eastward extrusion of the western Qinling Mountains is much lower (~ 2 mm/yr), indicating 
that shear strain transferring to its eastern part is even less.

Fig. 6  Block motion model around the western Qinling Mountains. a Observed GPS velocities (blue vec-
tors) and predicted (red vectors). b Block translation (red vectors), rotation (blue fan shape), internal uni-
form strain rates (black crossing arrows), and post-fit residuals (dark red vectors). Thick and thin gray lines 
are block boundaries and active faults
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6  Discussion

6.1  Fault Slip Rate

Based on our dense GPS results, the slip rates on major active faults of the western Qinling 
Mountains are estimated from GPS profiles and baseline length changes (Figs. 4 and 5). 
Table 2 lists the slip rates derived from our GPS data and previous geological measure-
ments. The Tazang fault has a left-lateral slip rate of 1.6 ± 0.1 mm/yr, similar to the late 
Quaternary slip rate of 1.3–3.2 mm/yr inferred from geomorphic surface offsets and dating 
(Ren et al. 2013). The Guanggaishan-Dieshan fault has a left-lateral slip rate of 0.9 mm/yr, 
close to 0.51 mm/yr of geological slip rate in the late Quaternary (Yu et al. 2012). There 
are no detectable left-lateral strike-slip signals across the Bailongjiang fault and the Lintan-
Tanchang fault from our GPS profile (Fig.  4b). The West Qinling fault has a left-lateral 
slip rate of 0.4 mm/yr, much lower than the geological constraint of 2–3 mm/yr in the late 
Quaternary (Li et al. 2007). But our estimated low slip rate on the West Qinling fault is 
consistent with the GPS result given by Ge et al. (2013). As a matter of fact, excluding the 

Fig. 7  a GPS velocity of N20°E components from west to east. b GPS velocity of N110°E components 
from south to north. The red, blue, and green dots represent the GPS velocities within the Longxi, Minxian, 
and Bailongjiang blocks, respectively. The GPS velocities within each block are shown in Fig. 6a

Table 2  Comparison of slip rates (in mm/yr) derived from GPS and geological measurements

L and R mean left-lateral and right-lateral strike slip, respectively

Fault name GPS-derived slip rate (this 
study)

Geology-derived slip rate

Tazang 1.6 ± 0.1 L 1.3–3.2 L (Ren et al. 2013)
Bailongjiang – 1.7–2.6 L (Li et al. 2019)
Guanggaishan-Dieshan 0.9 ± 0.2 L 0.51 ± 0.13 L (Yu et al. 2012)
Lintan-Tanchang Insignificant 1 L (Liu 2012; Zheng et al. 2016)
West Qinling 0.4 ± 0.3 L 2–3 L (Li et al. 2007)
Lixian-Luojiabao Insignificant 0.95 L (Han et al. 2001)
Niangniangba 1.8 ± 0.2 R –
Chengxian-Taibai 0.8 ± 0.2 L 0.71 ± 0.18 L (Zheng et al. 2016)
Wenxian-Kangxian 0.7 ± 0.2 R –
Pingwu-Qingchuan 0.8 ± 0.2 R 0.7 R (Sun 2015)
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1718  M71/2 Tongwei earthquake which occurred on the middle segment of the West Qin-
ling fault, there has been no large earthquake occurred on the eastern and western segment. 
Probably, the western segment our GPS velocity crossed is locking, and the seismic risk 
should be paid more attention.

As we can see, the left-lateral slip rate across the NWW-trending faults on the west 
section of the western Qinling Mountains is only 3–4  mm/yr (Fig.  4b), which is much 
lower than a total left-lateral slip rate of 6.5–10.3 mm/yr according to the late Quaternary 
geological estimations, including slip rates of 1.3–3.2  mm/yr on the Tazang fault (Ren 
et al. 2013), 1.7–2.6 mm/yr on the Bailongjiang fault (Li et al. 2019), 0.51 mm/yr on the 
Guanggaishan-Dieshan fault (Yu et al. 2012), 1 mm/yr on the Lintan-Tanchang fault (Liu 
et al. 2012; Zheng et al. 2016), and 2–3 mm/yr on the West Qinling fault (Li et al. 2007). 
Both the uncertainty of geological measurement and the possibility of fault slip rate vary-
ing with time could result in this discrepancy. Moreover, right-lateral shear deformation 
trending NNE could also produce permanent displacements on the NWW-trending faults 
through earthquake occurrence, which can be recorded by the geological method. Because 
the GPS data reveal the interseismic crustal deformation, we cannot fully see that part of 
the deformation due to the influence of elastic locking on faults (Zhang et al. 2018). So, 
it is reasonable to explain the discrepancy on left-lateral strike-slip rate between geologi-
cal and geodetic studies. Our results imply that NNE-ward movement of the northeastern 
Tibetan Plateau plays a key role in the regional crustal deformation.

For the faults that are NEE trending on the east section of the western Qinling Moun-
tains, our results show that these faults experience right-lateral strike-slip deformation 
(Fig. 4d). The determined right-lateral slip rate of 0.8 mm/yr on the Pingwu-Qingchuan 
fault is close to the geological slip rate of 0.7 mm/yr since the late Quaternary (Sun 2015). 
The GPS-derived left-lateral slip rate of 0.8 mm/yr on the Chengxian-Taibai fault is con-
sistent with study of Zheng et al. (2016). However, the GPS baseline length changes sug-
gest that the Chengxian-Taibai fault demonstrates right-lateral and extensional faulting 
activities. The inconsistency probably arises because the strike-slip deformation on the 
Chengxian-Taibai fault is slight and the baseline changes across the fault have only been 
observed for less than 2 years (Fig. 5). Although geological studies show that the Lixian-
Luojiabao fault is a left-lateral strike-slip fault with slip rate of less than 1 mm/yr (Han 
et al. 2001), our results reveal that shear deformation across the Lixian-Luojiabao fault is 
insignificant, while a velocity gradient zone on its south has a right-lateral strike-slip rate 
of ~ 2 mm/yr. The NNE-trending right-lateral shear over the northeastern Tibetan Plateau 
plays a crucial part in right-lateral strike slip on NEE-trending faults at the east section of 
the western Qinling Mountains.

6.2  Crustal Deformation Pattern

The characteristics of crustal movement and fault slip rate provide primary constraints for 
understanding the deformation pattern. Zheng et al. (2016) employed the bookshelf model 
to describe the motion of subblocks in the western Qinling Mountains. It was emphasized 
that the clockwise rotation of subblocks controls left-lateral strike slip on faults trending 
NWW and NEE. However, the kinematic model for clockwise rotation is not well estab-
lished, and it is hard to explain right-lateral strike slip on the NEE-trending faults, which is 
determined by recent geological studies (Xu et al. 2017; Shi et al. 2020) and our GPS meas-
urements. In contrast, Shi et al. (2020) stressed that large-scale right-lateral shear roughly 
trending NNE could dominate deformation around the Ordos block, but this hypothesis has 
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not been tested by present-day crustal deformation constraints, and was not employed to 
study the western Qinling Mountains in this study.

Here, based on previous studies and derived GPS measurements of this work, we pro-
pose a bookshelf model governed by the right-lateral shear zone with NNE direction to 
delineate regional crustal deformation and faulting activities (Fig.  8b). It shows that the 
western Qinling Mountains lies in the velocity gradient of ~ 6 mm/yr trending NNE, which 
drives clockwise rotation of subblocks, and left- and right-lateral strike slip on the NWW- 
and NEE-trending faults, respectively (Fig.  8a). Additionally, the left-lateral strike-slip 
faults trending NWW also experience thrusting deformation (Zheng et al. 2016; Li et al. 
2019; Zhang et al. 2018) to accommodate horizontal compressive strain (Fig. 3b).

The proposed kinematic model delineates the crustal horizontal movement, where the 
driving force originates from northeastward expansion of the Tibet Plateau (Fig. 8a). The 
leveling-derived vertical velocity (Hao et  al. 2016) suggests that the northeastern Tibet 
uplifts at different rates, and Tianshui (northeast corner of the Minxian block) uplifts at 
maximum rate of 6 mm/yr. The budget of horizontal material influx implies that excessive 
material influx into the lower crust or upper mantle underneath most region seems required 
to maintain the large uplift rates. Teleseismic receiver functions reveal that Tianshui and 
its neighboring regions with high VP and VP/VS values close to uplifts of magma and hot 
springs might result from the upwelling of mantle materials induced by the expansion. To 
provide a three-dimensional kinematic model, more works are needed in a future study.

6.3  Outward Growth of the Northeastern Tibetan Plateau

The western Qinling Mountains connect the Tibetan Plateau to the west and the Qinling 
Mountains to the east. Therefore, the crustal deformation and faulting activity are the key 
to answering the controversial discussion of the eastward extrusion of the Tibetan Plateau. 

Fig. 8  a Present-day crustal deformation pattern of the western Qinling Mountains and its adjacent areas 
(gray shadow represents the main area of the western Qinling Mountains). b Conceptual diagram showing 
the pattern of faulting and crustal deformation controlled by right-lateral shear without considering inner 
and boundary deformation
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Previous studies show that the left-lateral strike-slip rate on the East Kunlun fault decreases 
eastward from > 10  mm/yr on the central part to < 2  mm/yr on the eastern segment of 
Tazang fault and the eastern terminal of East Kunlun fault (Van der Woerd et  al. 2002; 
Kirby et al. 2007; Li et al. 2011; Ren et al. 2013; Li et al. 2019). So, the eastward extru-
sion along the East Kunlun fault is restrained within the Tibetan Plateau and transformed 
to crustal shorting, thrusting, and uplifting (Kirby et al. 2007; Li et al. 2018). The slight 
left-lateral strike-slip rate of ~ 1 mm/yr on each fault trending NWW implies that the east-
ward extrusion along the western Qinling Mountains is also limited and originates from the 
right-lateral shear gradient trending NNE. Moreover, the derived right-lateral strike-slip 
rates on a series of faults trending NEE further illustrate that the eastward extrusion could 
have little influence on deformation of the Qinling Mountains (Fig. 8a).

Our results support the theory that there is NNE-ward movement of the northeastern 
Tibetan Plateau across the western Qinling Mountains to the Yinchuan graben further north 
(Shi et al. 2020). The prominent right-lateral shear in the direction of NNE going through 
the western Qinling Mountains and the Longxi block (Fig.  8a) indicates that the north-
eastern Tibetan Plateau represents northward movement primarily instead of the eastward 
extrusion. The eastern boundary of northward movement is outlined by the N–S trending 
contraction zone along 105°E, where its west moves NNE-ward and its east deforms insig-
nificantly (Fig. 8).

7  Conclusions

We derived an up-to-date GPS horizontal tectonic velocity field with high spatial–tempo-
ral resolution for the western Qinling Mountains and analyzed the characteristics of strain 
distribution and fault slip rates on active faults. Major conclusions of this study include the 
following:

1. A series of NEE-trending faults bounding the eastern margin of the western Qinling 
Mountains experience right-lateral strike slip with lower rates of ~ 1 mm/yr, constrained 
by GPS data. Among these faults, a velocity gradient zone to the south of and parallel 
to the Lixian-Luojiabao fault has a relative high right-lateral slip rate of 1.8 ± 0.2 mm/
yr.

2. The crustal deformation pattern of the western Qinling Mountains could be governed by 
a large right-lateral shear zone trending NNE with rate of ~ 6 mm/yr. We suggest this is 
the main reason for clockwise rotation of subblocks, left- and right-lateral strike slip on 
the NWW- and NEE-trending faults between the East Kunlun fault and the West Qinling 
fault, respectively.

3. The eastward extrusion of the Tibetan Plateau along the western Qinling Mountains is 
limited further east. By contrast, the NNE-ward expansion of the northeastern Tibetan 
Plateau is the primary motion which passes through the western Qinling Mountains and 
the Longxi block.
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