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Abstract: Because of the constant northward movement of the Indian plate and blockage of the
Eurasian continent, the Qinghai–Tibet Plateau has been extruded by north–south compressive stresses
since its formation. This has caused the plateau to escape eastward to form a large-scale east–west
strike-slip fault and a north–south extensional tectonic system. The Karakorum–Jiali fault, a boundary
fault between the Qiangtang and Lhasa terranes, plays an important role in the regional tectonic
evolution of the Qinghai–Tibet Plateau. The Gyaring Co fault, in the middle of the Karakoram–Jiali
fault zone, is a prominent tectonic component. There have been cases of strong earthquakes of
magnitude 7 or greater in this fault, providing a strong earthquake occurrence background. However,
current seismic activity is weak. Regional geodetic observation stations are sparsely distributed;
thus, the slip rate of the Gyaring Co fault remains unknown. Based on interferometric synthetic
aperture radar (InSAR) technology, we acquired current high-spatial resolution crustal deformation
characteristics of the Gyaring Co fault zone. The InSAR-derived deformation features were highly
consistent with Global Positioning System observational results, and the accuracy of the InSAR
deformation fields was within 2 mm/y. According to InSAR results, the Gyaring Co fault controlled
the regional crustal deformation pattern, and the difference in far-field deformation on both sides of
the fault was 3–5 mm/y (parallel to the fault). The inversion results of the back-slip dislocation model
indicated that the slip rate of the Gyaring Co fault was 3–6 mm/y, and the locking depth was ~20 km.
A number of v-shaped conjugate strike-slip faults, formed along the Bangong–Nujiang suture zone in
the central and southern parts of the -Tibet Plateau, played an important role in regional tectonic
evolution. V-shaped conjugate shear fault systems include the Gyaring Co and Doma–Nima faults,
and the future seismic risk cannot be ignored.

Keywords: Central Qinghai–Tibet Plateau; Gyaring Co fault; InSAR; strain; slip rate; v-shaped
conjugate strike-slip fault

1. Introduction

The Karakorum–Jiali fault is a large-scale, right-lateral strike-slip fault zone in the central
and southern Qinghai–Tibet Plateau with a total length greater than 2000 km. The western
section of the fault is the Karakorum fault, and the eastern is the Jiali fault. The Karakorum–Jiali
fault in the eastward-extruded southern boundary of the Qinghai–Tibet Plateau [1–3] is of great
research significance, particularly for scientific issues such as plateau uplift, lateral extrusion, and
east–west extension.
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The Gyaring Co fault is in the central Karakoram–Jiali fault zone and along the northern margin
of the Lhasa terrane, which is closely related to the north–south Shenzha–Dingjie graben (Figure 1).
The fault extends from the northwest to the southeast and consists of a series of northwest- and
northwest-west-trending en echelon faults. It is connected to the Bangong–Nujiang suture zone
northwest of the Gomang Co fault and passes through the Zigu Co, Gyaring Co, Cuoga Co, and Nala
Co faults to the southwest. Extending eastward from southeast of Wa’ang Co for greater than 300 km, it
is the longest and most linear fault in the central Karakorum–Jiali fault zone [4]. The Gyaring Co fault
has had strong seismic activity. In 1934, a Ms 7.0 earthquake occurred along this fault [2]. Based on a
field geological survey, researchers speculated that the 1908 M 7.0 earthquake that occurred in this area
might have occurred on the north side of the Gyaring Co fault [5]. Therefore, the tectonic distribution
and activity of the fault provide an optimal location to study the deformational mechanism and a
regional dynamics model of the south-central plateau.

Research on current slip rates of active faults provides important guidance for understanding
current tectonic movement and seismic risk assessment. A large number of studies have been
conducted regarding the characteristic activity and slip rate of the Karakorum–Jiali fault [2,6,7].
Armijo et al. (1989) believed that the right-lateral strike-slip fault zone of Karakorum–Jiali shifted along
the Bangong–Nujiang suture zone in the Qinghai–Tibet Plateau according to the heterogeneity of the
relative movements of the northern Tibetan and southern Tibetan terranes. They also provided a
general right-lateral slip rate of 20 ± 10 mm/y, which outlined the boundary of the different terranes of
an inconsistent internal velocity in the Qinghai–Tibet Plateau [2]. They maintained that the boundary
was the southern border of the eastward-extruded Qinghai–Tibet Plateau, basically consistent with the
results of seismic geology and Global Positioning System (GPS) observations [2,8,9]. However, Ren et al.
(2000) proposed that the average right-lateral slip rate was 4 mm/y [10]. Shen et al. (2003) maintained
that the Jiali fault zone had strong early Quaternary activity, and that overall activity has diminished
since the Holocene [6]. The northwestern part of the fault has had relatively strong right-lateral
strike-slip characteristics at a rate of 6–8 mm/y since the mid-Pleistocene and approximately 10 mm/y
since the Late Pleistocene. The right-lateral strike-slip movement of the central and southeastern fault
during the Quaternary was not evident [6]. Field surveys during recent years have shown that the
southeastern part of the fault has changed to left-lateral strike-slip since the late Pleistocene and has a
slip rate of approximately 3.5 mm/y.

The Gyaring Co fault zone is in the central Qinghai–Tibet Plateau. The altitude of the area is
relatively high with a harsh climate and low population. Research in the area is relatively limited,
making it difficult to implement extensive crustal deformation observational methods such as GPS and
leveling that depend on ground observational stations (Figure 1). Interferometric synthetic aperture
radar (InSAR) technology can obtain large-scale crustal deformation information without ground
control sites, and the synthetic aperture radar (SAR) satellite flight direction is nearly orthogonal to the
Gyaring Co fault. Therefore, InSAR technology is among the best observational methods to obtain
inter-seismic deformational data of the Gyaring Co fault zone. In 1993, a French scholar, Massonnet,
published an article in Nature. He successfully adopted InSAR technology to obtain the co-seismic
deformation field of the 1992 Landers Mw 7.3 earthquakes in California, USA, and was the first to
apply InSAR technology to fault deformation [11]. At present, the application of InSAR technology
in co-seismic deformation has become quite mature (e.g., [12]) with more applications regarding
deformation after strong earthquakes (e.g., [13]). During recent years, with the increase in the number
of SAR satellites and the shortening of the repeat cycle, along with the development of InSAR data
processing, InSAR technology has been successfully applied to the extraction of slow deformation
during a period of seismic activity, such as for the Altyn Tagh (e.g., [14]), San Andreas (e.g., [15]),
Anatolian (e.g., [16]), Haiyuan (e.g., [17]), Sumatran (e.g., [18]), and Xianshuihe faults (e.g., [19]).
These studies demonstrate that InSAR technology can monitor the surface deformation of a fault zone
with millimeter precision, providing important evidence for the study of fault kinematics and regional
tectonic evolution.
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In this study, Envisat advanced synthetic aperture radar (ASAR) data were used with a
high-precision InSAR data processing method to effectively determine the large-scale, inter-seismic
deformational field of the Gyaring Co fault zone. Constrained by the average crustal deformation
velocity field, we inverted the present-day slip rate and locking depth of the fault and discussed current
tectonic deformation of the region.
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Figure 1. Seismo-tectonic background map of the Gyaring Co fault zone. (a) The solid black lines are
boundaries of the main terranes [20], the red circles are earthquakes of Ms 7.0 or greater since 1900,
and the red square is the range of b. (b) The fine black lines are faults [21], the blue arrows are GPS
horizontal velocity fields [22], the red boxes are coverages of InSAR deformational fields, and the black
cycles are earthquakes of Ms 4.7 or greater (780 B.C. to 2018 A.D.). F1: Gyaring Co Fault Zone; F2: Gase
Fault Zone; and F3: Doma–Nima Fault Zone.
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2. Interferometric Synthetic Aperture Radar (InSAR) Observations

2.1. SAR Images and InSAR Data Processing

The Gyaring Co fault zone is in the hinterland of the Qinghai–Tibet Plateau where vegetation
is sparse and the topography is relatively less complex, making it easy for the SAR images to keep
coherence. Envisat ASAR images from the European Space Agency (ESA) in 2003 were selected to
acquire the current regional crustal deformation field. ASAR images of the Gyaring Co fault and
nearby areas are abundant, and they can be obtained for free; thus, they are suitable for monitoring
inter-seismic deformation. We downloaded Envisat ASAR image data of three adjacent orbits to
analyze inter-seismic deformation of the Gyaring Co fault zone, whose orbital numbers were 305,
33, and 262. The east–west coverage was approximately 300 km, and the north–south coverage was
~240 km from March 2003 to October 2010. The total number of images was 93 (Figure 1; Table 1). It is
worth noting that SAR data from different tracks cover different time periods because of the satellite
orbit construction (Table 1). This may show a disturbance in deformation results. On the other hand,
other events such as earthquakes and landslides may also produce local deformations that were not
related to inter-seismic fault movements. However, these signals were shown in local areas, which did
not affect the first-order, large-scale inter-seismic fault movements.

For InSAR data processing we used GAMMA commercial software [23] to generate differential
interferograms using a two-pass method. The orbital parameters of the Envisat ASAR data were
refined with Doppler orbitography and radiopositioning integrated by satellite (DORIS) precision
orbit data. Regional topographic information was used to improve the SAR image coregistration
accuracy [24]. The shuttle radar topography mission (SRTM) digital elevation model (DEM) with a
30 m spatial resolution released by the National Aeronautics and Space Administration (NASA) was
used to stimulate and eliminate the terrain phase. To improve the signal-to-noise ratio, interferograms
were down-sampled to 60 looks in range and 12 looks in azimuth, and the pixel resolution was
240 m. To further improve coherence, the interferogram was homogenously filtered [25]. For phase
unwrapping, the minimum cost flow algorithm was used based on Delaunay triangulation. Only the
pixels with a coherence coefficient greater than 0.2 were unwrapped. The coherence coefficient was
chosen through comprehensive consideration of the multilook factor and filter algorithm. We found
the number of pixels that were unwrapped successfully was the largest when the coherence coefficient
threshold was set as 0.2. Therefore, we chose 0.2 as the optimal coherence coefficient threshold.
The initial unwrapping point was selected near the fault trace.

In general, the atmospheric phase delay error in the interferogram included a vertical stratification
of atmospheric water vapor and the influences of atmospheric turbulence delay. For the former, based
on the correlation between tropospheric delay and local topography, a linear model related to terrain
was established to estimate the vertical stratification delay in the tropospheric delay. For the latter,
temporal domain high-pass filtering and spatial domain low-pass filtering were used to refine the data.

For InSAR data processing, it is challenging to reduce the long wavelength signals that mimic the
inter-seismic deformation signals. In this study, we used the “removal recovery method” [15,26] to
reduce the long wavelength errors that were not related to nontectonic signals. Firstly, we subtracted
the regional deformation field fitted by the GPS observation from each interferogram. Then, we
removed the nontectonic deformation signal in the residual deformation field, such as the orbital
error, by quadratic polynomial fitting. And then we re-added the regional deformation field fitted
by GPS. By doing so, the interferogram retained an authentic tectonic deformation signal, while the
long wavelength error was effectively removed. It was worth noticing that the local GPS sites were
distributed unevenly, and this might have affected the a priori GPS model that helped reduce the
nontectonic errors. However, the crustal movement in the study region was consistent in the first order.
In other words, local movement was infrequent in this area, and this could also be verified by the
InSAR deformation field. Therefore, we speculated that the GPS site distribution did not significantly
affect the InSAR results.
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When the differential interferogram was generated, selection of the interferogram was needed to
simultaneously define the spatial and temporal baselines, considering the error of the external DEM and
the weak tectonic deformation signal contained in the short-interval interferogram. In this study, the
vertical baseline was less than 550 m, and the time interval was less than 350 d with 224 interferograms
generated to calculate inter-seismic deformation (Figure 2). In the end, we used the Poly-Interferogram
Rate and Time-series Estimator (π-RATE) software package [19,27,28] to calculate the average crustal
deformation velocity field of the Gyaring Co fault zone.

Table 1. Envisat advanced synthetic aperture radar (ASAR) image parameters used in this study.

Orbit Type Wavelength Orbit
Number Time Span Number

of Images
Number of

Interferograms

Descending 5.6 cm 305 October 2003–August 2010 29 73
Descending 5.6 cm 33 March 2003–October 2010 32 94
Descending 5.6 cm 262 November 2003–July 2010 32 57
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Figure 2. Interferogram time-spatial baseline distribution. (a) Track 305, (b) Track 33, and (c) Track
262. The purple crosses are the images participating in the velocity calculation, the light blue crosses
are the images not participating in the velocity calculation, and the purple straight lines are the
generated interferograms.

2.2. InSAR Velocity Field

Figure 3 shows the average crustal deformation velocity results (radar line-of-sight (LOS)
direction) of three adjacent orbits of the Gyaring Co fault zone as processed through the π-RATE
software. In addition to the coherence loss in the water region, the overall coherence was
favorable, and the deformation field had good tendency. The Gyaring Co fault zone controlled
the long-wavelength regional deformation characteristics with an indication of right-lateral strike-slip
movement. The western T305 and central T33 (Figure 3a,b) showed clear far-field differential movement
characteristics on both sides of the Gyaring Co fault at a rate of 2–4 mm/y. The eastern T262 (Figure 3c)
demonstrated that the far-field differential movement velocities on both sides of the Gyaring Co fault
were slightly less than that of the T305 and T33 orbits at a rate of approximately 1–3 mm/y. The Gase
fault was in close proximity to the Gyaring Co fault; its deformation characteristics were not clear.
The two faults in the deep zone may also have merged into a same fault zone and jointly controlled the
overall deformation characteristics of this region. Other faults distributed in this region, such as the
Doma–Nima fault, were not obvious in the differential movement on both sides. Figure 3 shows that
the Gyaring Co fault should be the most active in this region.
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2.3. Accuracy Assessment of InSAR Velocity Field

2.3.1. Accuracy Assessment of Overlapping Areas of Adjacent Orbits

By calculating the standard deviation of the difference values in the overlapping areas between
three independent tracks, the internal accuracy of the InSAR results can be verified. In this study,
the difference value statistics of the overlapping areas of the three track deformation fields, which
were parallel to the fault, were determined. Figure 4a,b shows the difference value histograms of
the deformation velocity of the overlapping areas between the two adjacent tracks of T305 and T33
and the two adjacent tracks of T33 and T262, respectively. The red solid line represents the optimal
Gaussian fitting curve of the histogram, and the value shows the standard deviation of the Gaussian
fit. According to the histogram statistics, the velocity difference of the overlapping areas between the
two sets of adjacent orbits was in accordance with the normal distribution. The standard deviation
of the velocity difference was 1.73 and 1.28 mm/y, respectively, which was considered 20.5 times the
accuracy of the single orbital deformational velocity. In other words, the orbital deformational velocity
accuracies of T305 and T262 were 1.22 and 0.91 mm/y, respectively. Because the T33, T205, and T262
orbits overlapped, the deformation velocity accuracy of T33 should be the average of the two tracks
(i.e., 1.07 mm/y).
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2.3.2. Comparisons between InSAR and Global Position System (GPS) Results

Previous studies have shown that the Gyaring Co fault is a right-lateral strike-slip fault. Thus,
ignoring its vertical motion component, the radar line-of-sight (DLOS) deformation rate was converted
into the fault parallel velocity (Dfault) [29] through the radar incident angle (θ), DLOS azimuth (α),
and fault strike (β).

Dfault = DLOS/sin(θ) · cos(α − β). (1)

Furthermore, the fault parallel deformational fields of the three tracks were spliced to obtain
the average inter-seismic crustal deformation rate field along the fault parallel direction of the entire
Gyaring Co fault zone from 2003 to 2010 (Figure 5).

To compare the results of the InSAR and GPS deformation rates, we selected a cross-section
of aa’, and extracted the InSAR deformation rate within 5 km of the profile line and the velocity
results of the GPS stations within 100 km, respectively (Figure 6). The GPS measurements used in
this study were provided by Zheng et al. [18]. The GPS data were collected through campaign and
continuous modes, with surveying times in 1998, 1999, 2001, 2004, 2007, 2009, 2011, 2013, and 2015.
During GPS data processing, nontectonic signals and influences of large earthquakes (e.g., the 2011 M
9.0 Tohoku earthquake) were reduced. The long-term velocity of each station was achieved through the
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least-squares theory. All GPS velocities were converted to the Eurasian reference frame. In this study,
to compare the InSAR and GPS results, we projected the GPS velocities onto the fault-parallel direction,
and an offset was removed before plotting the InSAR and GPS results on a same map. Figure 6 shows
the comparison results. The two can be seen to be consistent, indicating that the Gyaring Co fault
mainly moved horizontally. Since the standard deviation of the difference value between the InSAR
and GPS was 1.41 mm/y, along with the single orbital accuracy obtained from the overlapping areas of
adjacent orbits described in Section 2.3.1, it was concluded that the accuracy of the InSAR deformation
rate was within 2 mm/y. At the same time, it was seen from the profile line of aa’ that the Gyaring Co
fault was the main fault section, with a deformation gradient change of 2–3 mm/y on both sides of
the fault. Figure 6 shows that only five GPS sites were used to evaluate InSAR deformation, and the
sparse distribution of the GPS sites may not have been very convincing. However, Figure 6 shows
the first-order tendency was consistent between GPS and InSAR results. Therefore, we believed our
InSAR deformation results were reliable and had a high precision.
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Figure 5. Interferometric synthetic aperture radar (InSAR) inter-seismic deformation rate field of the
Gyaring Co fault (parallel to the fault). GPS velocity field and fault are same as that shown in Figure 1.
The black crosses represent the location of the three profiles of aa’, bb’, and cc’, in which aa’ is shown in
Figure 6, and bb’ and cc’ are shown in Figure 7.
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3. Inter-Seismic Slip Rates and Locking Depth of the Gyaring Co Fault Zone

Savage et al. [30] established a one-dimensional inter-seismic dislocation model for a strike-slip
fault based on deformation observational data: the arctangent dislocation model (also termed the
screw dislocation model). This model assumed that the fault plane infinitely extended from the surface
to the ground and divided itself into upper and lower parts at a certain depth. The lower part was free
to slide, but the shallow part (the brittle upper crust) could not freely slide. The free slide of the deep
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fault plane loaded the shallow fault plane, which generated strain accumulation; that is, the shallow
fault plane was locked. The locking depth, defined by a deep demarcation, was related to the thickness
of the regional seismogenic stratification. The horizontal deformation y at a vertical distance of x from
the fault plane was defined as follows, where s was the slip rate, and d was the locking depth:

y = (s/π) × arctan(x/d). (2)

To invert the slip rate and the locking depth of the fault, we extracted the InSAR deformation
rate within 5 km of the profile line along the three profiles of bb’, cc’, and dd’ (shown in Figure 5).
The fault’s slip rate and the locking depth were fitted using Formula (2). Therefore, a section view
was generated and shown in Figure 7. The blue dot in the figure represented the InSAR deformation
rate, which featured an S-shaped arctangent curve with a minor difference in the movement of the
near-field fault and a major difference in movement of the far-field fault. The curve manifested the
typical characteristics of strike-slip fault seismic movement. The solid red line was the result of the
arctangent fitting, consistent with the results of InSAR. Through inversion, the slip rate of the western
section of the Gyaring Co fault was 5.86 mm/y with a locking depth of 20 km, and the slip rate of the
eastern section was 3.25 mm/y with a locking depth of 16 km.

4. Discussion

4.1. Analysis of the Current Crustal Strain State of the Gyaring Co Fault and Nearby Areas

As the distribution of actual crustal movement observational sites is often sparse and uneven,
along with discontinuous tectonic deformation, it is particularly important to use the observation
deformational field to further calculate the continuous deformation and strain field. Shen et al.
(2015) [31] proposed an optimal method to interpolate discrete geodetic observational data and applied
it to the calculation of the horizontal strain rate field in southern California, USA. Based on a weighted
smoothing factor with prior constraints, this method acquired the best fitting of the observational data.
For any site, the horizontal displacement field of its nearby interpolation point was calculated using a
method of bi-linear function interpolation. The model parameters on the spherical surface included
terrain translation, rotation, and strain rate. To estimate the evaluated site model parameters and
minimize the fitting residual of the velocity field, the method used the GPS velocity field of an adjacent
region weight with the aid of the least minimum squares method. For the selection of the best weight,
we used distance-related weights as follows:

Li = exp(
∆R2

i

D2 ); (3)

W =
∑

i

LiVi; (4)

where Li is a Gaussian function, Vi depends on the area of the Voronoi unit, ∆Ri is the distance between
the calculation points and GPS sites, and D is the spatial smoothing distance parameter in which
different values are used for different sites [31]. To determine the optimal smoothing distance D,
a parameter Wt is introduced to represent the weighted coefficient and threshold, and an equation
W(D) = Wt is also set. With the increase in Wt, additional GPS data are included, while for a decreasing
Wt less GPS data are included. Normally, the value of Wt is determined from multiples of six. Unlike
previous research [31,32], we used a relatively small value Wt = 6 for calculations because of the limited
research region.

The research area was the middle area between the Qiangtang and Lhasa terranes. The area is
mainly composed of east–west strike-slip faults and north–south-striking extensional faults. The surface,
main, and maximum shear strain rates, reflected by GPS observations (Figure 8), show that the surface
strain of the whole area is mainly an extension, which reflects the typical east–west extensional tectonics
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of the central and southern parts of the Qinghai–Tibet Plateau. The middle and western sections of the
Gyaring Co fault, in the middle of the study area, are characterized by extensions at a rate greater than
1.0 × 10−8 per year. However, the eastern section is characterized by minor compression. The history
of the fault indicates that the seismic activity is weak with the occurrence of several earthquakes of
magnitude 5.0 to 6.0. Most of the earthquakes have occurred in the east-central section. From the
perspective of the main strain rate, the Gyaring Co fault is a right-lateral strike-slip fault. The slip
rate of the western section is significantly higher than that of the eastern section, which is similar
to the relevant geological survey results. Between the Gyaring Co and the Yarlung Zangbo river
fault zones, a rift along the north–south direction is seen. This rift features a west–east extension,
which is also seen from the surface strain rate and the main strain rate. The shear deformation of
the entire area is marked with a rate greater than 1.0 × 10−8/a in most regions. In some areas such as
the western section of the Gyaring Co fault, the northern Himalayan fault, and the Yarlung Zangbo
fault, the maximum shear strain rate exceeds 2.0 × 10−8/a. The north–south normal fault demonstrates
high-shear deformation that is nearly orthogonal to the east–west fault. Historically, these areas were
significantly and seismically active.
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4.2. Regional Fault Movement Indicated by the InSAR Deformation Field

The InSAR deformation field showed that the Gyaring Co fault controlled the long-wavelength
deformation signal of the whole research area, and the activities of the other faults were weak. Then,
we used a screw dislocation model to inverse the slip rate and locking depth of the Gyaring Co fault
on different segments. Four parameters were estimated from fault-normal InSAR profiles: slip rate at
depth (mm/y), locking depth (km), location of the fault (km) (i.e., horizontal shift), and a shift in the
reference point for velocity (i.e., vertical shift). The inversion of the InSAR deformation section showed
that the slip rate of the Gyaring Co fault was approximately 6 mm/y to the west and approximately
3 mm/y to the east, indicating that the fault had segmented differential activity. The locking depths of
the east and west portions were relatively similar: approximately 16–20 km. As shown in Figure 7,
the cross-fault deformation section showed an inverse S-shaped curve with a minor difference in the
near-field and a major difference in the far-field deformation on both sides of the fault, consistent with
the theoretical model of strike-slip strain loading during the seismic activity period. Therefore, a certain
degree of strain accumulation should be in the Gyaring Co fault. Additionally, the distribution of strong



Remote Sens. 2019, 11, 1118 12 of 16

earthquake activities in the region, as shown in Figure 1b, indicated that current seismic activity along
the Gyaring Co fault was weak with less released strain accumulation. Comprehensive analysis of the
Gyaring Co fault indicated a background of strong earthquakes. The northeast-trending Doma–Nima
fault, obliquely intersecting the Gyaring Co fault, had nearly no deformational difference on both its
sides. The current strain accumulation is relatively weak with a relatively low risk of earthquakes.

4.3. Analysis of the Kinematic Characteristics of Regional Tectonics

A large-scale, east–west strike-slip fault system developed inside the Qinghai–Tibet Plateau.
The Gyaring Co fault, in the south-central part of the plateau, is generally considered as a part of
the Karakoram–Jiali fault zone. Based on previous research of faults, the results of remote sensing
interpretation of the entire fault and the investigation of Gyaring Co’s central part showed that
the fault could be divided into three sections: southeastern, northwestern, and central sections.
Geological research [33] showed that the lengths of the southeastern and northwestern sections were
approximately 40–50 km, and these were dominated by normal fault movement with minor strike-slip
movement. Possible influential factors are the Shenzha–Dingjie fault and Wuru Co left-lateral fault.
The central section is the main part of the Gyaring Co fault, and it is approximately 150 km long; the
overall activity shows strike-slip with a slight normal component. Most of the displacements occurred
together in this area since the late Quaternary, breaking a series of alluvial fans and drainage systems.
The central section is the most active and can best reflect the overall activity of the entire Gyaring Co
fault. The current regional crustal movement results, based on InSAR technology, showed that the
Gyaring Co fault controlled the crustal deformation tendency of the whole area, which agreed with GPS
horizontal movement results. The crustal movement results also indicated that the current Gyaring Co
fault mainly showed strike-slip movement, which fitted the background of a large-scale right-lateral
shearing movement and the Qiangtang and Lhasa terranes bounded by the Bangong–Nujiang suture
zone. However, the Gyaring Co fault had a low right-lateral strike-slip rate, far from the rate of the
boundary fault, and may only be an adjustment of the east–west extension. The modern activities of
other strike-slip faults in the Karakoram–Jiali fault zone in the Qinghai–Tibet Plateau are also relatively
weak. It is speculated that the velocities of the strike-slip faults within the Qinghai–Tibet Plateau since
the Late Quaternary are not particularly high compared to that of the Gyaring Co fault. Deformation
inside the plateau may not be of a rigid terrane mode, as the deformation stress may be scattered
within the plateau. The north–south normal fault movement component of the strike-slip fault system
inside the Qinghai–Tibet Plateau, as well as the east–west extension of the large rift system, indicate
that the collisional deformation of the Indian plate and the Eurasian plate may be adjusted by the
diffusive deformation mode within the Qinghai–Tibet Plateau [34].

4.4. Tectonic Style of the Bangong–Nujiang Suture

Figure 9 shows a tectonic map of the Bangong–Nujiang suture zone and surrounding areas in the
central Qinghai–Tibet Plateau [35]. It can be seen that a v-shaped conjugate fault formed along the
Bangong–Nujiang suture zone, which was possibly caused by two sets of Riedel shears that were formed
between parallel and adjacent shear zones with opposite shear directions. Specifically, formation of
the eastern left-lateral shear zone in the Qiantang terrane may generate an east–northeast-trending
left-lateral strike-slip fault, while the formation of the eastern right-lateral shear zone in the Lhasa
terrane may produce a west–northwest-trending right-lateral strike-slip fault. However, the v-shaped
conjugate fault did not extend into most areas in the southern Himalayas, the northern Qaidam Basin,
and Qilian Mountains. The cold and thick mantle lithospheres in the Qaidam Basin and the Himalayas
may hinder flow deformation and, thus, block the development of the Riedel shear zone. In addition,
a lack of strike-slip faults in the southern and northern parts of the Qinghai–Tibet Plateau can be
attributed to the spatial variation in the stress intensity, which is mainly affected by the current thermal
state in the lithosphere and a rapid decrease in the shear strain rate in the northern and southern
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Himalayan orogenic belts. Nonetheless, a series of north–south- or north–northeast-trending rifts have
grown on the north and south sides of the v-shaped conjugate fault.
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By studying the regional tectonic dynamics and kinematics, Yin and Taylor (2011) [35] provided
a possible model for the formation of regional v-shaped conjugate faults (Figure 10). In the central
Qinghai–Tibet Plateau, seismic research has shown that the lithosphere in this area is thin and has a
tendency of flow deformation. Meanwhile, the asthenosphere in the central Qinghai–Tibet Plateau
exerts base shearing to the east, forcing the thickened lithosphere to expand eastward. The two-way
subduction of the Indian and Asian mantle lithospheres may lead to a north–south contraction of the
hot asthenospheric channel, causing the asthenospheric channel to flow eastward, resulting in paired
Riedel shear deformations in the upper crust of the central Qinghai–Tibet Plateau. There is a transition
in the intermediate compressive stress direction. In other words, the compressive stress changes from
a vertical direction in the conjugated strike-slip fault zone to a horizontal direction in the south and
north rift zones, forming a south–north tension rift in the Qiangtang and southern Lhasa terranes in
the northern Qinghai–Tibet Plateau. Thus, a combination of strain state and stress state determines the
formation and direction of the fault.
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5. Conclusions

Because of the persistent northward movement of the Indian plate and blockage of the Eurasian
continent, the Qinghai–Tibet Plateau has been extruded by its north–south compressive stresses since
its formation, causing the plateau to escape eastward, forming a large-scale, east–west strike-slip
fault. The Karakorum–Jiali fault, a boundary fault between the Qiangtang and Lhasa terranes, plays
an important role in the regional tectonic evolution of the Qinghai–Tibet Plateau. The Gyaring Co
fault, in the middle of the Karakoram–Jiali fault zone, has seen cases of strong earthquakes, showing a
strong earthquake occurrence background. Therefore, present-day deformation of the Gyaring Co
fault is very important to understand the regional kinematics. In this study, based on Envisat data, we
obtained a high-precision and a high-spatial resolution deformation field of the Gyaring Co fault in the
central Qinghai–Tibet Plateau using InSAR technology, and the slip rate and locking depth of the fault
were also inverted. Based on the regional GPS horizontal velocity field, the regional strain state was
calculated, and a kinematics analysis of the regional tectonics was conducted. The conclusions are
as follows:

(1) Based on an elaborate InSAR data processing strategy, high-precision deformation fields
are achieved. The InSAR results are consistent with GPS observations with an accuracy of smaller
than 2 mm/y. The InSAR deformation field shows that the Gyaring Co fault controls the regional
crustal deformation pattern, and the deformation difference in the far-field on both sides of the fault
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is approximately 3–5 mm/y (parallel to the fault). Our results indicate that it is possible to obtain a
high-precision deformation field using the InSAR technique.

(2) Based on the classical screw dislocation model, we inverse the slip rate and locking depth
of the Gyaring Co fault by using the InSAR-derived deformation field as a constraint. The results
show that the slip rate of the Gyaring Co fault is approximately 3–6 mm/y with a locking depth of
approximately 20 km. A strain is probably present at the Gyaring Co fault during the InSAR data span.
Therefore, future seismic risk related to the Gyaring Co fault cannot be ignored.

(3) After analysis of the kinematic characteristics and tectonic style of the regional tectonics
around the Bangong–Nujiang suture zone, a possible model for the formation of regional v-shaped
conjugate faults was put forward by previous researchers. Our InSAR-derived deformation field gives
a clear movement pattern around the Gyaring Co fault region. The Gyaring Co and Doma–Nima
faults are among several other conjugated v-shaped shear fault systems that have formed along the
Bangong–Nujiang suture zone in the central Qinghai–Tibet Plateau.
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