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A NE-Trending Oblique-Slip Fault Responsible for the 2016 Zaduo Earthquake (Qinghai,
China) Revealed by InSAR Data

GUOYAN JIANG,]’5 Y ANGMAO WEN,2

Abstract—Twelve Sentinel-1 images are used to measure the
surface displacements caused by the Zaduo earthquake on 17
October 2016 in Qinghai, China. Comprehensive analysis of the
local geologic structure, focal mechanisms, relocated aftershocks,
and fault geometrical parameters from nonlinear inversions of the
InSAR data indicates that a NE-trending fault with a strike of ~
61°, namely the Aduo fault, was responsible for this event. Further
geodetic inversions for finite fault models show that the dip angle
of this fault is 75° to the SE. The majority of the slip occurred at the
depth from 5 km to 17 km, and the normal-slip component was
comparable to the strike-slip component. The peak slip of ~ 31
cm occurred at a depth of ~ 10 km. The InSAR determined
moment is 9.61 x 10" N m with a rigidity of 30 GPa, equivalent
to Mw 5.9. The geological map reveals that the Aduo fault was
characterized by a left-lateral strike-slip component in the past, as
evidenced by the offset of Paleogene sedimentary rocks. Our
results for the Zaduo earthquake suggest that the Qiangtang block
probably consists of two or more sub-blocks with different east-
ward extrusion velocities and that the deformation of the Qiangtang
block is occurring not only along its boundaries but also in its
interior.

Key words: The 2016 Zaduo earthquake, InSAR, seismo-
genic fault, slip distribution, Qiangtang block.
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1. Introduction

On 17 October 2016, a moderate earthquake with
a moment magnitude of approximately 6 occurred in
the Qiangtang block, Tibet Plateau, approximately
35 km from Zaduo city in Qinghai province (Fig. 1).
The hypocenter depths reported by different agencies
vary from 9.0 to 30.5 km (Table 1). The USGS
W-phase moment tensor solutions suggest a pre-
dominantly normal-faulting event. In contrast, the
results from the Global Centroid Moment Tensor
project (GCMT) (Dziewonski et al. 1981; Ekstrom
et al. 2012) and the Institute of Geophysics of China
Earthquake Administration (IGPCEA) give moment
tensor solutions suggesting that the strike-slip com-
ponent was comparable to the normal-slip
component. These discrepancies raise questions about
the determination of the location, strike, dip and rake
of the causative fault, which did not rupture to the
surface.

Strike-slip faults are widely distributed in the
study region surrounding the location of the Zaduo
earthquake (Fig. 1). As evidenced by the horizontal
GPS velocities in this seismically active region
(Liang et al. 2013), these faults play a significant role
in the eastward extrusion of the Qiangtang block,
which is due to the post-collisional convergence
between the Eurasian and Indian plates (e.g., Deng
et al. 1979; Tapponier and Molnar 1977). The Jiali
and Ganzi—Yushu faults are the southern and northern
boundaries of the Qiangtang block, respectively. The
latest devastating earthquake on the Ganzi—Yushu
fault occurred in 2010 and had a magnitude of M,
6.9, resulting in more than 2000 deaths (Jiang et al.
2013). The active tectonic map of China shows that
there are two faults, one trending NE and one
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Figure 1

a Tectonic setting of the 17 October 2016 Zaduo earthquake. Red lines are the major faults in the seismic region from the active tectonic map
of China (Deng et al. 2007). The black line is the surface trace of the modeled ruptured fault in this study. The green circles are the relocated
aftershocks up to 26 November 2016. The red star denotes the relocated hypocenter. The two black dashed rectangles outline the coverage of
the ascending and descending InSAR data. b, ¢ are the depth profiles of the relocated aftershocks in the eastward and southward directions,
respectively. The inset map shows the location of the Zaduo earthquake in the Tibetan Plateau, along with major faults. The yellow arrows

with error ellipses of 95% confidence are the interseismic GPS velocities (Liang et al. 2013)

Table 1

Reported focal parameters of the 2016 Zaduo earthquake

Source Nodal plane I (°) Nodal plane II (°) Depth (km) Magnitude
Strike Dip Rake Strike Dip Rake

USGS 214 40 - 79 20 51 - 99 30.5 My 5.9

GCMT 63 59 —33 171 62 — 145 20.9 M, 6.0

IGPCEA? 58 65 — 45 171 50 — 146 9.0 M 6.2

This study 61 75 — 38° ~ 10.0° M, 5.9

*http://www.cea-igp.ac.cn/tpxw/274960.html
The rake angle of the maximum slip

“The depth of the maximum slip

trending NW, close to the 2016 Zaduo event (Fig. 1a)
(Deng et al. 2007). The NW-trending fault is the
Zaduo fault. Although both faults were active in the

mechanism in this region.

Quaternary, their activity since the late Pleistocene

remains unclear. The 2016 earthquake provides an
opportunity to identify the activity and faulting
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Recognition of the seismogenic fault is helpful in
understanding the tectonic motion in the center of the
Qiangtang block, where GPS stations are sparse. In
this study, we first use the ascending and descending
Sentinel-1 SAR interferograms to measure the ground
displacements caused by the 2016 Zaduo event. Then,
together with the local geological structure map, focal
mechanisms, and relocated aftershocks, we investi-
gate the fault responsible for the Zaduo earthquake
through nonlinear inversions. Furthermore, we con-
duct linear geodetic inversions to constrain fault dip
angle and coseismic slip distribution at depth.
Finally, we discuss the implications of the 2016
Zaduo earthquake for the tectonic deformation in the
Qiangtang block.

2. InSAR Observations

Interferometric synthetic aperture radar (InSAR)
observations are widely used to measure the surface
displacements associated with geological, tectonic
and anthropogenic activities, such as earthquakes,
volcanoes, groundwater extraction, and CO, geolog-
ical storage (CGS), especially in the regions without
enough global navigation satellite system (GNSS)
observation sites (e.g., Bell et al. 2008; Hooper et al.
2004; Jiang et al. 2013). Here, we use six ascending
(TO70A) and six descending (TO77D) Sentinel-1
Terrain Observation with Progressive Scans (TOPS)
mode SAR images acquired before and after the 2016
Zaduo earthquake to measure the coseismic surface
displacements with the two-pass differential InSAR
(DInSAR) technique (Massonnet et al. 1993)
(Table 2).

Twelve single look complex (SLC) images are
processed into interferograms with GAMMA soft-
ware (Werner et al. 2001). For TOPS interferometry,
a method that considers geometric alignment and
spectral diversity (Scheiber and Moreira 2000) is
used to ensure an accuracy of a few thousandths of a
pixel coregistration in the azimuth direction and to
avoid phase jumps between subsequent bursts. The
effects of topography are removed from the six
interferograms using the precise orbit data provided
by European Space Agency (ESA) together with the
90-m resolution Shuttle Radar Topography Mission
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(SRTM) digital elevation model (DEM) (Farr et al.
2000). Then, the effect of phase noise in our inter-
ferograms is reduced using the power spectrum filter
(Goldstein and Werner 1998). Finally, the interfero-
grams are unwrapped using the branch-cut method
(Goldstein et al. 1988) and geocoded to the WGS84
geographic coordinates with a resolution of 90 m.

The geocoded interferograms (Fig. S1) exhibit
some noises due to atmospheric effects, especially in
mountain areas. The atmospheric delays of compa-
rable magnitude can be ignored when dealing with
medium-to-large earthquakes with strong ground
motion but become important when modeling small
and/or deeply buried earthquakes with small surface
displacements. To overcome this issue, the Generic
Atmospheric Correction Online Service (GACOS)
(Yu et al. 2017) was used to properly mitigate the
topographic-related tropospheric delays by applying
the iterative tropospheric decomposition (ITD)
method to separate stratified and turbulent signals
from tropospheric total delays with high-resolution
European Centre for Medium-Range Weather Fore-
casts (ECMWF) model. GACOS seems to capture the
first-order atmospheric effects in the interferograms
(Fig. S2), especially for the descending track TO77D.
After the correction, the average-phase standard
deviation (StdDev) (excluding the near-field coseis-
mic region) decreases from 0.53 to 0.50 cm for the
ascending track and from 0.48 to 0.36 cm for the
descending track.

In addition, assuming that the residual atmo-
spheric noise is temporally random, the signal-to-
noise ratios of InSAR coseismic interferograms in
both ascending and descending tracks can be
increased through multi-interferogram stacking. Fig-
ure 2a, b shows the final stacking coseismic
interferograms. The subsequent 1D covariance func-
tion estimation in Sect. 3.2 reveals that the StdDev
values for the ascending and descending tracks
decrease to 0.34 and 0.23 cm, respectively.

By combining the ascending and descending
interferograms, 2.5-dimensional (2.5D) analysis (Fu-
jiwara et al. 2000; Wen et al. 2016) was conducted to
derive displacement maps in both quasi-eastward and
quasi-upward components from the line-of-sight
(LOS) observations. The LOS displacements (dios)
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Information of the InSAR interferograms used in the study

Track #  Master Slave Perpendicular Incidence  Azimuth ¢* of RMS misfit® (cm)
baseline angle angle
DD/MM/ DD/MM/ (m) (©) (©) (cm) (km) NE distributed slip NW distributed slip
YYYY YYYY model model
TO70A IP1 12/08/2016 10/12/2016 58 39.6 —10.2 034 58 0.32 0.36
IP2 05/09/2016 16/11/2016 — 6
IP3 29/09/2016 23/10/2016 — 76
TO77D 1P4 31/07/2016 04/12/2016 19 34.3 — 169.3 023 2.8 022 0.36
IP5 24/08/2016 10/11/2016 17
IP6 17/09/2016 17/10/2016 — 32

“The standard deviation calculated from 1D covariance function for the stacking deformation

The e-folding correlation length scale of 1D covariance function for the stacking deformation

“The root-mean-square (RMS) fitting residuals to the observations
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InSAR observations used in this study. a, b are the two stacking LOS coseismic displacement maps from tracks TO70A and TO77D,
respectively. The color red indicates ground motion away from the satellite. ¢, d are the displacement maps in the quasi-eastward and upward
directions derived from the ascending and descending InSAR interferograms. The black dashed line outlines the major displacement region
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are related with the east (d.), north (d,), and vertical
(d,) displacement components through

dios = decos ¢ sinf + d, sin ¢ sin + d, cos 0, (1)

where ¢ and 6 are the azimuth of the orbit and the
incidence angle, respectively. Due to the near-polar
orbital geometry (i.e., satellite azimuthal direction is
approximately parallel to the north—south orienta-
tion), the contribution from the north component to
the LOS displacements can be neglected considering
the very small value of sin¢. Therefore, the LOS
displacements are  approximately equal to
decos ¢psinf 4+ d, cos . With the ascending and
descending InSAR interferograms (Fig. 2a, b), the
quasi-eastward and vertical displacement maps can
be directly estimated (Fig. 2c, d).

The displacement maps (Fig. 2) reveal that there
are two lobes with opposite ground motion. The
major displacement signals are confined to an ellip-
tical region of ~ 120 km?, close to the hypocenter,
where subsidence is apparent in the quasi-vertical
displacement map (Fig. 2d). In contrast, lower mag-
nitude uplift is observed in the north of the fault trace.
This coseismic deformation pattern is similar to the
2008 Dangxiong earthquake, a M, 6.3 normal-fault-
ing event in southern Tibet (Liu et al. 2012; Xu et al.
2016). Our InSAR observations indicate that the
Zaduo earthquake probably has a considerable nor-
mal-slip component (Resor 2003).

3. The Seismogenic Fault

Recognition of the seismogenic fault is the basis
for further investigations into topics such as rupture
processes and dynamics, co- and post-seismic slip
models, and stress perturbation. The causative fault
can be determined by geologic or geophysical
methods. The geologic method is straightforward for
continental earthquakes with surface rupturing (e.g.,
Xu et al. 2006), as well as for some interplate
earthquakes (e.g., Fujiwara et al. 2011; Avouac et al.
2015). The geophysical method identifies the causa-
tive fault through seismic or geodetic inversions, as
well as sometimes using relocated aftershocks (e.g.,
Fang et al. 2015; Wen et al. 2016). This method is
suitable for continental earthquakes without surface
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rupturing. To explore the deep structures associated
with large earthquakes, both the geologic and geo-
physical methods are often employed simultaneously
(e.g., Xu et al. 2009a, b).

For the 2016 Zaduo earthquake, three reported
focal mechanism solutions exhibit two different
rupture possibilities: normal slip vs. oblique slip
(Table 1). The active tectonic map of China reveals
two faults near the epicenter, the NW-trending Zaduo
fault and an unnamed NE-trending fault (Fig. 1). The
NE-trending fault passes through the county of Aduo.
Therefore, we refer to this structure as the Aduo fault.
The tectonic map shows the Zaduo fault has both
strike-slip and reverse-slip components. However, the
slip sense of the Aduo fault is unknown. Based only
on the seismological solutions, we cannot identify the
fault responsible for the earthquake. Therefore, we
relocated the aftershocks that occurred during the
40 days following the earthquake and carried out
nonlinear geodetic inversions to determine the rup-
tured fault geometry.

3.1. Relocated Aftershocks

By the end of 26 November 2016, 1047 after-
shocks were recorded by the Qinghai Seismic
Network (http://www.csi.ac.cn/manage/eqDown/
18NPMF/gctw/tzfb/A01.JPG,  last
November 2017). Among them, 685 aftershocks were
recorded by only one station. Their initial event
locations were determined using Hypo 2000 (Klein
2002) with the CRUST1.0 velocity model in the
source region (Laske et al. 2013). Then, the after-
shocks that had at least six phase arrival times and
were recorded by more than four stations were relo-
cated with the double-difference algorithm
(Waldhauser and Ellsworth 2000), resulting in a total
of 225 aftershocks (Fig. 1).

Most of the relocated aftershocks occurred in a
13-km (east—west) x 11-km (north—south) rectangu-
lar region, above a depth of 15 km. The location
accuracy of each aftershock is listed in the supple-
mentary data. From the spatial distribution of the
aftershocks, we cannot determine a predominant
rupture direction. In addition, no information on the
fault dip can be obtained from the depth profiles in
either the eastward or southward directions (Fig. 1b,

accessed 1
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¢). Thus, it is still difficult to identify the source fault
of the 2016 Zaduo earthquake based on the relocated
aftershocks.

3.2. Nonlinear Fault Geometry Estimation
with Uniform Slip

To determine the fault geometry, we invert the
InSAR measurements with a nonlinear procedure,
assuming a uniform slip model. First, the two LOS
displacement fields are down-sampled by the quad-
tree algorithm to reduce the number of observations
and the spatial correlation and to weigh the observa-
tions in the region with large displacements (Jonsson
et al. 2002; Welstead 1999). A total of 417 and 359
observations are obtained from the TO70A and
TO77D interferograms, respectively.

Second, residual spatially correlated signals in the
two InSAR interferograms (Fig. 2a, b), primarily
attributable to residual atmospheric and ionospheric
structures, are estimated using a 1D covariance
function in the non-deforming areas (Hanssen 2001),

Tik

Cip = o%e =, (2)
where Cj; and rj are the covariance and distance
between pixels j and k, and ¢ and o represent the
standard deviation and e-folding wavelength
(Fig. S3). The standard deviations for tracks TO70A
and TO77D are 0.34 and 0.23 cm, respectively
(Table 2), which reveal that our InSAR observations
are in a low noise level. These two values are taken as
the observation errors of InSAR data for subsequent
uncertainty estimation of the fault geometry and slip
parameters.

Third, because the two InSAR interferograms
have different standard deviations, the optimal weight
ratio between them is determined by the Helmert
variance component estimation (HVCE) method (Xu
et al. 2009a, b), which has various advantages over
other methods, especially when the observations are
abundant. The optimal weight ratio between the
down-sampled TO70A and TO77D observations is
0.395.

Finally, a global hybrid minimization algorithm
based on multi-peak particle swarm optimization (M-
PSO) is adopted to determine the fault parameters
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(Feng et al. 2013), including location, strike, dip,
length, depth, width and slip (Table 3), by minimiz-
ing the misfits between the observed and the
predicted surface displacements based on the classic
elastic half-space dislocation model (Okada 1992).
Meanwhile, a Monte Carlo test is conducted based on
the method described in Parsons et al. (2006) to
estimate the uncertainties and trade-offs in the fault
geometry parameters. During the test, a full variance—
covariance matrix, X, for the down-sampled obser-
vations was generated using the two-fitted 1D
covariance functions of both ascending and descend-
ing tracks (Eq. 2). A vector of spatially correlated
noise, y, can be calculated from a vector of Gaussian
uncorrelated noise, X, with a mean of zero and a
standard deviation of 1 by

y =Lx, (3)

where L is the Cholesky decomposition of the vari-
ance—covariance matrix (Rubinstein 1981),
¥ = LL". The correlated noise is then added back to
the original data vector to produce a new noisy data
set. The procedure was repeated 100 times to obtain
an ensemble of noisy data sets. Finally, each of these
noisy data sets is then used in the non-linear inversion
procedure to produce a set of model parameters.

The distribution of these model parameters
(Fig. S4) can be used to estimate their uncertainties
(Table 3). Overall, the estimating results show that
the uncertainties are small, which indicates a good
confidence of non-linear fault geometry estimation.
Several parameters have strong trade-offs, such as
between slip and width, and between width and the
minimum depth of faulting. The optimization results
show that the ruptured fault has a NE strike and is
centered at 32.875°N, 94.865°E. The slip magnitude
is 38 =7 cm, and the strike-slip component is
comparable to the dip slip (Table 3).

The center of the best-fit model fault is approx-
imately 2.5 km from the existing NE-trending Aduo
fault based on the active tectonic map of China (Deng
et al. 2007). The relocated aftershocks locate in the
hanging wall of the fault (Fig. 1). The offset between
the relocated aftershocks and the modeled fault may
be due to three reasons: (1) the use of different crust
models in the aftershock relocation and nonlinear
inversions; (2) model simplification of a potentially
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Table 3

Fault parameters of the Zaduo earthquake derived from nonlinear inversions

Fault center

Longitude (°) Latitude (°)

Depth (km) Length (km) Width (km) Strike (°)

Dip (°) Rake (°) Slip M,,

94.865 £ 0.002 km 32.875 £ 0.001 km 8.8 £0.2 6.0 £ 0.6

8.7+ 1.1

612+19 587+20 —390+£22 38+£7 583

curved seismogenic fault as a linear fault; and/or (3)
the modeled fault is the surface trace of the ruptured
fault, but the aftershock distribution is a result of
horizontal projection. We speculate that the NE-
trending Aduo fault is responsible for the 2016 Zaduo
earthquake. The existing Aduo fault was first mapped
in the 1990s. The offset between the existing and
modeled faults may be caused by two factors: (1)
model simplification of the ruptured fault in this
study, and (2) the low spatial accuracy of the
1:500,000 geological map (Zhang and Zheng 1994)
and the low resolution of the aerial photos that were
used for active fault mapping.

4. Finite Fault Slip Model

To obtain the rupture model of the Zaduo earth-
quake, we adopt the same inversion scheme as Jiang
et al. (2015) with the modified Laplacian operator.
The function model used in the linear inversions for
slip models can be formulated as follows:

(0)-(w 0)(5) @

where d is the observation vector, m is the slip vector,
G is Green’s function matrix, V2 is the modified
Laplacian operator, and k is the smoothing factor. In
addition, an overall linear offset Ls may exist
between the InSAR observations and the model result
Gm, which is primarily attributed to the residual orbit
error.

The seismogenic fault from the nonlinear inver-
sions is extended to a width of 25 km, and modeled
with 1 km x 1 km rectangular dislocation patches to
obtain fine-scale slip features. The elastic half-space
dislocation model (Okada 1992) is also used to cal-
culate the Green’s function between slip on the

patches and the down-sampled InSAR observations.
Then, finite fault models are inverted by the bounded
variable least-squares algorithm (Stark and Parker
1995) with parameter bounds for both the strike- and
dip-slip components.

The fault dip angle of ~ 59° obtained from the
nonlinear optimization is based on the uniform slip
model. However, it is probably not appropriate for
distributed slip models (Biirgmann et al. 2002; Feng
et al. 2013; Fukahata and Wright 2008; Wen et al.
2016). We evaluate this value through inversions
with fault models involving variable dip angles. The
slip models should not over- or under-fit the InSAR
observations. Here, we adopted the normalized root-
mean-square (NRMS) as the fitting criteria proposed
by McCaffrey (2005):

N 1/2
NRMS = [Nl (Z r?/a?)} , (5)
i=1
where r is the residual, ¢ is the datum standard error,
and N is the number of observations. The NRMS
should be near unity when the model fits the obser-
vations well, indicating that the RMS misfit should be
close to the observation error. The smoothing con-
stant is fixed at 0.1. The fitting results show that,
when the dip angle is equal to 75°, the RMS fitting
residuals are in agreement with the estimated InSAR
errors (Table 2). The dip angles (45°-60°) with the
least misfit of 0.24 cm are not chosen due to some
overfitting. More inversions are carried out with the
re-determined fault dip to seek a preferred smoothing
factor k from the trade-off curve (Fig. 3b), which
balances roughness of slip distribution and misfit to
the InSAR observations (Jiang et al. 2013).

Our best-fit finite fault model shows that most of
the coseismic slip occurred at depths of 5 km to
17 km (Fig. 4a). The peak slip of ~ 31 cm occurred
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Determination of the optimal dip angles and the preferred smoothing factors for the NE- and NW-trending fault models. a Variation of the
RMS misfits to InSAR observations with increasing fault dip angles. b Trade-off curves between the model residuals and the roughness of the
slip models. Red stars denote the selected values in our study

at a depth of ~ 10 km. The released moment was
961 x 10 N m, equivalent to Mw 5.9 with a
rigidity of 30 GPa, which is equal to the USGS
magnitude. The slip robustness is estimated using the
Monte Carlo method to invert the 100 perturbed
InSAR data sets above (Fig. 4b). All the uncertainties
are less than 1.0 cm with 95% confidence. The pre-
dicted LOS displacements and the residuals of both
the ascending track TO70A and the descending track
TO77D are shown in Fig. 5. No significant residual
signals remain in the vicinity of the seismogenic
fault. The RMS fitting residuals of our model to the
tracks TO70A and TO77D interferograms are equal to
the standard deviations (Table 2), which indicates
that the NRMS value is close to 1.

Compared with the uniform slip model, there are
some differences in the slip magnitude, rake, dip and
released moment. The maximum slip with rake of the
distributed model, listed in Table 1, indicates that the
Zaduo earthquake was characterized by oblique slip.
The difference in fault dip is attributed to the model
assumptions and the inversion schemes. Similar dif-
ferences are also present in other earthquake models,
such as the 12 November 1999 Diizce earthquake in
Turkey (Biirgmann et al. 2002) and the June 2004
Tabuk earthquake in Saudi Arabia (Xu et al. 2015).
Small differences in the moment magnitudes are also
common in many published studies (e.g., Biirgmann

et al. 2002; Funning et al. 2005; Parsons et al. 2006;
Wen et al. 2016).

5. Discussion

To further test the possibility of the NW-trending
causative fault with a strike of 128°, we implemented
additional inversions to obtain a finite fault model for
the NW-trending Zaduo fault with the same InSAR
observations and methods. The width of the Zaduo
fault was set to 35 km. We also analyzed the influ-
ence of different dip angles on the misfits between the
observed and the predicted LOS displacements, under
a fixed smoothing factor of 0.1. With the dip angle
varying from 80° to 40°, the misfit decreases from
0.51 cm to 0.36 cm. The preferred smoothing factor
for the NW-trending distributed slip model was also
redetermined from the trade-off curve (Fig. 3b),
which is consistent with the value selected for the
NE-trending distributed slip model.

The resulting slip model shows that major
coseismic rupture occurred at depths from 7 to
17 km, with a maximum slip of ~ 22 cm (Fig. 4c).
The corresponding seismic moment was 1.09 x 10'®
N m, equivalent to Mw 6.0 with a rigidity of 30 GPa.
The model uncertainties are still estimated using the
Monte Carlo method as above. The InSAR fitting
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Figure 4
Finite fault slip models derived from InSAR observations. a, ¢ are the distributed slip distributions of the Zaduo earthquake on the NE- and

NW-trending fault planes, respectively. The blue arrows show the slip direction on the fault planes. b, d are the model uncertainties

determined by the Monte Carlo method

earthquake. From the 1:500,000 geologic map of

Qinghai province (Fig. 7), a distinct fault trace with

results, unlike the InSAR residuals of the NE-trend-
ing slip model (Fig. 5), exhibit distinct displacement
signals remaining in the residual maps (Fig. 6). The

maximum predicted LOS displacement is 2.1 cm,

left-laterally offset strata and a length of up to ~

60 km emerges to the north of the modeled fault.
The distance between the trace and the modeled fault
ranges from O km to 5.5 km, which may also be

only half of the largest measured value (4.2 cm) in

the TO70D interferogram. The RMS misfit of the

caused by our model simplification and the large

scale of the geological map. The Paleogene sedi-
mentary rocks have been offset by approximately

8-10 km along the fault

NW-trending model to the TO77A interferogram is

close to the value of the NE-trending model
(Table 2). However, for the TO70D interferogram, the

misfit of the NW

which indicates that the

il

trending model exceeds the stan-

fault was probably characterized with a sinistral

dard deviation by nearly 50%.

slip component. Nevertheless, we are not sure
whether this fault also experienced normal slip. Our

strike-

trending model to the

The poor fit of the NW
InSAR observations also confirms that the NE-

geodetic inversion results for the Zaduo earthquake

trending Aduo fault is responsible for the 2016 Zaduo
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Figure 5
Fitting results of the NE-trending slip model to the two InSAR interferograms. a, ¢ are the predicted LOS displacement maps for tracks TO70A
and TO77D, respectively. b, d are the corresponding residual displacements

reveals that the current normal slip on the Aduo fault
is not less than the strike slip. If the slip sense of the
Aduo fault changed from strike-slip to oblique-slip, it
was probably caused by the tectonic transition of the
Tibetan Plateau from N-S compression to E-W
extension in the late Tertiary to Quaternary, approx-
imately 5 million years ago (England and Houseman
1989). The plateau has been thinning via an exten-
sional mechanism along many approximately N-S-
trending normal faults.

The normal-faulting feature of the Zaduo earth-
quake implies that the Qiangtang block probably
consists of two or more sub-blocks with different
eastward extrusion velocities. The eastward velocity
of the hanging-wall block is faster than the velocity
of the foot-wall block, which is probably the direct
cause for the Zaduo earthquake. The NW-trending
Zaduo fault is revealed to be a strike-slip fault with
some degree of thrust faulting based on the active

tectonic map of China, which is consistent with the
eastward extrusion of the Qiangtang block evidenced
by GPS velocities (Fig. 1). Therefore, normal-slip
events will probably not occur on the NW-trending
Zaduo fault.

In addition, the Zaduo earthquake also indicates
that the deformation of the Tibetan Plateau is
occurring not only along the block boundaries but
also within the blocks. Two alternative end-member
models have been proposed to explain the deforma-
tion of the Tibetan Plateau. The block model suggests
that major deformation occurs along major block-
bounding faults, with minor faulting and little
deformation occurring within the blocks (e.g., Armijo
et al. 1989; Tapponnier et al. 2001). In contrast, the
continuum model treats the lower crust of the Tibetan
Plateau as a viscous sheet and suggests that the India—
Eurasia collision is accommodated by the thickening
of the lower crust and by broadly distributed
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Figure 6
Fitting results of the NW-trending slip model to the two InSAR interferograms. a, ¢ are the predicted LOS displacement maps for tracks

TO70A and TO77D, respectively. b, d are the corresponding residual displacements. The black dashed lines outline regions with distinct
residual displacements

deformation (e.g., England and Mckenzie 1982;
Flesch et al. 2001). Thus, in the continuum model, the
deformation within the blocks and along the bound-
aries is approximately equivalent. Therefore,
quantification of deformation along block boundaries
and within blocks is very important for discrimination
between the two end-member models. For the regions
lacking GPS observations, such as the center of the
Qiangtang block, the slip magnitudes of historical
earthquakes based on geodetic or geologic studies can
provide robust evidences to identify the two end-
member models.

6. Conclusions

We use Sentinel-1 InSAR-derived surface dis-
placements to model the seismogenic fault and slip

distribution of the 2016 Mw 5.9 Zaduo earthquake in
Qinghai. Our results show that the NE-trending Aduo
fault is responsible for this event. This fault had a
distinct left-lateral strike-slip component before the
late Tertiary. The normal-faulting feature of the
Zaduo earthquake implies that the Qiangtang block
probably consists of two or more sub-blocks with
different eastward extrusion velocities. The Zaduo
earthquake, with a peak slip of ~ 31 cm, indicates
that the deformation of the Qiangtang block is
occurring not only along the block boundaries but
also within the block. Our results provide further
evidence for discrimination between the block and
continuum end-member deformation models.
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Figure 7
Geological map in the seismic region of the Zaduo earthquake. The dashed black line denotes the NE-trending fault revealed by the offset of
strata. The black line is the modeled ruptured fault. The red lines are the known faults from the active tectonic map of China (Deng et al.,
2007). Two M > 5 earthquakes were retrieved from the catalog of China Seismic Network (CSN) from 1970 to 2016. The focal mechanism of
the 2013 M,, 5.2 earthquake was provided by GCMT
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