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Insight into the 2017 Mainling Mw 6.5 
earthquake: a complicated thrust event 
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Abstract 

On November 18, 2017, the Mainling Mw 6.5 earthquake occurred on the northern Namche Barwa syntaxis and was 
the largest earthquake in the syntaxis and surrounding areas since the Zayu Mw 8.4 earthquake in 1950. Due to incon-
venient access and the severe environment in the Namche Barwa syntaxis area, the motions and tectonic structures 
of most faults remain unclear. Sparsely distributed seismic observation stations make the seismogenic fault and focal 
mechanism of the Mainling earthquake controversial. We adopt interferometric synthetic aperture radar (InSAR) 
to invert the slip distribution of this event by defining the fault geometry with relocated aftershocks. Our preferred 
model suggests that the 2017 Mainling earthquake ruptured two blind faults beneath the Namche Barwa syntaxis. 
The ruptures were dominated by thrusts with slight right-lateral strike-slip components. The slips on the two faults 
are equivalent to moment magnitudes of Mw 6.12 and Mw 6.34, with maximum dislocation magnitudes of 0.36 m and 
0.43 m, respectively. The model fits well with the InSAR observations and the distribution of aftershocks. The results 
from the Coulomb stress simulation indicate that the stress loading caused by strong historical events promoted the 
occurrence of the 2017 Mainling earthquake. Compared with the seismogenic faults of the Mainling earthquake, the 
larger thrust faults in the southern Namche Barwa syntaxis can generate larger earthquakes. Therefore, we assume 
that Mw > 6.5 earthquakes may occur beneath the Namche Barwa syntaxis and that the seismic risk has been further 
promoted by historical events.
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Introduction
In the Himalayan region, the Indian Plate is sliding 
beneath the Eurasian Plate at a rate of 40–50 mm/a, mak-
ing the 2500-km-long Himalayan arc the most spectacu-
lar topographic manifestation on Earth in ~ 50  Ma (Yin 
and Harrison 2000). The Himalayan collision zone is 
delimited along the EW direction by the syntaxes Nam-
che Barwa in the east (96°E) and Nanga Parbat in the west 
(74°E) (Burg et al. 1998; Zeitler et al. 2014). In contrast to 
the N–S thrust-dominated slip in the Himalayan thrust 
zone, the tectonic movement in the Namche Barwa syn-
taxis has developed not only an imbricate subduction 

structure beneath the Namche Barwa Mountains but also 
strong strike-slip activity around its periphery (Tappon-
nier et al. 2001; Ding et al. 2001; Yang et al. 2018a; Fig. 1). 
As a part of the eastern boundary of the Namche Barwa 
syntaxis, the Xixingla fault is located on the northeastern 
side of the syntaxis. It is a dextral strike-slip fault with 
thrust components where small and moderate earth-
quakes occur frequently, which makes it one of the most 
active faults in the Namche Barwa syntaxis (Ding et  al. 
2005; Bai et al. 2017).

The geological environment in the Namche Barwa 
syntaxis is complex. Both Mount Gyala Peri (approxi-
mately 7294  m above sea level) and Mount Namche 
Barwa (approximately 7782  m above sea level) are 
located here, accompanied by glacier development 
(Fig.  1). Due to severe natural conditions and scarce 
geological and geodetic data, the movement features 
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and tectonic structures of most faults in this area are 
not clear. On November 18, 2017, the Mainling Mw 6.5 
earthquake occurred on the northern Namche Barwa 
syntaxis. The epicenter was located on the southwest 
side of the Xixingla fault, and the focal mechanism was 
dominated by thrusts (according to the Global Centroid 
Moment Tensor (GCMT), last accessed December 1, 
2017, Table  2). The Mainling earthquake is the largest 
earthquake to occur in the Namche Barwa syntaxis and 
surrounding areas since the Zayu Mw 8.4 earthquake in 
1950 (Hu and Yao 2018; Yu et al. 2018). Hence, study-
ing the focal mechanism and slip distribution of this 
earthquake is of great significance for determining 
the seismogenic fault and understanding the dynamic 
mechanism of the eastern Himalayan orogenic belt.

However, the focal mechanism of the Mainling earth-
quake is currently controversial. Bai et  al. (2017) recal-
culated the location and origin time of the Mainling 
earthquake based on waveforms and arrival times 
recorded by local and teleseismic networks. The earth-
quake was considered as a north-dipping thrust event in 
the Xixingla fault zone. Recent seismic relocation studies 
have shown similar results that the earthquake occurred 
on a steep north-dipping fault plane (Wei et al. 2018; Yin 
et  al. 2018a). Teleseismic data provide an approximate 
epicenter location for this event, but they are not suffi-
cient to resolve the detailed subsurface structure. Space-
borne interferometric synthetic aperture radar (InSAR) 
observations with high spatial coverage afford a good 
opportunity to determine the source characteristics, 

Fig. 1  a Tectonic map of the Namche Barwa syntaxis. The beach balls represent the location and the focal mechanism of the Mainling earthquake: 
The blue one is the result of this study, the green one is from the USGS, and the red one is from Bai et al. (2017). b Tectonic map and historical 
earthquakes (Mw > 4) around the Namche Barwa syntaxis. The locations and the focal mechanisms of the Mainling earthquake and the Mw > 7 
historical earthquakes are represented with the blue and black beach balls, respectively. The dotted line rectangles indicate the extents of the 
interferograms shown in Table 1. The blue box indicates the extent of Fig. 1a. Blue arrows are interseismic GPS velocities (from CMONOC, in a period 
of 1999–2017) provided by the GNSS Data, Products and Services Platform (http://www.cgps.ac.cn/) of the China Earthquake Administration. Small 
black circles show seismicity from the USGS during 1950–2018

http://www.cgps.ac.cn/
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but the results are surprisingly different: Yu et al. (2018) 
inverted the slip distribution of the Mainling earthquake 
as constrained by Sentinel-1 radar interferometry and 
concluded that the earthquake occurred on a south-
dipping blind reverse fault with an obvious right-lateral 
component, while Li et  al. (2018) considered the earth-
quake a thrust and left-lateral event based on the same 
InSAR data (Table  2). The key to determining the seis-
mogenic fault is to identify the nodal plane of the Main-
ling earthquake, and a combined inversion with both 
InSAR and aftershock relocation data may provide more 
information.

In addition, 27 Mw > 6.0 earthquakes have occurred in 
the Namche Barwa syntaxis area since 1900. Two of them 
are Mw > 7.0 earthquakes: the Zayu Mw 8.4 earthquake in 
1950 and the Lang Mw 7.5 earthquake in 1947. Whether 
the occurrence of the Mainling earthquake is related to 
the above-mentioned historical events and what the 
trend is of the seismic activities on the Namche Barwa 
syntaxis urgently need to be studied.

In this paper, we use Sentinel-1 radar interferometry 
data to determine the coseismic deformation of the 2017 
Mainling earthquake and to further invert the slip distri-
bution. In the inversion, we use the aftershock relocation 
data (Yin et al. 2018b) to constrain the seismogenic fault 
geometry. Based on a viscoelastic layered crust model, 
we then study the stress disturbance prior to the 2017 
Mainling earthquake caused by two historical strong 
earthquakes in the neighboring area of the Namche 
Barwa syntaxis and analyze the correlation between the 
historical events and the Mainling earthquake. Finally, we 
analyze the seismic risk in the Namche Barwa syntaxis, 
considering the influence of the Coulomb stress change 
induced by the Mainling earthquake.

InSAR data processing and fault slip modeling
InSAR data processing
We analyzed both ascending and descending InSAR data 
covering the Mainling region as imaged by the Sentinel-1 
satellite of the European Space Agency (ESA) in image 
wide mode (Fig. 1b; Table 1). The data use terrain obser-
vation with progressive scan synthetic aperture radar 
(TOPS SAR) technology to enhance radiation perfor-
mance by effectively reducing the scalloping effect, which 

occurs during wide-field imaging. The pairs of Sentinel-
1A images have the shortest temporal interval of 12 days 
to minimize the effect of post-seismic deformation. In 
addition, the data have short perpendicular baselines of 
32.9 m and 9.6 m to reduce the impact of the digital ele-
vation model (DEM) error (Simons et  al. 2002) and the 
possibility of spatial decorrelation.

The GAMMA software is used to produce the Sen-
tinel-1 interferograms. A ratio of 10:2 for range and 
azimuth original data is multi-looked to improve the 
signal-to-noise ratio. The topographic effect is removed 
using the 90-m resolution Shuttle Radar Topography 
Mission (SRTM) DEM. We use the self-adaptive filtering 
method to reduce phase noise in differential interfero-
grams, and then, the statistical-cost network-flow algo-
rithm (SNAPHU) is used to perform phase unwrapping 
(Chen and Zebker 2000). Finally, after geocoding, we 
obtain the coseismic deformation field of the Mainling 
earthquake in the line of sight (LOS) direction (Fig.  2). 
On the southwest side of the coseismic deformation field, 
a “bulls-eye” pattern of negative LOS deformation is dis-
cernable (Additional file 1: Figure S1), with a maximum 
LOS displacement of − 0.164  m. While on the north-
east side, a positive LOS deformation area is detected, 
although the displacements are relatively low (Fig.  2). 
The asymmetrical coseismic deformation pattern is con-
sistent with a focal mechanism dominated by thrust slip, 
perhaps with some lateral slip (He et  al. 2018). These 
characteristics are similar to those of previous studies 
(Yu et al. 2018; Li et al. 2018). We adopt the 1D covari-
ance function (Parsons et al. 2006) to estimate the uncer-
tainty of the LOS displacements. The standard deviations 
are smaller than 0.014 m (Table 1).

Note that the quality of the ascending InSAR data is 
significantly better than that of the descending data. 
In the interferogram derived from the ascending data, 
there are obvious fringes, and the deformations are con-
centrated at the epicenter. However, in the interfero-
gram derived from the Sentinel-1A descending images, 
the coseismic signals are difficult to identify and show 
no continuous fringes (Additional file 1: Figure S1). The 
same phenomenon exists in Yu et  al. (2018), and their 
inversion results are also poorly fitted to the descend-
ing data. Li et  al. (2018) did not adopt descending data 

Table 1  The details of the Sentinel-1 images used in this study

σ: Standard deviations are calculated with all points in the undeformed area

α: The e-folding correlation length scale of the 1D covariance function

Flight direction Image mode Master YYYYMMDD Slave YYYYMMDD Time 
interval (d)

Perpendicular 
baseline (m)

σ (m) α (km)

Descending IW 20171106 20171118 12 9.6 0.0134 5.6661

Ascending IW 20171111 20171123 12 32.9 0.0124 2.5166
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for inversion. Considering that we can use the aftershock 
relocation data to constrain the seismogenic fault geom-
etry, we do not use the descending data in the inversion.

Aftershocks
With the waveform data recorded by the Nyingchi array, 
Yin et al. (2018a) analyzed the spatiotemporal evolution 
of early aftershocks following the Mainling earthquake. 
More than 312 Mw > 0.3 aftershocks between November 
18, 2017, and November 25, 2017, were obtained (Fig. 3), 
and the 1-sigma errors of the aftershocks are approxi-
mately 0.555, 0.621 and 0.992 km in the east, north and 
up directions, respectively. The aftershock distribution 
along the C–C′ sections in Fig. 3a, c shows that the earth-
quake occurred on a steep north-dipping plane, while 
the horizontal distribution map shows that the after-
shocks mainly occurred on at least two small-scale faults. 
The aftershock distribution characteristics are similar 
to those in Wei et  al. (2018). The data suggest that the 
Mainling earthquake ruptured two nearly parallel faults 

instead of only one fault. In addition, at least two events 
could be found in the source time function (Li et al. 2018) 
of the Mainling earthquake, which is consistent with the 
double-fault hypothesis. We build the single-fault model 
and the double-fault model separately in the inversion 
and discuss the reliability of the models.

Finite‑fault modeling
The quad-tree sampling method is used to downsample 
the coseismic deformation field from InSAR, which can 
both reduce the amount of data and preserve deforma-
tion data to a large extent (Jonsson et al. 2002). The noise 
area is masked to avoid sampling points gathered locally 
or at the edge. Simultaneously, we set the maximum and 
minimum windows for sampling and uniformly sample in 
the areas that are not within this range to make the dis-
tribution of sampling results more reasonable, that is, to 
avoid too few sampling points in the far field or too many 
in the near field. The maximum and minimum sampling 
windows are 256 (approximately 12 km × 12 km) and 16 

Fig. 2  a Coseismic deformation field of the 2017 Mainling earthquake obtained from the ascending orbit Sentinel-1A images. Black lines are the 
preexisting faults (Yin et al. 2018a). b–d Coseismic displacements observed by ascending orbit are plotted as black dots along each profile, while 
the model-predicted displacements are plotted as gray lines
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(approximately 0.8 km × 0.8 km), respectively. The defor-
mation gradient threshold is set to 2 cm. The total num-
ber of InSAR points ultimately involved in the inversion 
is 1063 (ascending orbit) after downsampling, which can 
well retain the major features of the original interfero-
grams (Additional file 1: Figure S1).

Since the distribution of aftershocks is north-dipping, 
we select the parameters strike = 328° and dip = 66° 
according to the GCMT as the initial fault param-
eters. A rectangular fault plane covering an area of 
60  km × 40  km is built in a homogeneous elastic and 
isotropic half-space (Okada 1992) (with Vs = 3.52  km/s; 
Vp = 6.0  km/s; ρ = 2720  kg/m3, as shown in Table  3) 
for the single-fault model, while two fault planes with 
scales of 60 km × 40 km and 50 km × 40 km are built for 

the double-fault model. The top boundaries of the fault 
planes are on the ground surface. The fault traces of dou-
ble-fault model are selected based on the two preexist-
ing faults (Fig. 2a), while the trace of single-fault model 
is selected on the fault on the west side. The traces are 
fixed in the inversion. The fault planes are divided into 
subfaults with a size of 2 km × 2 km.

We determine the single-fault model’s trace is on the 
west side according to the following reasons: (a) The 
epicenter of the earthquake (Bai et al. 2017) is located 
between the two preexisting faults (Fig.  3). If the sin-
gle-fault model’s trace is on the west side, the fault 
plane should be east-dipping. And if the single-fault 
model’s trace is on the east side, the fault should be 
west-dipping. The results of the aftershock (Yin et  al. 

Fig. 3  a Slip distribution of the double-fault model (vertical view). The solid lines A–A′ and B–B′ indicate Fault a and Fault b. The dashed line 
C–C′ indicates the profile location of aftershock distribution (in Fig. 3c) and Coulomb stress change results (in Fig. 8). b Slip distribution of the 
double-fault model (cross-sectional view). c The correlation between the fault planes and the aftershocks. (c1)–(c3) are plotted according to the 
lapse time from the main shock. The gray stars in (b1) and (c1) indicate the location of the hypocenter of the main shock
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2018a; Wei et al. 2018) show that the Mainling earth-
quake should be east-dipping. (b) The time series of 
the aftershocks indicate that the rupture of the Main-
ling earthquake began on the fault on the west side.

Based on a variable-slip rupture model, we apply 
the least squares algorithm and the constraint steep-
est descent method (Wang, 2010) that allows variable 
rake to invert for the slip of each subfault. We set the 
rake to range from 80° to 120°. Coseismic slip distribu-
tions are inverted with a Laplacian operator to ensure 
reasonable solutions. The Laplacian smoothing fac-
tors are selected according to trade-off curves between 
weighted misfit and solution roughness for both sin-
gle-fault model and double-fault model (Fig.  4). The 
strike angle is fixed at 328° in the inversion. However, 
we do not fix the dip angles as previous studies have 
done (e.g., Li et  al. 2018), but we use a grid search 
to determine the optimum values in a range of ± 20° 
with an interval of 1° to best fit the InSAR data. The 
results for the fault parameters are shown in Table  2. 
After nearly 2000 regression analyses to optimize the 
model, we obtain the fault slip distribution (Fig. 3a, b), 
simulated coseismic deformation field (Fig. 5c, d) and 
inversion residual (Fig. 5e, f ).

Both single-fault and double-fault models present 
a thrust-dominated mechanism, with maximum slips 
of 0.34  m and 0.35  m, respectively. The mean resid-
ual of the single-fault model is 0.027  m, while that of 
the double-fault model is 0.016  m. The mean residu-
als are close to the observation errors (Table 1). How-
ever, the results of the two models differ significantly. 
The data-model correlation of the single-fault model is 
approximately 68.8%, which is much lower than value 

of 91.4% for the double-fault model. The maximum 
residual of the single-fault model is 0.065  m, and the 
residual distribution is concentrated on the west side 
of the fault (Fig.  5f ), indicating that observation sig-
nals cannot be simulated by the model. In addition, the 
single-fault model implies that most important slips 
occur below 18  km, which is not compatible with the 
aftershock relocations (Additional file 1: Figure S2). In 
contrast, most of the observations in the double-fault 
model simulation can be reconstructed, and the maxi-
mum residual is 0.043  m (Figs.  2b–d, 5e). The result 
from the double-fault model indicates that the rupture 
is mainly located at depths of 5–15 km, which fits well 
with the distribution of aftershocks (Fig.  3c). In gen-
eral, compared with the single-fault model, the dou-
ble-fault model can better explain the InSAR coseismic 
deformation (Figs. 2b–d, Fig. 5) and aftershock distri-
bution of the Mainling earthquake.

Earthquake interaction and seismic risk
Model and methods
In this study, we analyze the correlation between the 
Mainling earthquake and historical Mw > 7 earthquakes 
on the basis of the change in Coulomb failure stress. 
When an earthquake occurs, seismogenic faults gener-
ate large static coseismic deformations and cause static 
coseismic stress changes in the near and far fields. 
Because of the viscoelastic lower crust and upper man-
tle, the seismic stress gradually relaxes and releases 
over time, causing ground displacement and resulting 
in post-seismic viscoelastic relaxation stress changes. 
Both coseismic and post-seismic stress adjustments can 
cause Coulomb stress changes in surrounding faults. 
According to the Coulomb failure criterion, the Cou-
lomb stress change is defined as follows:

In the formula, �τ represents the change in shear stress 
on the fault (positive along the slip direction of the fault); 
�σn is the change in normal stress (positive when the 
fault is unlocked); and µ′ stands for the effective friction 
coefficient (ranges from 0 to 1) (Scholz 1990). In general, 
if historical earthquakes cause stress loading on the sur-
rounding faults, this loading is considered to promote 
subsequent earthquake rupture; if historical earthquakes 
cause stress shadows on surrounding faults, the stress 
shadows postpone the occurrence of subsequent earth-
quakes (Stein et al. 1997).

We use the PSCMP/PSGRN software (Wang et  al. 
2006) to calculate the coseismic and post-seismic Cou-
lomb stress changes on the seismogenic faults of the 
2017 Mainling earthquake caused by historical Mw > 7 
earthquakes. The PSCMP/PSGRN software is based 

(1)�σf = �τ + µ′�σn

Fig. 4  Trade-off curve between relative fitting residuals and solution 
roughness for the double-fault model (blue line) and single-fault 
model (red line)
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on the layered viscoelastic half-space crust model 
(Table  3), which considers gravity and can effectively 
simulate the coseismic and post-seismic deformation 
and stress changes caused by earthquakes. In this study, 
the apparent coefficient of friction µ′ is set to a moder-
ate value of 0.4 (King et al. 1994). Different values of µ′ 
are tested to verify the stability of the results. Coulomb 
stress values are calculated at a depth of 10 km, consid-
ering the varying strike orientations of faults.

Historical earthquakes
Li et  al. (2014) collected the global observational 
phase recordings of the Mw 7.5 Lang earthquake in 
1947 and redetermined the source parameters of the 
earthquake using the location method provided by the 
China Earthquake Networks Center (CENC). On this 
basis, the focal mechanism solution was recalculated 
as strike = 195°, dip = 84°, and rake = 172°, which is 
consistent with the slip mechanism of the Lilong fault 
(Table 4).

Fig. 5  a, b Observations of ascending orbit. c, d Modeled displacements from the double-fault model and single-fault model. e, f Residuals

Table 3  Stratified model composed of elastic upper crust, viscoelastic lower crust and viscoelastic mantle

This study uses a relatively simple Maxwell body model to simulate the viscoelastic lower crust and upper mantle to reduce the uncertainty from more parameters in 
a more complicated model (Shan et al. 2013). The stratified parameters come from the crust 1.0. In the main calculation, the viscosity coefficients of the lower crust 
and upper mantle are set at 1 × 1019 Pa s and 1 × 1020 Pa s, respectively (model 1; Shan et al. 2013); the viscosity coefficients of the lower crust selected by model 2 and 
model 3 (Yin et al. 2018a) are used in stability analysis

Stratum Depth (km) P-wave velocity (km/s) S-wave velocity 
(km/s)

Density (kg/m3) Viscosity coefficient 
(Pa.s)

Crust

 Upper crust 0–31.15 6.00 3.52 2720 ∞
 Lower crust 31.15–46.10 6.30 3.68 2790 Model 1: η = 1 × 1019

Model 2: η = 5 × 1019

Model 3: η = 1 × 1020

46.10–62.29 6.60 3.82 2850

 Upper mantle 62.29–150 8.25 4.57 3390 1 × 1020
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For the 1950 Zayu earthquake, obtaining accurate 
fault plane solutions is difficult due to limited monitor-
ing techniques and conditions at that time. Ben-Mena-
hem et al. (1974) inverted its focal mechanism based on 
the teleseismic data recorded by global seismic stations. 
According to the parameters of strike = 335°, dip = 58° 
and rake = 176°, this earthquake was considered a right-
lateral strike-slip event. Using the P-wave data collected 
from 239 stations worldwide and the positioning meth-
ods provided by CENC Li et  al. (2015) relocated the 
16 M > 6 events in the sequence of the Zayu earthquake. 
These authors argued that the focal mechanism of the 
main shock was strike 303.2°, dip 63.92°, rake 164.15°, 
which is close to the result of Ben-Menahem et al. (1974).

We selected the above two M > 7.0 earthquakes in the 
study area with clear focal mechanisms and then built 
homogeneous dislocation models. The rupture param-
eters of the 1950 Zayu earthquake are from Ben-Mena-
hem et al. (1974), while the rupture parameters (rupture 
length, rupture width, slip) of the 1947 Lang earthquake 
are calculated based on Wells and Coppersmith’s empiri-
cal equation (1994). Similar methods are widely used 
in studies of the stress evolution along active faults 
(Papadimitriou et al. 2004; Shan et al. 2013; Xiong et al. 
2017).

Results
Influence of the historical earthquakes on the Mainling 
earthquake
We calculate the coseismic and post-seismic Coulomb 
stress change at the epicenter of the Mainling earthquake 
to assess the interactions among the historical earth-
quakes. The receiver fault parameters are strike = 328°, 
dip = 63°, rake = 105° (the slip mechanism of fault a). Fig-
ure 6 shows the combined (co- and post-seismic) Coulomb 
stress change caused by two strong earthquakes at the 
hypocenter of the Mainling earthquake. The results show 
that the 2017 Mainling earthquake occurred in the positive 
stress zone of the preceding earthquakes. When the effec-
tive friction coefficient μ is 0.4 and the viscosity coefficient 
of the lower crust η is 1 × 1019  Pa  s, the Coulomb stress 
change at the hypocenter of the Mainling earthquake is 
0.280  MPa. When different friction coefficients and vis-
cosity values are selected, the main characteristics of 
stress evolution do not change (Fig. 6). The results of vari-
ous models show that the Coulomb stress change exceeds 
0.217 MPa, which is much higher than 0.01 MPa, a pro-
posed threshold value suggested for earthquake triggering 
(King et al. 1994; Heidbach and Ben-Avraham 2007).

The strain rates of the main active fault zones in 
the Qinghai–Tibet Plateau range from 1.0 × 10−8 to 

Fig. 6  a Coulomb stress evolution at the epicenter of the 2017 Mainling earthquake caused by historical earthquakes. Lines labeled in different 
colors represent results calculated with different parameters. Model 1, model 2 and model 3 indicate different viscosity coefficients, which are listed 
in Table 3. b Enlarged drawing for the period of 1947–1948
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4.0 × 10−8/a (Sun et al. 2017). When the shear modulus is 
32.3 GPa and Poisson’s ratio is 0.25, the calculated stress 
accumulation rate is approximately 1–4 kPa/a (Yin et al. 
2018a). Based on this calculation, the stress change gen-
erated by the two M > 7.0 strong earthquakes at the hypo-
center of the Mainling earthquake is equivalent to the 
tectonic stress accumulation over 70–280 years.

Influence of the historical earthquakes on seismic hazards 
of surrounding faults
Usually, a large earthquake can perturb the regional 
stress field and may enhance the seismic hazard in neigh-
boring regions and faults (King et  al. 1994; Shan et  al. 
2013). In this study, we calculate the Coulomb stress 
change just after 2017 event on surrounding faults caused 

by the 1947 Lang earthquake, the 1950 Zayu earthquake 
and the 2017 Mainling earthquake (Fig. 7). In the calcula-
tion, the effective friction coefficient μ and the viscosity 
coefficient of the lower crust η are set at 0.4 and 1 × 1019, 
respectively.

As shown in Fig.  7a, the range and magnitude of 
stress disturbances caused by the Mainling earthquake 
are relatively small, with a maximum value of 0.22 MPa 
on the Xixingla fault. The stress changes caused by the 
Mainling earthquake on other faults are not significant 
because the values are in the range of 10–50 kPa.

According to the stress changes produced by the three 
historical earthquakes (Fig. 7b, c), the 1947 Lang earth-
quake and the 1950 Zayu earthquake played a domi-
nant role in the stress evolution process on the adjacent 

Fig. 7  a Coulomb stress change on surrounding faults caused by the 2017 Mainling earthquake; b, c combined Coulomb stress changes on 
surrounding faults in different areas caused by the 1947 Lang earthquake, the 1950 Zayu earthquake and the 2017 Mainling earthquake. The dotted 
line box indicates the extent of Fig. 7a, b. The blue focal spheres represent the focal mechanisms of the historical earthquakes. The black focal 
spheres near the fault names represent the slip mechanisms of the faults, and the parameters (Additional file 1: Table S1) are selected from Ding 
et al. (2001) and Yin et al. (2018a)
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faults. Despite the Mainling earthquake causing stress 
loading on the Xixingla fault, the stress unloading 
caused by the previous two strong earthquakes left 
the Xixingla fault in the stress shadow. In addition, the 
western section of the Jiali fault, the Apalong fault and 
the Aniqiao fault are in the stress shadow, and the seis-
mic risk on these fault zones is reduced.

On the other hand, the stresses of the Namula 
thrust, the Yemala fault and the eastern Jiali fault are 
increased, with a maximum value of 2.85  MPa on the 
eastern Jiali fault, which is equivalent to the stress 
drop from a medium-sized earthquake (Zielke and 
Arrowsmith 2008). Both geological and geodetic data 
show that the slip rate along the eastern Jiali fault zone 
is approximately 4  mm/a (Ren et  al. 2000; Lee et  al. 
2003; Tang et  al. 2010). According to the method of 
Shen et al. (2003) (assuming that tectonic deformation 
occurs within a range of 100 km), the strike-slip rate of 
4 mm/a along the eastern Jiali fault can be inferred to 
cause a stress accumulation rate of 1.6 kPa/a. The stress 
loading of 2.85  MPa is equal to the accumulation of 
stress over more than 1700 years.

Discussion
East‑dipping model versus West‑dipping model
Based on InSAR data, Yu et  al. (2018) and Li et  al. 
(2018) provided west-dipping models of the Mainling 
earthquake. The most significant difference between 
our model and the models of Yu et  al. (2018) and Li 
et  al. (2018) is that we used east-dipping plane in our 
model, which mainly resulted that there was a relatively 
big difference between our slip distribution and that of 
the models of Yu et  al. (2018) and Li et  al. (2018). We 
believe that compared to the west-dipping fault plane, 
the east-dipping fault plane is more likely to be the 
nodal plane of the Mainling earthquake for the follow-
ing reasons:

a.	 In the results of both Yu and Li, the relocation result 
of the aftershocks of the Mainling earthquake was 
not taken into account. The results of the aftershock 
(Yin et al. 2018a; Wei et al. 2018) show that the deep 
structure of the seismogenic fault of the Mainling 
earthquake should be east-dipping instead of west-
dipping.

b.	 We can well fit the InSAR observations based on the 
double-fault model with the east-dipping plane, and 
the predicted LOS displacements of double-fault 
model for the ascending and descending orbits are 
close to the results of Yu et al. 2018 and Li et al. 2018 
(Additional file 1: Figure S3).

c.	 Through the improved particle swarm optimiza-
tion (Feng et  al. 2013), the optimal seismogenic 

fault parameters can be obtained based on nonlin-
ear inversion of geodetic observation data, which is 
widely used in many earthquake cases. However, this 
method has its limitations: (1) This method is weak 
to find the optimal dip angle, so it is often necessary 
to perform grid search during inversion for fault slip 
distribution to further optimize the dip angle (e.g., 
Hong et  al. 2018). (2) Those earthquake cases using 
this method have one common aspect, that is, the 
InSAR coseismic deformation fields resulted from 
these earthquakes have simple characteristics, which 
can be well fitted with a single-fault plane. However, 
in view of the complex aftershock distribution char-
acteristics of the Mainling earthquake and the char-
acteristics of the InSAR coseismic deformation field, 
it is more likely that the earthquake is a complex 
event. The improved particle swarm optimization 
may provide results that are inconsistent with the 
actual situation in complex events.

Combined rupture on two faults
Our inversion shows that the single-fault model fails to 
adequately interpret the observed InSAR displacement 
field and leaves significant residuals in the area on the 
west side of the fault. Moreover, the single-fault model 
implies that most important slips occurred below 
18 km, which does not fit with the aftershock distribu-
tion. Thus, an additional segment is required to satis-
factorily interpret the InSAR data and the distribution 
of aftershocks.

In the results provided by the double-fault model, the 
slips on the two faults are equivalent to moment mag-
nitudes of Mw 6.12 (Fault a) and Mw 6.34 (Fault b), with 
maximum dislocation magnitudes of 0.36 m and 0.43 m, 
respectively. The aftershock relocation results show that 
rupture occurred on Fault a first and then on Fault b, 
accompanied by more aftershocks (Yin et al. 2018a). The 
spatiotemporal distribution of aftershocks is well fit with 
the inversion results of the double-fault model.

The case of two faults ruptured by a Mw ≈ 6.5 earth-
quake is not unique, and it mostly occurs in areas with 
complicated tectonic settings. In 2017, the Jiuzhaigou Mw 
6.5 earthquake occurred at the intersection of the East 
Kunlun, Tazang, Huya and Minjiang faults, with ruptures 
on the northern part of the Huya fault and the Minjiang 
fault (Sun et al. 2018). In 2018, at least three faults were 
involved in the Mw 6.4 Hualien earthquake in east Taiwan 
(Yang et al. 2018b; Huang and Huang 2018).

Our results and the aftershocks distribution indicate 
that Fault a may not be parallel to Fault b in the dip ori-
entation (Fig. 3). If this phenomenon truly exists, the slip 
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occurring on Fault a would release the normal stress in 
the shallow seismogenic region of Fault b and promote 
the occurrence of slip on the latter. The results of the 
coseismic Coulomb stress change indicate that the slip on 
Fault a loaded the stress state on Fault b (Fig. 8), which 
may be one of the reasons for the rupture on two faults 
caused by the Mainling earthquake.

High dip angle
Our inversion results and the aftershock distribution 
show that the dip angle of the Mainling earthquake is 
63°–72°, which is higher than most other reverse events. 
For thrust earthquakes on steep faults that require strong 
driving force, the occurrence of a thrust event with such a 
high dip angle is almost impossible. However, the strong 
and continuous collision of the Indian Plate in the eastern 
syntaxis region provides the tectonic environment for a 
high-angle thrust earthquake.

The Mainling earthquake is not the only thrust earth-
quake with a high dip angle. The Assam Mw 8.1 earth-
quake, which occurred on the Shillong Plateau in 1897, 
had a dip angle of 57° and caused a coseismic slip of 
18 ± 7  m (Bilham 2001). Schmidt and Bürgmann (2006) 
inverted the focal mechanism of the 2001 Bhuj Mw 7.5 
earthquake in western India with InSAR data and deter-
mined that the dip angle was 51°. He et al. (2018) consid-
ered the 2016 Nura Mw 6.5 earthquake to have occurred 
on a steep north-dipping fault with a dip angle of 67° 
based on Sentinel-1A radar interferometry constraints. 
The 2018 Mw 6.6 Hokkaido Eastern Iburi earthquake was 

a thrust-type earthquake that occurred in the Hokkaido 
region of Japan, and its dip angle was 74° (Kobayashi et al. 
2019). These thrust earthquakes with high dip angles all 
occurred in areas with strong tectonic movements.

An atypical event?
Geological data show a series of small-sized thrust faults 
with dip angles > 60° near the Yemala fault and the Xix-
ingla fault (Ding et  al. 2001; Xu et  al. 2008; Liu et  al. 
2018). These faults regulate a part of the dip-slip compo-
nent of the subduction of the Namche Barwa syntaxis, 
while some of the strike-slip components are adjusted by 
strike-slip faults (e.g., the Yemala fault and the Xixingla 
fault). Such a phenomenon of “specialization and coop-
eration” between different types of faults widely exists in 
active fault systems (Wang et al. 2017).

Only 20 km from Mount Namche Barwa, Mount Gyala 
Peri is a geological sign of the eastern Himalayan syn-
taxis. The coseismic displacement field shows that the 
Mainling earthquake produced subsidence near Mount 
Gyala Peri (Fig.  2), which is obviously contrary to the 
uplift of Gyala Peri. As shown in Fig.  9b, c, the thrust 
movement on the seismogenic fault of the Mainling 
earthquake causes subsidence in the area near Mount 
Gyala Peri, while the tectonic movement of the Namula 
fault causes uplift. Mount Gyala Peri can possibly con-
tinue rising when the uplift movement is greater. This 
phenomenon indicates that the small-scale thrust faults 
lying near strike-slip faults and represented by the seis-
mogenic faults of the Mainling earthquake do not play a 
significant role in the tectonic movement of the Namche 

Fig. 8  Coseismic Coulomb stress change caused by the slip on Fault a. The location of the C–C′ profile is shown in Fig. 3a
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Barwa syntaxis. The imbricate faults represented by the 
Namula fault play a dominant role in the uplift process of 
Mount Gyala Peri (Fig. 9).

Seismic hazard assessment
The small-scale seismogenic faults of the Mainling earth-
quake are not typical structures in the Namche Barwa 
syntaxis. A series of thrust faults with larger scale and 
more significant movement should have the ability to 
generate larger earthquakes. However, the earthquake 
catalog shows that the seismicity on these faults is not 
very active, and no Mw > 6.0 earthquake has occurred 
since 1950 (Fig.  1b), which is clearly contrary to the 
strong tectonic setting in the Namche Barwa syntaxis. 
One possible explanation is that the average elevation of 
the Namche Barwa syntaxis is more than 3000  m, and 
there are two mountains with elevations of more than 
7000 m. Large mountain ranges produce significant nor-
mal stresses on faults and inhibit ruptures (Styron and 
Hetland 2015; Yue et al. 2017; Tan et al. 2018). However, 
the occurrence of earthquakes could only be postponed 
by the normal stress from topography, not be prevented. 
The longer the earthquake interval is, the higher the tec-
tonic stress accumulation, and the greater the earthquake 

that may occur in the future. Historical strong earth-
quakes caused stress loading on these thrust faults, which 
increased the seismic hazard in these areas. It is pos-
sible that earthquakes larger than the Mw 6.5 Mainling 
earthquake (Mw > 6.5) occur on these thrust faults in the 
future.

Conclusions
We obtain a slip model of the 2017 Mainling earthquake 
utilizing InSAR data and aftershock distribution. In addi-
tion, we use the Coulomb rupture model to analyze the 
correlation between the Mainling earthquake and histori-
cal strong earthquake events, as well as the stress changes 
on the main active faults in the Namche Barwa syntaxis 
caused by historical strong earthquakes. Our results indi-
cate the following:

1.	 The 2017 Mainling earthquake was a north-dipping 
event that ruptured two reverse faults on the western 
side of the Xixingla fault. The dip angles of the faults 
are 63°–72°. The slips on the two faults are equiva-
lent to moment magnitudes of Mw 6.12 and Mw 6.34, 
with maximum dislocation magnitudes of 0.34 m and 
0.35  m, respectively. The complicated rupture with 

Fig. 9  a Tectonic map around the Namche Barwa syntaxis (Ding et al. 2001; Liu et al. 2018). The dashed lines A–A′ and O–B indicate the profile 
locations of b, c. b, c Cross sections of the Namche Barwa syntaxis
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high dip angles reveals strong tectonic movement 
beneath the Namche Barwa syntaxis.

2.	 The small-scale thrust faults lying near the Xixingla 
fault and Yemala fault, represented by the seismo-
genic faults of the Mainling earthquake, are not 
typical structures in the Namche Barwa syntaxis. 
Instead, the thrust movements of imbricate faults 
(e.g., the Namula fault) and strike-slip motions of 
shear zones (e.g., the Xixingla fault and the Yemala 
fault) are more typical tectonic movement modes in 
the eastern Himalayan syntaxis.

3.	 The coseismic and post-seismic Coulomb stress 
induced by the 1947 Lang earthquake and the 1950 
Zayu earthquake caused stress loading at the hypo-
center of the Mainling earthquake. The amount of 
stress change was equivalent to the tectonic stress 
accumulation in 70–280 years. The historical strong 
earthquakes caused stress unloading on the Xix-
ingla fault, western Jiali fault, Apalong fault and 
Aniqiao fault, which reduced the seismic hazard in 
these areas. The stresses of the Yemala, Namula and 
eastern Jiali faults were loaded. Based on the Cou-
lomb stress results and geological data, we believe 
that Mw > 6.5 earthquakes may occur in the Namche 
Barwa syntaxis and that the occurrence of historical 
events enhanced the seismic risk in this region.

Additional file

Additional file 1. Table S1. Receiver fault parameters for Coulomb stress 
change calculation in Figure 7. Figure S1.   (a,c) Observations of descend-
ing and ascending data. (b,d)The down-sampling results of descending 
and ascending data. Figure S2. (a) Slip distribution of the single-fault 
model (vertical view). The solid lines A-A’ indicate the seismogenic fault. 
(b) Slip distribution of the double-faults model (cross-sectional view). 
The gray star indicates the location of the hypocenter of the main shock. 
Figure S3. Double-fault model predicted LOS displacements for (a) 
descending orbit and (b) ascending orbit.
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