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The 2020 Mw6.4 Nima earthquake is one of the largest normal-faulting

earthquakes recently occurring north of the Banggong suture zone in

remote central Tibet, where geologic investigation of active faults is

extremely limited. We analyze jointly InSAR and GNSS observations over

9 months after the Nima earthquake and calculate the coseismic and

postseismic displacement. The optimal coseismic slip model suggests this

event is the result of moderate-angle down-dip slip on a complex reversed

“S-shape” three-segmented structure at fault junctions of the West Yibu-Chaka

fault, the Heishi fault, and an unmapped blind fault, with a small component of

left-lateral slip. The superposition of seismic waves from faults with different

strikes and dips accounted for a large non-double-couple component in the

long-period point-source solutions. The geodetic moment released by the

mainshock is 6.4 × 1018 N·m, equivalent to Mw 6.42. Coseismic rupture

concentrated at a depth of 4–15 km, with a peak slip of 1.36 m at 8.5 km

depth. The cumulative afterslip moment within 9 months after the mainshock is

1 × 1018 N m, about 15.6% of that released by the mainshock coseismic slip. The

afterslips contributed largely to the release of additional strain energy. In

addition, shallow creep on the northern part of the blind fault, and deep

uplift on the east normal fault system are promoted by stress perturbations.

A significant proportion of down-dip coseismic slip spreading to more than

20 km beneath the surface, and deep up-slip afterslip have implications for the

rheology of down-dip extension of the dipping faults in northern Tibet. Two

obvious stress loading zones of more than 1 bar highlight seismic hazards in the

region, especially in the junction between normal faults and ends of the large-

size sinistral Riganpei-Co and Jiangai-Zangbu faults. It is necessary to forecast

accurately by longer-term afterslip observation over timescales of years for the

faults. Compared with previous studies, our results suggest a more complex

subsurface fault geometry linking the normal and strike-slip faults and dynamic

stress adjustment in this poorly-known region of Tibet.
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1 Introduction

The Tibetan plateau comprises complex systems of

connected and interacting faults. Several NS-trending rift

systems developed in the central and southern part of the

Tibet Plateau are aligned regularly and nearly perpendicular to

the Himalayan collision arc due to the long-term effects of

collision and compression of the India-Eurasia plates (Armijo

et al., 1989; Tapponnier et al., 2001; Taylor et al., 2003; Kapp

et al., 2008; Elliott et al., 2010; Yin and Taylor, 2011)

(Figure 1). These rift systems are large in scale and

accompanied by multiple groups of NS-trending normal

fault systems. They are often associated with large EW-

trending strike-slip faults, and together accommodate some

of the spatially-varying strains in response to the India-

Eurasia plate collision (Wang et al., 2014), and are bounded

by the Bangong-Nujiang suture zone (BNS). There are

significant differences in E-W extension rate and

deformation styles on the northern and southern sides of

the BNS. South of the BNS, the majority of E-W directed

extension deformation is accommodated by several N-S

normal-faulting systems (Molnar and Tapponnier, 1978;

Armijo et al., 1989; Ha et al., 2019; Chevalier et al., 2020),

with slip rates in the range of 1–3 mm/a (Harrison et al., 1995;

Wu et al., 2015; Ha et al., 2019; Chevalier et al., 2020; Wang

et al., 2020). However, the extension is not obvious in the

central plateau north of the BNS, and the active tectonics is

primarily marked by a series of discrete conjugate strike-slip

faults. At the tail end of these faults, N-S normal-faulting plays

a subsidiary role in the E-W extension of the plateau (Yin et al.,

1999; Taylor et al., 2003; Taylor and An, 2009; Han et al.,

2018). The late Quaternary slip rate of corresponding normal

faults is mostly limited to 0.3–0.7 mm/a (Blisniuk and Sharp,

2003; Wu et al., 2015; Li et al., 2019).

FIGURE 1
Topographic and tectonic setting map of the Tibetan plateau overlain. Light-blue circles, white and blue beach balls denote earthquakes with
magnitude larger than Mw 4.5 and focal mechanisms of Mw ≥ 6 normal faulting earthquakes from 1 January 1966 to 1 April 2021 from the GCMT
catalog, respectively. Black and white beach balls denote focal mechanisms of Ms ≥ 5.5 earthquake in 1973 (Molnar and Tapponnier, 1978). Red
triangles denote the seismic stations used in this study. Black rectangles depict footprints of this study area. Black lines indicate regional active
faults from Tapponnier (Tapponnier et al., 2001). Blue arrows indicates GPS velocities fromWang (Wang and Shen, 2020). Thrust faults have barbs on
the upper plate, arrows indicate the direction of horizontal motion for strike-slip faults. The dashed white line is the Bangong Nujiang suture zone.
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In central Tibet, NS-trending normal faults are

kinematically linked with and subsidiary to the strike-slip

faults. Moderate to large earthquakes are infrequent in

central Tibet compared with the high seismicity in plateau

margins. However, the Riganpei-Co, Yibu-Chaka, and Jiangai-

Zangbu fault (RYJF) system (Figure 2) is important to note

which held several moderate magnitude events since 1973. The

~340 km long Riganpei Co fault is a NE-strike sinistral fault

zone, conjugated with the EES-striking Gaize Dong-Co fault,

lying on the southern side of the BNS (Taylor et al., 2003). It

starts in Dongcuo Basin in the south, extends NEE~NNE to

the pull-apart Yibu Chaka basin, and then connects with the

sinistral Jiangai-Zangbu fault on the north side of the basin

(Taylor et al., 2003). The Yibu-Chaka basin is dissected by a

series of NS~NNE-striking normal faults into a symmetric

horst-graben system, characterized by a negative flower

structure (Gao et al., 2022). The largest graben is the Yibu-

Chaka graben in the central of the basin, which connects two

opposite dipping sets of domino normal fault blocks and is

bounded by two primary normal faults (the west and east

Yibu-Chaka faults, abbreviated as the WYF and EYF) (Li et al.,

2021). A variety of late Quaternary features, including

pressure ridges, sag ponds, and offset alluvial fans are

identified along with the extensional fault system (Taylor

et al., 2003). Well-defined offsets of 30–100 m of these units

along the southwestern strike-slip portion of this fault were

well-characterized and documented to estimate its Late

Quaternary slip rate (Taylor et al., 2003).

Recent moderate magnitude earthquakes of normal type are

more frequent in this region. The Nima-Gaize earthquake

sequence of Ms = 6.4, 5.9, and 5.4 in 2008 occurred in the

junction of the southern end of the Riganpei-Co fault and the

Gaize Dong-Co fault in southern-central Tibet (Ryder et al., 2010).

A three Ms > 5.3 moderate earthquake sequence in 1973 occurred

in the north of the Yibu-Chaka graben (Molnar and Tapponnier,

1978). The Nima Mw 6.4 earthquake in the center of the Yibu-

Chaka graben on 22 July 2020 was the newest and strongest event

in the RYJF system. The reported epicenter of the 2020 Nima

earthquakewas located in theHeishi range on the west of the Yibu-

Chaka basin by the China Earthquake Networks Center (CENC)

and the center of the Yibu-Chaka basin by the US Geological

Survey (USGS), and the GCMT(https://www.globalcmt.org/

CMTsearch.html) (Figure 2), respectively. Seismological long-

period point-source moment tensor solution shows a relatively

large non-double-couple (non-DC) component of >21% (Table 1).

The significant non-DC component hints the mainshock is not

properly represented with a single planar fault. This event may not

be a simple shearing tectonic earthquake and is associated with

geometrically complex shear faulting (Frohlich, 1994; Julian et al.,

1998).

FIGURE 2
Topographic and tectonic setting map of the Yibu-Chaka graben. Black lines indicate regional active faults modified after Taylor and Yin (Taylor
and An, 2009) and interpreted from satellite images. Focal mechanism solutions of the 2020 Nima event from different organizations in Table 1 and
three color beach balls denote focal mechanisms of the mainshock from the GCMT and USGS catalogs, and this paper, respectively. The solid color
circles are aftershocks within 9 months after the mainshock reported in the CENC (ML ≥ 2.7) catalogs, and the circle sizes indicate the
magnitude of aftershocks. The black dash line is the derived fault trace via the geodetic dataset. Captions are as for Figure 1.
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Inversion of coseismic and postseismic deformations helps

understanding the mechanics of fault interaction, the process of

postseismic stress transfer, and viscous rheology properties of the

lithosphere (Bürgmann and Dresen, 2008). InSAR is an ideal tool

to study the 2020 Nima earthquake processing in this extremely

remote part of Tibet. Several studies from InSAR data have

suggested that the Nima earthquake occurred on the WYF

with a constant-strike angle (Yang et al., 2021a; Ji et al., 2021;

Li et al., 2021) or a previously unmapped branch with a variable-

strike angle (Gao et al., 2022), instead of the EYF (Liu et al., 2021).

Based on Sentinel-1 C-band Synthetic Aperture Radar (SAR)

datasets after the mainshock, Yang et al. suggested that the

postseismic deformation was dominated by aseismic slip with

nearly pure normal faulting (Yang et al., 2021a). Gao et al.

thought the postseismic deformation was caused by slow slip

on a parallel branch to the west of the seismogenic fault. (Gao

et al., 2022). Therefore, we inverted jointly continuous GNSS

observations and Sentinel-1 datasets to determine the

seismogenic fault, the coseismic and postseismic slip

distributions associated with the 2020 Nima event.

Furthermore, we calculated the Coulomb failure stress (CFS)

change due to the coseismic and postseismic slip. Finally, we

attempted to investigate fault interaction triggered by the event,

the relationship between afterslip and aftershocks, as well as the

mechanics of postseismic deformation.

2 Materials and methods

The study area is located in central Tibet with an average

altitude of greater than 4,300 m, where only a few GNSS stations

are available. The known coseismic or postseismic slip models of

the Nima earthquake are inverted using only the Sentinel-1

C-band SAR interferometry images (Yang et al., 2021a; Ji

et al., 2021; Li et al., 2021; Gao et al., 2022). Three continuous

GNSS stations near the deformation center (Figure 1) is deployed

in 2018, under a collaboration between Tianjin University (led by

Jing Liu-Zeng) and Institute of Geology, China Earthquake

Administration. One of the GNSS stations, named station

ROMA (86.88°E, 33.15°N; Point 1 in Figure 2) is just near the

epicenter and recorded continuously sub-centimeter 3-D

displacements. Therefore, to illuminate finely the geometry

complexity of the seismogenic fault and the cause of

postseismic deformation associated with this event, we

combine the three GNSS observations and 101 Sentinel-1

image pairs from 14 July 2020 to 28 April 2021 (detailed

information listed in Supplementary Table S2) to constrain

jointly the fault geometry and slip distribution as the

processing workflow in Figure 3.

2.1 Data preprocessing

2.1.1 GNSS data preprocessing
The raw RINEX files of three continuous GNSS stations are

preprocessed using the GAMIT/GLOBK software (Herring et al.,

2018) to separate irrelevant signals and obtain GNSS

displacement time series. In Step 1 (Figure 3), we remove

pole-shift, troposphere phase delay, Earth tide errors seasonal

noise, and step signals caused by antenna replacement. The

secular linear velocity in the ITRF2008 frame is estimated

with an integrated pre-earthquake velocity field compiled with

TABLE 1 Fault plane parameters for the mainshock from InSAR studies, and as listed in the CENC, USGS, and GCMT Catalogs.

Model Latitude
(°)

Longitude
(°)

Centroid
(km)

Strike
(°)

Dip (°) Rake
(°)

Slip
(m)

Moment
(1018N.m)

Non-
DC
(%)

Magnitude

CENC 33.19 86.81 10 10 50 −81 Ms6.6

USGS 33.144 86.864 10 20 61 −91 3.2 21 Mww6.3

GCMT 33.10 86.87 16.8 10 48 −88 5.01 43 Mw6.4

*Ji et al. (2021) 33.16 86.8 9.5 28 48 −92.3 1.1 4.9 Mw6.39

*Yang et al. (2021a) 6.3 30 48.3 −80 1.2 Mw6.3

*Li et al. (2021) 33.18 86.89 7.5 28 48 −87 1.5 4.7 Mw6.4

*Gao et al. (2022) (Constant
strike)

33.18 86.88 6.9 28.8 49.4 −78.6 1.2 4.02 Mw6.28

*Gao et al. (2022) (Variable
strike)

33.18 86.88 7.5 45.5°–55.5° 1.39 3.84 Mw6.36

*Model_1 33.17 86.88 — 40 50 −180 — — —

*Model_2 33.17 86.88 7.7 36 50 −74 0.87 5.45 Mw6.38

*Model_3 33.17 86.88 8.5 AC: 30 45 −78 1.36 6.4 3.65 Mw6.42

CD: 13 50

DB: 37 45

The location indicates the centroid location or hypocenters, except for the InSAR models (*), which show the up-dip projection of the fault center to the surface.
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FIGURE 3
Inversion processing flowchart of coseismic and postseismic slip models with GNSS and InSAR datasets.

FIGURE 4
Position time series of postseismic transient motion in the second year at the near-field GNSS station ROMA (black dots) and themodeled curve
(blue lines) for various combinations of Tibetan mantle transient and steady-state viscosities. The left panel shows the complete time series at this
station, with the grey vertical lines, dark blue lines, and blue dashed lines representing the time of the mainshock, the coseismic offset, and the
postseismic relaxation. The red and green lines in the left panel and blue lines in the right panel indicate the total signal, 1-dimensional linear
fitting of the long-period interseismic tectonic estimate, and the modeled curve, respectively.
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recently published velocities (McKenzie et al., 2000; England

et al., 2013). We use the least square method to fit the original

coordinate time series according to Eq. 1 to extract the post-

seismic deformation from the total signal, without the long-term

tectonic interseismic tectonic signal, seasonal noise, step signals,

and derive a corrected time series is shown in Figure 4.

X(t) � A ln(1 + t − t0
τ

) + B(t) + C1 sin(2πt) + C2 cos(2πt)
+ C3 sin(4πt) + C4 cos(4πt) +∑N

i�1DiH(t)
(1)

where Aln(1 + (t − t0)/t0) represents post-seismic deformation;

B is the linear rate of long-term tectonic movement;

Ci (i � 1, 2, 3, 4) describes noise associated with seasonal

changes; H(t), and Di respectively are instrument step

functions and the signal generated by permanent seismic

displacement.

2.1.2 InSAR data preprocessing
The coseismic SAR data are preprocessed with the open-

source GMTSAR software (https://topex.ucsd.edu/gmtsar/). In

Step 2 (Figure 3), Set a multi-look factor of 20:4 in the range and

azimuth direction to improve the deformation field SNR and

remove system noise. The orbit error and topographic phase are

removed using precision orbit files and the 1 arc-second (~30 m)

resolution DEM from the Shuttle Rader Topography Mission

(SRTM) (Farr and Kobrick, 2000). Interferograms were filtered

and unwrapped respectively via the Goldstein filtering method

(Goldstein and Werner, 1998) and the least-cost flow

unwrapping method (Chen and Zebker, 2001). Tropospheric

delay is removed via the GACOS model (Yu et al., 2018).

Residual errors were removed by a linear fitting according to

a one-dimensional covariance relation. Besides, some

decorrelation regions in the interferograms associated with the

Yibu Chaka lake and Jiangai Zangbu river water cover are

masked (Figure 5).

In Step 3 (Figure 3), we downloaded 41 postseismic

interferograms of T012A and 56 postseismic interferograms of

T121D from 26 July 2020 to 28 April 2021 from the LiCSAR web

portal (https://comet.nerc.ac.uk/COMET-LiCS-portal). We

construct two groups of Spatial-temporal interference

networks using the LiCSBAS method (Lazecký et al., 2020) to

FIGURE 5
Coseismic LoS deformation of T012A and T121D for the 2020 Nima earthquake. The red, blue, and green solid lines and shadows in Panel e
indicate coseismic LoS displacements of T012A and T121D and coseismic vertical displacements for the 2020Nima earthquake of Profile 1 in Panel b.
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derive postseismic displacement time series (Figure 6, and

Supplementary Figures S1–S7).

2.1.3 Cross verification of GNSS and InSAR
displacements

We used the GNSS displacement sequence of station ROMA

near the epicenter as the reference position to verify the

postseismic motions derived from InSAR data. We converted

the east, north, and up-component motions of each GNSS station

into the line of sight (LoS) direction by the affine transformation,

respectively. And then a logarithmic empirical Eq. (2) is used to

fit the GNSS and InSAR displacement sequences, respectively.

X(t) � Aln(1 + t − t0
τ

) (2)

where A represents afterslip amplitude; t is the time series after

the mainshock (t0); τ describes the attenuation time of afterslip

signs. Postseismic displacement sequences at Point 1, 2, and 3 in

Figure 7 shows a high consistency between the GNSS and InSAR

postseismic displacement sequences within 9 months after the

mainshock (Supplementary Figure S8), which validates the

filtered displacement sequences are reliable. As the LoS of the

descending orbit is roughly parallel to the fault, the weak

nonlinear displacement signs for descending orbit datasets are

dropped even further during the spatio-temporal filtering

processing.

2.2 Coseismic slip modeling

In Step 5 (Figure 3), we carry out a nonlinear inversion

algorithm with the GBIS software package (Bagnardi and

Hooper, 2018) based on the Okada model (Okada, 1985), to

search for an optimal uniform slip model (Figure 5) and a

subsample data of coseismic LoS displacement. The

downsampled ascend and descend LoS displacement sequence,

and the corrected GNSS east, north, and up-direction

displacement sequence are inputted as three single data sets,

and the distributed coseismic slip is modeled with the SDM

software package (www.gfz-potsdam.de) (Wang et al., 2011)

based on the layered earth structure in Figure. S13, with

Poisson’s ratio of 0.25. With the same layered model, each

fault plane was subdivided into an array of rectangular

patches 1 km ×1 km, Green’s functions on each patch are

computed by the PSGRN code (Wang et al., 2006). The

weight ratio of GNSS and InSAR is set to 2, the smooth factor

is 0.2. The initial fault parameters refer to the searched uniform

slip model parameters (strike, dip, width, and length). For a

fitting model with a high correlation coefficient and low residual

error, it is necessary to adjust adequately the fault strike and dip

(Table 1). Detailed inversion procedures are described in (Xia

et al., 2022).

There is no obvious surface rupture observed, which makes it

difficult to directly ascertain the seismogenic fault. Previous

FIGURE 6
Two and three-dismension coseismic and postseismic slip models of the 2020 Nima earthquake. Color circle points indicate the initial 8-day
and latter aftershocks, respectively. Characters (A,B) inidicate the faulting trace in Figures 2, 9, 10.
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InSAR research suggested different results on the seismogenic

fault for the 2020 Nima earthquake, such as the east-dip WYF

with a constant strike (Yang et al., 2021a; Ji et al., 2021; Li et al.,

2021) or an unmapped east-dip branch fault with variable strikes

and dips (Gao et al., 2022), instead of the west-dip EYF

determined by geology (Liu et al., 2021). To determine the

geometry parameters of the seismogenic fault, we check

multiple alternative slip models (Table 1). For Model 1,

referring to the previously mapped EYF (Line 5 in Figure 2),

we set the bounds of [−90°, 0°] for the dip angle [0°, 50°], for the

strike angle in 5° intervals, but the derived rake is -180° with a

very small fitting degree of 30.3%. This result shows that the focus

mechanism is pure strike-slip and incompatible with the regional

tectonic background and the seismological focus mechanism

solutions (Table 1). For Model 2, referring to the mapped

WYF, we set a constant strike angle of 36°, a variable dip of

[0°, 90°]. The root-mean-square (RMS) misfit residuals between

the model and observations decreases with increasing dip, but the

improvement is imperceptible for dips of >50°, and a

corresponding rake of ~74° with a not too high correlation

coefficient of 88%.

We found the RMSmisfit is sensitive to changing the strike of

the fault planes, which hints the seismogenic fault is not a straight

single fault rather than a curve with variable strike and dip. We

suppose the seismological trace along the trace ACDB in Figure 2

(Model 3 in Table 1), and set the bounds of [0°, 60°] for the dip

angle, [0°, 50°] for the strike angle in 5° intervals, the misfit decays

steeply, the correlation coefficient is greater than 99%. The RMS

misfit residuals between the observations and simulated

coseismic displacements are 0.6 cm and 0.7 cm in the LOS

direction of T012A, T121D; and 1.7 cm and 1.4 cm in the

East-West and North-South direction of GNSS observation,

respectively (Supplementary Figure S9). As shown in Figure 6,

the coseismic slip model is generally consistent with that

suggested by (Gao et al., 2022), and shows more details than

that derived by (Yang et al., 2021a; Ji et al., 2021; Li et al., 2021).

Therefore, the model (segment 1: strike/dip/rake =28°/45°/−78°,

segment 2: strike/dip/rake =13°/50°/−78°, segment 3: strike/dip/

rake =36°/45°/−78°) is selected as our optimal coseismic slip

model for the following analysis. The final model is a three-

segmented fault with variable dips and strikes, and an average slip

of −78°. Based on equations (8.83–8.91) in Thorne and Wallace

(Lay and Wallace, 1995), the percentage of CLVD component is

calculated and is 3.65. The peak slip of 1.36 m occurred at a depth

of 8.5 km. Assuming a shear modulus of 30 GPa, the seismic

moment tensor is 6.4 × 1018 N ·m, equivalent to Mw 6.42

(Table 1).

2.3 Postseismic slip modeling

It is difficult to separate the mainshock and the initial 8-day

aftershocks in InSARobservations.We can only derive the coseismic

deformation with the first 8-day postseismic deformation and the

latter postseismic deformation. In Step 6 of Figure 3, as the same

time windows and periods for InSAR and GPS observations, we

firstly carry out the equivalent postseismic slip model (Li and

Bürgmann, 2021) to derive differential LoS displacement

sequence (Supplementary Figures S10, S11), and then combine

the corrected GNSS displacement sequence to fit the postseismic

slip models (Supplementary Figure S12) as the same procedure in

Section 2.3. Error evaluation of the derived postseismic displacement

and more data processing detailed can be found in another paper

(Morishita et al., 2020). The pattern of observations and simulated

postseismic displacements by themodel is consistent with that of the

coseismic, a significant displacement region occurred in the

subsidence zone of the coseismic rupture and extend farther to

the east of the coseismic rupture fault (Figure 7), the RMS misfit

residuals are 1.3 cm and 1.4 cm in the LOS direction of T012A,

T121D; and 1.1 and 1.3 cm in the East-West and North-South

direction of GNSS observation, respectively. As shown in Figures

7E,F, the residuals mainly occurred near regions with large afterslip

and the bottom right corner. So that, we think our postseismic slip

model (Figure 6) is reliable.

The equivalent postsesimic slip shows afterslip occurred mainly

near Segment 2 and the junction of Segment 2 and 3 (Figure 6). The

cumulative afterslipmoment within 9 months after themainshock is

1 × 1018 N ·m, about 15.6% of that released by the mainshock

coseismic slip. It is consistent with the estimated results based on

typical crustal earthquake sequences (Kagan and Houston, 2005).

Figure 8 shows the growth rate of cumulative displacement decays

rapidly with time, it implies an obvious nonlinear trend. Most

postseismic displacement concentrates in the first month after

the mainshock, and from the sixth month, there was almost no

apparent deformation.

2.4 Coulomb failure stress change

To characterize the process of postseismic stress transfer and

the relationship between afterslip and aftershocks, based on a

biviscous Burgers body (Supplementary Figure S13) with the

friction coefficient of 0.4, Young’s modulus of 30 GPa, Poisson’s

ratio of 0.25, we calculated the CFS change with depth (2–20 km)

by the coseismic and postseismic faulting model (Figures 9, 10),

as well as the profile of the coseismic CFS on the faulting surface

with depth (Figure 11).

3 Discussion

3.1 Geometry complexity of the
seismogenic fault

As shown in Figure 12, our finial coseismic slip model

suggests a complex reversed “S-shape” fault structure
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consisting of three segments within different dips of

45°–50°. The dip value is close to the other results

(Table 1), and also consistent with the field observed

fault dip of 45°–50°(Liu et al., 2021). No low-angle fault

plane is found for this earthquake.

The overall trend of the seismogenic fault is about 28° and is

well consistent with the orientation of regional existing geologic

structures and the region shearing stress direction (Taylor et al.,

2003). Large angle rotation of the rupture direction is unusual

during earthquake propagation (Preuss et al., 2019). The

seismogenic fault trace of the 2020 Nima earthquake shows

two distinct rotations along the strike. As shown in Figure 12,

Segment AC (strike/dip = 28°/45°) stretches about 15 km almost

along the preexisting N36°E-striking WYF associated with sharp

fault morphology (Molnar and Tapponnier, 1978). The

significant slip concentrates on Segment CD (strike/dip = 13°/

50°) at depths of 4–15 km. The rupture did not go on along the

WYF, but rotated by about 15° to the north and along the bend of

~8 km near the intersection of the WYF and the HF. From the

epicenter (located near point D) to the north, along Segment DB

(strike/dip = 37°/45°), the rupture caused again a rotation of ~24°,

and keep the N37°E direction and is parallel to the northern

segment of the WYF.

The first rotation of the rupture strike was near the

intersection of the WYF and the HF, with a lower fracture

coefficient of the rock at the multi-faulting junction and thus

stress localization, stress at the fault tip more easily exceeds a

critical value and then promotes rupture propagation. The

InSAR-derived source occurred near the north end (point D)

FIGURE 7
Postseismic deformation of the 2020 Nima earthquake inverted by the SDM method with residuals between the observations and simulated
postseismc deformation by the model. Black box shows the surface projection of the rupture fault plane, which is derived from the optimal
distributed slip model and thick black west side denotes the inferred seismogenic fault trace. The thick black line between P1 to P2 indicates the
profile be addressed in Figure 8. The circles marked with 1, 2 and 3 indicate sample points in Supplementary Figure S8.

FIGURE 8
Cumulative postseismic displacement sequence of T012A
along the profile P1-P2 in Figure 7. The color gradient from blue to
red indicates amplitude of the displacement increment over time.
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of the bend, which may be in response to stress localization in

such a relatively weak material condition (Dayem et al., 2009).

The second rotation occurred on Segment DB, which is located in

the hanging wall of the WYF and away from the central graben.

This segment is not a previously mapped fault and is buried

under the unconsolidated Holocene alluvium of the Nanliu and

Jiangai-Zangbu rivers. The stress field around mature fault zones

is often misaligned with existing faults (Preuss et al., 2019), and

then promotes the reactivation of inactive and potentially blind

or unknown branches, on account of long-term reorientation of

stresses because of strain accumulation, construction complexity,

and so on. Therefore, we suggest that it is likely to be a younger

blind fault parallel to the remote stress field, which is reactivated

during this event. In addition, the aftershock distribution pattern

is not a familiar band along the seismogenic fault, rather than a

fan with the center axis of the seismogenic fault (Figure 2). Such a

fan pattern is consistent with the lateral extension of the negative

flower structure of the Yibu-Chaka graben. Taken together, the

relaxation process of the 2020 Nima earthquake may be

dominated by the multi-segmented fault rupture, consisting of

the inherited activity of the preexisting WYF and the dynamic-

triggering activity of the blind fault.

More generally, the multi-segmented rupture of moderate

earthquakes had been observed in other regions by geodetic data.

The 2008 Nima-Geizhe double earthquakes (Mw 6.4 and Mw

5.9) occurred in the southern end of the Yibug-Caka-Rigen fault,

and rupture two parallel NNE-trending normal faults (He and

Gilles, 2010). The 2018 Mw 6.4 earthquake simultaneously

ruptured the north segment of the east-dip sinistral Milun

Fault and an unknown west-dipping fault, but the postseismic

slip occurred only in the south segment of the Milun fault (Yang

et al., 2018). The 2017 Sulphur Peak M5.3 earthquake

simultaneously triggered shear and extensional fractures on a

group of intersecting faults (Pollitz et al., 2019). The synthetic

inversion result of remote seismic waves, InSAR, and aftershock

precise location datasets uncover the 2020 Stanley Mw

6.5 earthquake was mainly strike-slip, with both normal dip-

slip and thrust components with a non-DC component ratio of

35%, which reflect the simultaneous rupture of a group of

opposite-dipping sinistral faults and normal faults (Yang

et al., 2021b).

The non-DC component reflects the complexity of the

focal mechanism (Zhu and Ben-Zion, 2013). Like the Stanley

earthquake, the 2020 Nima earthquake ruptured a multi-

segmented fault with variable strike and dip and produced

also a non-DC component of 3.65%, which may be associated

with the existence of splay subfaults (Kuge and Lay, 1994),

although the value is less than the results from the long-

period point-source solutions (Table 1), possibly because of

different source data and estimation procedures. When

shearing ruptures of intersected faulting planes are not

parallel to each other with different geometry, observed

FIGURE 9
Coseismic Coulomb stress changes at different depths for the 2020 Nima earthquake. The dotted line AB indicates the seismogenic fault. The
black (0.2 m interval) and blue (0.1 m interval) lines indicate the coseismic and postseismic slip isoline projected on the surface, respectively. The
green and yellow circles represent the latter aftershocks of 4 ≥ M ≥ 3 and ≥4, respectively.
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seismic waves from these faults with different strikes are

added together and indistinguishable, and then resolved as

a single event. In this way, the sum of the moment tensors of

the different faults will give a seeming composite mechanism

with an obvious non-DC component (Julian et al., 1998),

which hints at the predictable geometry complexity of the

seismogenic fault. The 2020 Nima earthquake indicates that

moderate earthquakes may also occur on the complex fault

structure, particularly in geologically complex regions,

although do not contribute to building topographic relief

(Wang et al., 2014).

3.2 Mechanics of postseismic deformation

The spatiotemporal distribution of postseismic deformation

provides important clues to the mechanism of afterslip. Yang

et al. suggested that the postseismic deformation was dominated

by aseismic slip (Yang et al., 2021a), which is inconsistent with

the result of slow slip on a parallel branch to the west of the

seismogenic fault suggested by Gao et al. (Gao et al., 2022). As

shown in Figure 7, the postseismic slip zone was complementary

to the coseismic slip zone in space (Wallace et al., 2018), and the

significant postseismic slip concentrated on Segment 2. The latter

M ≥ 3 aftershocks mostly occurred in the negative coseismic CFS

zone (Figure 9). Although the stress along Segment AC had fully

released, that along Segment CD is still loading weakly beneath

the focus depth. The cumulative seismic moment was not fully

released by the mainshock and aftershocks. The cumulative

postseismic moment over 9 months is ~15.6% of the seismic

moment and is larger than 8% over 6 months estimated by Yang

et al. (Yang et al., 2021a), but the moment contributed by

aftershocks is only a few percent of the total postseismic

moment. Therefore, afterslip may mostly contribute to the

release of additional seismic energy.

FIGURE 10
Postseismic Coulomb stress changes at different depths for the 2020 Nima earthquake. Captions are as for Figure 9.

FIGURE 11
Coseismic Coulomb stress change at different depths along
the faulting trace. The black and white lines indicate the coseismic
and postseismic slip isoline projected on the surface, respectively.
Caption is as for Figures 2, 6.
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In addition, two relatively obvious stress loading zones occurred

on Segment DB at the 4 km depth and on the EYF at the 16 km

depth, respectively (Figure 10), the corresponding CFS change

exceed 1 bar (Figure 11). Meanwhile, the rake angle of the upper

and lower portion of the postseismic slip are opposite and with a

42 cm down-dip peak slip at the depth of ~4 km and a 31 cm peak

up-slip at the depth of ~18 km, respectively (Figure 7). All focal

mechanism solutions of aftershocks of M > 4.5 reported by the

GCMT (Supplementary Table S3) showed primarily normal faulting

with a minor left-lateral strike-slip component, and all of the

aftershocks occurred in the depth of 6–9 km (Figure 7).

Moreover, around the north of the seismogenic fault, Li et al.

found some tectonic extension cracks and surface breaks related

to surface shaking (Li et al., 2021). Therefore, we prefer to suggest

that creeping into the shallow zone could be facilitated by stress

perturbations. Migration of the latter aftershocks (except the first

8 days), spreading generally out on the northwest and northeast

sides of the seismogenic fault (Figure 2), shows the dynamic stress-

releasing process after the mainshock. Taking together, such a slight

deep up-slip afterslip, the lack of aftershocks in the afterslip zone, as

well as the stress loading along the EYF, indicated a triggered activity

on the west-dipping EYF or more normal faults on the east side of

the graben. In this way, as a result of the shear stress changes and

redistribution of upper crustal material from the hanging wall of the

east normal faults, the weak uplift occurs as material flows in toward

rupture tips along fault slip direction (Ryder et al., 2010).

In the case of Nima, the mainshock and all aftershocks

occurred in the upper crust of <10 km (Figure 7), but the

coseismic rupture and afterslip extended more than 20 km

beneath the surface, rather than was limited to the shallow

upper crust. It is obvious substantial down-dip slip occurred

on the fault plane from the surface down to the depth, larger than

the effective viscoelastic layer thickness of ~10 km in central

Tibet (England et al., 2013; Liu-Zeng et al., 2020) and the long-

term equivalent elastic thickness of 10–12 km in the Tibetan

plateau (Molnar and Chen, 1983; Molnar and Lyon-Caent, 1989;

Chu et al., 2009). Meanwhile, the slight deep upslip afterslip

occurred in the transition zone of brittle-ductile shear

deformation. These deep stress loading/releasing regimes

reveal where extension of the negative flower structure at

depth, which is not shallow. The extensional structure may

extend deeper at depth and broader at lateral direction and

reflects the complex faulting at this region. It is implications

for the rheology of down-dip extension of the dipping faults or

shear zones in northern Tibet (England et al., 2013; Liu-Zeng

et al., 2020) and provides clues to the rheological properties of the

lower crust of the Tibetan plateau (Shi et al., 2012; England et al.,

2013).

3.3 Future earthquake risk

The epicenter of the 2020 Nima earthquake occurred at the

center of the Yibu-Chaka graben, but the northern segment of the

seismogenic structure didn’t spread along the high-relief western

edge of the graben. Such an apparent spatial mismatch between

moderate magnitude earthquakes and long-term geomorphic

expression of major active faults is surprisingly common in

southern Tibet. For instance, in the 2008 Mw 6.3 Damxung

earthquake, the 2005 Mw 6.2 Zhongba earthquake, and the

1992 Mw 6.1 Nyemo earthquake (Elliott et al., 2010), the Mw

5.5+ Xaitongmoin earthquake sequence in the 1990s (Wang

et al., 2014), don’t always occur on previously mapped faults

associated with clear surface geomorphology.

FIGURE 12
3D structure of the active normal faults in the Yibu-Chaka graben and the derived optimal seismogenic fault of the 2020Nima earthquake. Black
lines in the section indicate normal faulting. Caption is as for Figures 2, 6.
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The 2020 Nima earthquake implies that the potentially

seismic disasters in widespread extensional zones in Tibet can

occur away from the previous mapped active faults in the graben

(Taylor et al., 2003), and may be more broadly distributed than

implied by the clear surface topography (Wang et al., 2014). The

interaction of two opposite-dipping faults is promoted by stress

transfer, which can enhance seismic hazards within years after an

earthquake (Jia et al., 2021). Two obvious stress loading zones of

more than 1 bar, around the EYF and the east-dip blind fault,

have increased the future earthquake risk. Especially, the junction

between normal faults and ends of the large-scale sinistral

Riganpei-Co and Jiangai-Zangbu faults has the potential for

an M > 7 seismic rupture (Li et al., 2021).

4 Conclusion

We invert the coseismic and postseismic displacement of the

2020 Nima earthquake using jointly InSAR and GNSS datasets

over the first 9 months. Our results suggest the Nima earthquake

ruptured a complex reversed “S-shape” structure with variable

strike and dip at multi-fault junctions. Multiple faults were

ruptured during the event, including at least the east-dip West

Yibu-Chaka fault, the northeast-dip Heishi fault, and a

previously unmapped younger east-dip blind fault, and then

promoted to reactivation of the west-dip normal fault system

on the east side of the Yibu-Chaka graben. The geometry

complexity of the seismogenic fault may lead to the large

non-DC component in the long-period point-source solutions.

The Coulomb failure stress change calculated by the coseismic

and postseismic slip model shows that significant stress at the

shallow depth of <10 km was released mainly by the mainshock

and aftershocks. The shallow creep at the depth of ~4 km around

the junction between the northern segment of the West Yibu-

Chaka fault and the blind fault could be facilitated by stress

perturbations. The deep uplift of >16 km depth extended within

the brittle-ductile transition zone down-dip of the coseismic

rupture zone. It indicates the rheology of the down-dip

extension of the dipping faults in northern Tibet. The

Coulomb failure stress change of >1 bar around the East

Yibu-Chaka fault and the blind fault highlights seismic

hazards in the region, especially in the junction between

normal faults and ends of the large-scale sinistral Riganpei-Co

and Jiangai-Zangbu faults. It is necessary to forecast accurately by

longer-term afterslip observation over timescales of years for the

faults.
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