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After the 2015 Mw?7.8 Gorkha earthquake, geodetic measurements have been extensively used to constrain slip
kinematics, fault geometry of the Main Himalayan Thrust (MHT) and earthquake cycle deformation. However,
the spatially dense coseismic 3-D displacements remain largely unresolved, owing to the side-looking geometry
of SAR images and sparse GPS observations. We improved 3-D displacements by incorporating a strain model in a
Bayesian framework, utilizing all available coseismic interferograms and azimuth offsets from Sentinel-1 and
ALOS-2 satellites. The coseismic strain map shows that major landslides in large slope areas are spatially

consistent with extensional strain. The vertical component illustrates a spatial pattern different from interseismic
and postseismic uplift, hinting at diverse contributions from various tectonic uplift processes in the frontal
mountain belt. The spatial relationship between the interseismic strain and coseismic deformation suggests a
partial release of the accumulated strain, implying a remaining notable seismic hazard around Gorkha.

1. Introduction

The Himalayan orogenic belt is one of the most seismically active
regions worldwide due to the rapid convergence (~40 mm/yr) and the
continuous collision of the India-Eurasia plates (e.g., Avouac, 2015;
Bilham, 2019; Dal Zilio et al., 2021). Seismicity is concentrated in a
narrow ~50-70 km band across the Main Himalayan Thrust (MHT), a
large-scale, north-dipping décollement representing the interseismically
locked portion of the MHT (Fig. 1; e.g., Dal Zilio et al., 2020). At least
eight great earthquakes of Mw > 7.5 are known to have occurred in
history along the MHT (Fig. 1), but still leaving several seismic gaps with
a high potential of major or great earthquakes. Understanding the
mechanisms of strain accumulation and the relationship between meg-
athrust earthquakes and mountain building are essential in earthquake
hazard assessments.

The 2015 Mw 7.8 Gorkha earthquake partially ruptured the locked
portions of the MHT near Kathmandu, but did not break the surface. This
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likely indicates highly heterogeneous pre-seismic stress or substantial
relict heterogeneous strain inherited from previous earthquakes
(Avouac et al., 2015; Bilham, 2019; Elliott et al., 2016; Mencin et al.,
2016). The Gorkha earthquake was the largest along the Himalayan arc
since the 1950 Mw 8.6 Assam-Tibet earthquake in Nepal (Elliott et al.,
2016) with the record of large-volume Sentinel-1 SAR images. Hence,
the Gorkha earthquake provides a unique opportunity to investigate the
deformation characteristics of megathrust earthquakes and their role in
building the Himalaya Mountains.

The significant coseismic deformation and subsequent time-
dependent postseismic deformation have been extensively investigated
and well documented by geodetic measurements (InSAR/GPS; e.g.,
Ingleby et al., 2020; Lindsey et al., 2015; Liu-Zeng et al., 2020; Wang
and Fialko, 2018; Zhao et al., 2017). Ample coseismic deformation
measurements provide robust geodetic constraints on the fault geometry
of the MHT (e.g., Ingleby et al., 2020), dynamic rupture processes (e.g.,
Yue et al., 2017) and fault slip distributions (e.g., Qiu et al., 2016; Feng
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et al., 2015; Dal Zilio et al., 2019).

Previous studies have examined the 3D displacements associated
with the Gorkha earthquake. (e.g., Elliott et al., 2016; Qu et al., 2020).
However, previous studies have primarily relied on D-InSAR coseismic
displacements. Due to the nearly north-south flight direction and side-
looking imaging geometry of SAR satellites, D-InSAR interferograms
are inherently less sensitive to north-south components of crustal
deformation. To mitigate such limitations, previous studies have
attempted to model the coseismic north-south displacements by
inverting coseismic displacements. However, those results are heavily
dependent on the unresolved geometry of the MHT (e.g., Wang and
Fialko, 2015; Elliott et al., 2016; Mendoza et al., 2019). In addition, a
rigid layer or significant lateral variation can also have an effect on the
deformation modeling (.Wang et al., 2024). To address these challenges
and to provide a more comprehensive understanding of the 3D dis-
placements, we utilized both D-InSAR interferograms and azimuth ob-
servations to better resolve the 3D displacements in this study. Azimuth
observations, which can provide valuable constraints on the north-south
component, are fully available for this earthquake based on previous
studies (e.g., Liang and Fielding, 2017; Yue et al., 2017). By combining
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multiple datasets, we obtained a more reliable 3D deformation field.

The vertical displacement contains important information regarding
the relationship between coseismic uplift/subsidence and topographic
evolution. The coseismic uplift could be compared to the long-term
mountain building (e.g., Dal Zilio et al., 2021; Grandin et al., 2012),
which provokes distinct mechanisms for the building of the Himalayan
Mountains (e.g., Elliott et al., 2016; Whipple et al., 2016). Horizontal
displacement could be utilized to derive the distribution of coseismic
finite strain, which may control the distribution of locally triggered
landslides (e.g., Chuang et al., 2020). Despite the recognized limited
landslides triggered by the Gorkha earthquake (e.g., Xu et al., 2016), the
relationship between the landslides and the horizontal strain (exten-
sion/contraction) is unclear.

In this study, we refine our understanding of the full 3-D displace-
ment of the 2015 Gorkha earthquake by utilizing D-InSAR interfero-
grams and azimuth offset measurements. We extend the proposed
approach in Liu et al. (2018) by integrating a strain model in a Bayesian
framework, which could better reconstruct north-south displacements
for multi-viewed InSAR observations compared to traditional methods.
We examine the spatial relationship between the horizontal
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Fig. 1. Tectonic setting of the 2015 Gorkha earthquake. (a) Interseismic GPS velocities in the Eurasia-fixed reference frame (blue arrows, Wang and Shen, 2020) and
historic earthquakes denoted by yellow polygons showing the approximate extent of major and great historical earthquakes along the Main Himalayan Thrust (MHT,
Bilham, 2019). Brown dots indicate the historical seismicity (M,, > 2) before the Gorkha earthquake from the China Earthquake Networks Center (CENC) catalog. (b)
Degree of interseismic locking along the central Himalaya. Light blue contours illustrate a 0.2 interval of the coupling factor (> 0.4) (Dal Zilio et al., 2020). Blue dots
indicate the coseismically triggered landslides (Roback et al., 2018). Blue-to-red colored triangles represent vertical GPS coseismic displacements and blue arrows
show horizontal displacements (Wang and Fialko, 2015). Pink and cyan boxes show the coverage of Sentinel-1 SAR images. Red boxes show the coverage of ALOS-2
SAR images. Light blue circles indicate aftershocks on April 25, 2020, and the purple ones denote aftershocks after April 25, 2020. Focal mechanisms (M,, > 6) are
from the Global CMT catalog (see Data and Resources). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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displacement (strain) and the landslides. We investigate the locations
and patterns of coseismic uplift, which is subsequently compared to
other tectonic uplift processes in the earthquake cycle.

2. Data and methods
2.1. InSAR data and processing

We process interferometric pairs of radar images from the Sentinel-1
A satellite on ascending (T85) and descending tracks (T19 and T121)
and from the ALOS-2 satellite on descending track (ScanSAR data, T48)
to measure the coseismic deformation of the Gorkha earthquake.
Detailed parameters of SAR images are listed in Table S1. The detailed
methodology for interferogram formation is described in Text S1 of the
supplementary information.

2.2. Azimuth measurements from offset-tracking

Azimuth offsets provide important constraints on the north-south
displacements in 3-D decomposing. We therefore compute the azimuth
offsets using the subpixel offset-tracking algorithm, implemented in
GAMMA (Strozzi et al., 2002; Werner et al., 2005), to ascending and
descending Sentinel-1 SAR amplitude images.

a) ALOS-2 desc.

b) Sentinel-1A desc.f

LOS disp. [mm]

21 42 63
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We estimate azimuth offsets between two full-resolution amplitude
images. The size of the correlation matching window is 200 pixels x 40
pixels in range and azimuth, respectively. In this way, an almost squared
area is considered. Steps are 100 pixels in range and 20 pixels in azi-
muth. To improve the sampling of the used correlation function, the
oversampling ratio of 2 is adopted (Werner et al., 2005). Mismatches
and errors during offset-tracking are masked using a threshold (<0.1) of
the correlation coefficient, and further removed using a Gaussian low-
pass filter, effectively tackling speckle noises. The precision of resul-
tant azimuth offsets is approximately 1/30 of the image resolution
(Werner et al., 2005; Mahmoud et al., 2020), corresponding to ~0.75 m
for Sentinel-1 SAR images with a ~ 22.5 m azimuth resolution (e.g.,
Yagtie-Martinez et al., 2016), which is smaller than the observed 2-3 m
azimuth offsets from ALOS-2 and RADARSAT-2 data (e.g., Liang and
Fielding, 2017; Yue et al., 2017).

We also compile the surface displacements in the azimuth direction
from the ALOS-2 data on the descending track (T48, see Fig. 2g), which
is processed by Liang and Fielding (2017) using the multiple aperture
InSAR (MAI) method.

2.3. 3-D displacement decomposing

The D-InSAR measurements are limited to the line-of-sight (LOS)
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Fig. 2. (a, b, ¢) Coseismic line-of-sight (LOS) interferograms, (d, e, f) LOS displacement fields, and (g, h, i) azimuth offsets of the 2015 Gorkha earthquake derived
from ALOS-2 and Sentinel-1 SAR data. Red beachball indicates the focal mechanism of the 2015 Gorkha earthquake. Light green contours in (d, e, f) illustrate a 0.2
interval of the interseismic coupling factor (based on Dal Zilio et al., 2020). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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direction because of its side-looking geometry (e.g., Hu et al., 2014; Liu
et al.,, 2018). Technically reconstructing 3-D displacements can be
achieved by combining multiple InSAR observing geometries (e.g.,
Wright et al., 2004) or by combining InSAR and GPS observations (e.g.,
Gudmundsson et al., 2002). Here, we draw on six observations, three
LOS displacement measurements and three azimuth offset measure-
ments, from ascending and descending Sentinel-1 tracks and a
descending ALOS-2 track to decompose full 3-D coseismic displace-
ments. The addition of the azimuth offset measurements help to better
constrain the north-south component of 3-D displacements.

The thrusting motion during the 2015 Gorkha earthquake caused
large north-south and vertical displacements, while the north-south
displacements provided a negligible contribution to the observed dis-
placements in the LOS direction compared to the vertical component.
Accurately reconstructing the north-south displacement requires multi-
viewed InSAR LOS and azimuth observations, as well as an advanced
algorithm that could robustly resolve the north-south component (e.g.,
Gudmundsson et al., 2002; Hu et al., 2014; Liu et al., 2018). To this end,
we follow the strain-based approach proposed by Liu et al. (2018) to
compute 3-D displacements of the 2015 Gorkha earthquake. This
method incorporates a strain model to describe the spatial correlation of
3-D displacements between the adjacent points at the surface. The
mathematical relationship between the 3-D displacement components of
the interested point (d,, dn,d,) and the observation vectors of the adja-
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where Ax, Ay!, Az' are the increment of coordinates between the point
of interest and the surrounding points; a is the heading angle of the
satellite; 6 is the incidence angle for a specific pixel.

We apply a Bayesian algorithm developed by Goodman and Weare
(2010) with a Markov Chain Monte Carlo (MCMC) sampler to determine

the best-fitting values for model parameters (d,,d,,dy,&11,E12,613,E92,E93,
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£33,01,w2,w3) and to account for their full uncertainties. This algorithm
permits calculations of the full covariance of the unknown parameters
and accounts for potential trade-offs between them. Initially, we adopt
700 initial walkers, representing different points in the parameter space,
denoted as m; = (dé,dil,dfl,fill,iiu,533,5;2,553,523,(1)"1,@1'2,0)"3). These
starting points are derived from Gaussian distributions centered around
values informed by the strain model, ensuring a broad and diverse
coverage of the parameter space. Our method for each pixel runs over
1,000,000 iterations, and each walker independently explores the
parameter space. In each iteration, we propose new parameter values for
the walkers, based on a balance between their current positions and
those of others. In this process, the step size is set to 2.5, ensuring
comprehensive exploration of the full parameter space and efficient
sampling. The acceptance of each new proposed set of parameters is
determined by evaluating the likelihood function f(m), in conjunction
with the prior distribution. We assume a uniform prior for all unknown
parameters with specific constraints on their possible values based on
geophysical studies (— 5 < d,,d, <5, —10 < d, < 5, and — 20 to 20 for
other parameters). This combination of likelihood and prior assessments
allows for a probabilistic exploration of the parameter space, guiding the
walkers toward regions of higher probability. The likelihood function
f(m), is formulated as follows:

f(m) = Z (—% (%)2 —l()g<\/27 -log(a)))

Here the L represents the observed values, and [ denotes the pre-
dictions of the model, which are functions of the model parameters m.
The term o is the standard deviation of the residuals between the model
and the observations.

The first 20% of the iterations are discarded as burn-in to ensure that
the samples used for inference are not influenced by the initial condi-
tions. The remaining iterations provide a robust sample from which we
can infer the posterior distributions of our model parameters. These
distributions capture the uncertainties and correlations of the parameter
space. Finally, we obtain both a posteriori probability density functions
and related uncertainties. We prefer the maximum a posteriori solution
as the most representative value for each parameter (Figs. S6, S7).

3. Results
3.1. Coseismic LOS displacement fields and azimuth offsets

We illustrate our calculated and compiled LOS displacement mea-
surements and azimuth offsets from Sentinel-1 and ALOS-2 data in
Fig. 2. The LOS displacement fields observed from three distinct tracks
exhibit a similar pattern, featuring an uplifted zone in the southern re-
gion and a subsiding zone in the northern region. Such a similar pattern
along ascending and descending tracks indicates that the coseismic
deformation is dominantly contributed by the coseismic vertical defor-
mation. The maximum uplift observed in the southern zone is estimated
to be ~1.1 m, while the maximum subsidence in the northern zone is
~0.7 m. The amplitude, distribution and pattern of the coseismic
deformation in the LOS direction are consistent with previous studies (e.
g., Elliott et al., 2016; Sreejith et al., 2016; Tung and Masterlark, 2016;
Qu et al., 2020). The derived azimuth offsets on the descending Sentinel-
1 track (Fig. 2h) are also similar to previous studies (Liang and Fielding,
2017; Yue et al., 2017) but with a higher noise level, with a peak value of
~2-3 m, and has an opposite sign to ascending measurements (Fig. 2i).
The sharp displacement boundary of the azimuth offset result (Fig. 2h) is
the boundary between different frames. The Sentinel-1 offset measure-
ments (Fig. 2h, i) exhibit higher noise levels than ALOS-2 azimuth offsets
(Fig. 2g; Liang and Fielding, 2017), because the precision of offset
measurements partly depends on the coherence of SAR image pairs
(Bamler and Eineder, 2005). The L-band ALOS-2 data have better
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coherence than C-band Sentinel-1 data in the case of the Gorkha
earthquake.

Prior to the integration of azimuth offsets with LOS measurements,
we test the influence of filter strength, denoted by the window size of the
Gaussian averaging filter, on the noise reduction and the final defor-
mation pattern of Sentinel-1 azimuth offsets. The results of this test are
shown in Fig. S1. Overall, increasing the filter strength from 25 to 100
pixels gives rise to an anticipated trade-off between decreasing noise
level and increasing deformation smoothness. To avoid erroneously
reducing the azimuth offset amplitude during the filtering by averaging
good pixel offset-tracking matches with bad matches, we adopt a filter
strength (25 pixels) to achieve appropriate noise reduction and
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smoothed displacement patterns (Fig. 2h, i).

The precision of offset tracking is also influenced by the size of the
matching window (e.g., Bamler and Eineder, 2005). To understand such
an effect, we conducted additional tests for offset tracking results along
the ascending track with varied dimensions of matching windows,
ranging from 250 x 50 to 128 x 64 in range x azimuth. We calculated
the mean azimuth offsets for all matching windows (range x azimuth:
250 x 50, 200 x 40, 150 x 30, 256 x 128, 128 x 64) and the corre-
sponding standard deviations (Fig. S2). Our findings, using a fixed
Gaussian filter strength of 25 pixels, reveal that the azimuth offsets
determined using a matching window, 200 x 40 (Fig. 2i), display a
striking similarity to the averaged results derived from various matching
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Fig. 3. The resolved 3-D displacement fields of the Gorkha earthquake using three methods. (a, d, g) East-west displacements. (b, e, h) North-south displacements. (c,
f, 1) Vertical displacements. (j, k, 1, m) Comparison between 3-D displacements and GPS observations. (j) The colored background indicates the vertical deformation,
and the green arrows denote the horizontal displacements. Colored triangles and blue arrows illustrate vertical and horizontal components of GPS displacement. (k, i,
m) Comparison between our derived (green dots) and GPS-observed (red dots) 3-D components. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)



H. Chen et al.

window dimensions (Fig. S2a). The amplitude difference between them,
shown in Fig. S2b, was <0.5 m. Notably, pixels exhibiting larger
amplitude differences also presented increased standard deviations,
indicative of potential mismatches or errors rather than reliable offset
measurements (Figs. S2b, S2c). We conclude that Sentinel-1 azimuth
offsets in our subsequent 3-D displacement reconstruction are reliable
using the adopted filter strength and the matching window size.

3.2. 3-D coseismic displacement fields

We used three methods to reconstruct the 3-D coseismic displace-
ments. The results, derived from three methods, and their differences are
displayed in Figs. 3 and S3. In Method 1, we use three LOS and three
azimuth offset measurements (Fig. 2) to directly invert 3-D displace-
ments as outlined in Wright et al. (2004). In Method 2, we incorporate
the strain model proposed in Section 2.3 (Liu et al., 2018). In Method 3,
we adopt the strain model in a Bayesian framework (Section 2.3).

Overall, the results from the three methods depict similar 3-D
displacement patterns. The similar pattern between the resolved
north-south displacements (Fig. 3) and the azimuth offsets (Fig. 2) attest
to the key constraints on north-south displacement from azimuth offsets.
Method 1 cannot well determine the north-south displacements, which
heavily relies on the quality of azimuth offsets (i.e., speckle noise level;
Figs. 3, S3). The implemented strain model in methods 2 and 3 can
eliminate low-quality pixels with high speckle noise levels in Sentinel-1
azimuth offsets. This is because the strain model considered the spatial
correlation between adjacent points, which helps to suppress the speckle
noise in azimuth offsets. As a result, methods 2 and 3 provide better
constraints on north-south displacements. We evaluate the methods 2
and 3using two standards: (1) the match between the resolved 3-D dis-
placements and independent 3-D coseismic GPS displacements; (2) root-
mean-square (RMS) between InSAR observations and model calcula-
tions. The RMS is calculated using the following equation:

; : 5
Z:’:l (D;bs — DLmodel)
n

RMS =

where Df)bs is observations, D;'nodel is model calculations, n is the number
of observations.

We calculated the mean resolved 3-D displacements within a 5 km
radius of each GPS site and then determined their deviation from the 3-D
coseismic GPS displacements The results reveal a lower mean mismatch
for Method 3 (0.152 m) compared to Method 2 (0.184 m), demon-
strating Method 3 superior accuracy in matching coseismic 3-D GPS
displacements. For Method 3, the RMS errors for LOS displacements
were 0.088 and 0.074 for the two Sentinel-1 datasets, and 0.104 for the
ALOS-2 dataset. For azimuth displacements, the RMS errors were 1.282
and 1.348 for the Sentinel-1 datasets, and 0.296 for the ALOS-2 dataset.
For Method 2, the RMS for LOS displacements were 0.402 and 0.211 for
the two Sentinel-1datasets, respectively, and 0.200 for the ALOS-2
dataset. The RMS errors for azimuth displacements were 1.212 and
1.232 for the Sentinel-1 datasets, and 0.344 for the ALOS-2 dataset
(Fig. S4, S5). Method 3 demonstrates a significantly smaller RMS for all
LOS displacements and the azimuth displacement of ALOS-2 data,
compared to Method 2. However, for the azimuth displacements of
Sentinel-1 data, Method 2 exhibits a lower RMS than Method 3. Given
the higher noise levels in the azimuth displacements of Sentinel-1 data,
the larger RMS observed with Method 3 may suggest a closer approxi-
mation to the actual values. The observed variation in RMS between
Method 2 and Method 3 highlights a potential trade-off in Method 3’s
weighting across different datasets. While we applied equal weighting
(1:1) for all LOS measurements and azimuth offsets in our study, method
3 shows a preference for fitting data with lower noise levels more
accurately instead of noisier datasets. Our preference for the 3-D
decomposing results by Method 3 stems from its best match with
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independent 3-D coseismic GPS displacements and the minimum RMS
misfits for all LOS displacement measurements (Fig. S4) and the azimuth
offset data from ALOS-2 (Fig. S5). Method3’s efficacy is particularly
noteworthy as it achieves these results without necessitating additional
adjustments for data weighting across various datasets.

Fig. 3j-3m demonstrates the resolved 3-D displacements and its
comparison to coseismic GPS displacements (Wang and Fialko, 2015).
Two narrow zones of uplift deformation to the south and subsidence
deformation to the north are identified in the 3-D displacement field, in
accordance with the thrust motion of the MHT. The amplitude of
coseismic uplift is ~1.1 m, slightly larger than the subsidence. The east-
west motion pattern contrasts with the conventional four-quadrant
distribution observed in the results of Elliott et al. (2016). In our
study, we observe primarily westward deformation, which is consistent
with the results reported by Qu et al. (2020). The amplitude of this
westward motion is ~0.5 m. The north-south motion is characterized by
deformation to the south with an amplitude of ~2 m, consistent with
previous studies (Elliott et al., 2016; Qu et al., 2020). Overall, our
derived 3-D displacements match the GPS observations well. Slight
discrepancy between our derived and GPS-observed 3-D displacements
may result from diverse resolutions of GPS/InSAR data, the azimuth
offset amplitude reduction during the filtering, minor postseismic
deformation and/or atmospheric phase noise contained in InSAR mea-
surements. The corresponding uncertainties of our derived 3-D dis-
placements by Method 3 are shown in Figs. S6, S7. For the north-south
and vertical displacements, the uncertainty is mostly <0.5 m, suggesting
the robustness of our results.

4. Discussion
4.1. Interseismic strain

Interseismic strain rate along the fault depicts the distribution and
the accumulation of tectonic strain, likely relating to the stress build-up
before the next large earthquake. In this section, we illustrate the spatial
relationship between the interseismic dilatational strain rate and the
2015 Gorkha earthquake by computing the interseismic strain rate using
the interseismic GPS datasets by Wang and Shen (2020). For a detailed
data description and calculation of the interseismic strain rate, readers
are referred to Text S2.

GPS-based interseismic strain rate is highly sensitive to the spatial
distribution and density of GPS stations (e.g., Wang and Shen, 2020). To
assess the impact of station density on the distribution and magnitude of
the strain rate, we varied GPS station densities in the calculation
(Fig. S8a-S8e). The results indicate that decreasing GPS station density
makes the interseismic strain rate smoother, revealing only the first-
order pattern and fewer details. Overall, the notable band of the
contraction strain with varied width (<—70 nano-strain per year) is
parallel to the Himalayan belt, which is due to the interseismic locking
of the MHT (Figs. 1, 4). Spatially, the interseismic dilatational strain
transitions from the dominant contraction near the MHT and Higher
Himalayas to the extensional strain toward the southern Tibetan
Plateau. Locally, the dilatational strain rate reveals two distinct areas of
contraction deformation: a smaller patch to the east and a larger one to
the west of the source region of the Gorkha earthquake (Fig. 4). The
eastern contraction region (C2 area in Fig. 4a) is the ruptured part
during the Gorkha earthquake, and the western contraction region (C1
area in Fig. 4a) is argued to have a high seismic potential for generating
a large future earthquake (e.g., Sreejith et al., 2018).

To the south of the source region of the Gorkha earthquake, we
observe an abnormal dilatation region (marked as ‘D’ in Fig. 4a). Our
test (Fig. S8f) of discarding one GPS site in this region leads us to
conclude that the observed dilatation is biased because the dilatation
signal highly depends on one GPS site near the Gorkha earthquake. We
speculate the GPS interseismic velocity field might still contain residual
coseismic and postseismic deformations of the Gorkha earthquake due
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Fig. 4. (a) Comparison of interseismic dilatational strain rate from GPS measurements (Wang and Shen, 2020), historical rupture extent (purple polygons), inter-
seismic coupling (beige contour lines; Dal Zilio et al., 2020) and InSAR LOS displacements of the Gorkha earthquake (red contour lines). (b) Spatial distribution of
coseismic dilatational strain, coseismic deformation (dashed grey contours: subsidence, grey contours: uplift), and triggered landslides (purple dots, from Roback
et al., 2018). The pink contours show elevation variations. (c) Cross-section (N15° E) across central Nepal showing topography, tectonic uplift, denudation rate, and
the geometries of the MHT fault. Upper panel: The shaded grey area shows elevation variations along the profile. The light green line is the interseismic uplift rate
from leveling data (Grandin et al., 2012). The light red line is the coseismic uplift displacement from 3-D displacement decomposing in this study. The light purple
line is postseismic LOS displacement from InSAR data, processed by Wang and Fialko, (2018). The light blue line is the denudation rate, from Grandin et al. (2012).
The shaded purple area indicates the major landslide areas (Roback et al., 2018). Lower panel: The black line is the best-fit MHT geometry with grey uncertainty
bounds (Whipple et al., 2016). The blue line is the MHT with a mid-crustal ramp (Herman et al., 2010), and the red part is the Gorkha earthquake rupture area. The
colored ribbon shows the interseismic coupling of the MHT (Dal Zilio et al., 2020). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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to the imperfect modeling in Wang and Shen (2020). Given the similar
levels of interseismic locking around the Gorkha earthquake, it seems
unlikely that the area around the earthquake’s epicenter would expe-
rience relatively lower contraction strain (Fig. 4a, Dal Zilio et al., 2020).
We speculate that this could also be due to the influence of coseismic and
postseismic residual deformations associated with the Gorkha earth-
quake. Overall, the width of the contraction zone between 83°E and
87°E longitude is consistent with the width of the interseismic locking
zone (coupling ratio > 0.5; Dal Zilio et al., 2020). We conclude that the
2015 Gorkha region’s source region (with 3-D coseismic displacements
resolved in this study) is experiencing the contraction strain during the
interseismic period.

4.2. Possible relationship between coseismic strain and triggered
landslides

The occurrence of landslides triggered by the 2015 Gorkha earth-
quake highlights the complex interplay of geological, topographical, and
seismic factors (Meunier et al., 2007; Garcia-Rodriguez et al., 2008;
Owen et al., 2008; Shen et al., 2016). Although steep slopes have been
traditionally considered a primary factor for landslides (Gorum et al.,
2011; Liu and Wang, 2023), the pattern of landslide distribution during
the earthquake challenges this assumption. Research by Roback et al.
(2018) shows that areas with the steepest slopes did not correspond with
the highest landslide density. Instead, many landslides occurred in areas
with relatively gentle slopes, indicating that other factors also play a
significant role.

Elliott et al. (2016) and Kohn et al. (2004) provide critical insights
into the geological and topographical dynamics of the Himalayan region
affected by the earthquake. They highlight the role of in-sequence
thrusting and the southward propagation of the Main Himalayan
Thrust (MHT), which has led to an evolving landscape that may be more
prone to landslides, even in areas of gentler slopes. This evolving
topography, along with factors such as lithology and seismic shaking,
contributes to landslide susceptibility.

Xu et al. (2016) further emphasize that the dynamics of landslides
are influenced by a combination of factors, including the lithology and
the slope of the mountains, beyond the simple equation of steeper equals
more dangerous. This view is supported by the analysis of seismic fac-
tors, where the distribution of landslides during the Gorkha earthquake
did not show a high correlation with Peak Ground Acceleration (PGA),
suggesting a more complex causation mechanism (Roback et al., 2018).

Our study focuses on the spatial correlation between coseismic
subsidence and landslides, contrasting with areas of coseismic uplift. We
find that extensional strain, primarily found in areas of coseismic sub-
sidence, is closely associated with landslide occurrences, with over 80%
of landslides located in regions experiencing extensional strain. This
correlation is statistically significant, as confirmed by a chi-squared test
with a high chi-squared value and a P-value of <0.01 (Details in Text
$3). Lavé and Avouac (2000) discuss the long-term denudation rates in
these regions, suggesting that prolonged erosional forces contribute to
the weakening of material shear strength. This weakening, coupled with
the seismic extensional strain, decreases the shear strength of materials,
increasing the likelihood of landslides during seismic events.

In conclusion, our analysis confirms that a complex set of factors,
including slope, rock rheology, dynamic shaking, and coseismic exten-
sional strain, collectively contribute to the conditions conducive to
landslides during major earthquakes. This comprehensive approach
challenges the oversimplified view that steep slopes are the primary
trigger for landslides, underscoring the importance of considering
multiple factors in landslide risk assessment.

4.3. Earthquake cycle deformation of MHT

Earthquake cycle deformation and the geometry of the MHT remain
central to the improved understanding of the long-term mountain build
process. Deformation over the entire earthquake cycle, whether tran-
sient and elastic or permanent and inelastic (coseismic, postseismic and
interseismic) is controlled by the fault geometry and physical properties
of the fault (Avouac, 2003; Avouac et al., 2015; Diao et al., 2021). The
elastic deformation is produced by the tectonic motion of the active
thrust faults and the inelastic deformation is mainly accommodated by
the pervasive folds, accretion and erosion processes along the Himalaya
(Avouac, 2003). The distinct portions of locked or slipped areas along
the MHT’s dip direction during earthquake cycles result in a surface
deformation pattern with diverse characteristics (Fig. 4c).

During the interseismic period, the Main Himalayan Thrust (MHT)
exhibits distinct behaviours in its different segments. The upper, locked
portion of the MHT maintains elastic strain, while the deeper segment
undergoes steady creep. This contrast in movement, particularly the
gently dipping geometry of the deeper portion, results in transient uplift
in the transition zone. Notably, the highest observed uplift velocity at
the Annapurna Mountain range front, estimated at approximately 7
mm/year, was recorded by InSAR between 2003 and 2010 in west-
central Nepal (Grandin et al., 2012). This measurement aligns with
peak uplift velocities derived from leveling data near Kathmandu
(Jackson and Bilham, 1994; Fig. 4c).

During seismic events, the previously interseismically locked
segment of the MHT ruptures. This leads to uplift in the southern region
above the fault slip area and corresponding subsidence in the northern
region. Our refined 3-D displacement analysis, as presented in Fig. 3,
reveals a peak uplift displacement of around 1.1 m. This displacement
closely correlates with the deep fault slip region (Elliott et al., 2016) and
is matched by the largest subsidence, approximately 0.7 m, in the
northern area during the Gorkha earthquake.

In the aftermath of the earthquake, geodetic studies have observed
time-dependent postseismic deformation. However, this deformation is
predominantly confined to the coseismic rupture area and the downdip
portion of the fault (e.g., Diao et al., 2021; Liu-Zeng et al., 2020; Wang
and Fialko, 2018). The Line of Sight (LOS) displacement, characterized
by an amplitude of roughly 70 mm over two years following the 2015
Gorkha earthquake (Wang and Fialko, 2018), exhibits an uplift and
subsidence pattern nearly opposite to that observed during the coseismic
phase. The significant subsidence in the Kathmandu basin, primarily
viewed as a non-tectonic signal, is likely attributable to extensive water
pumping in Kathmandu (Wang and Fialko, 2018; Hong and Liu, 2021).
In contrast, the uplift observed is mainly driven by afterslip along the
downdip extension of the MHT. This suggests that motion akin to the
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coseismic displacement occurs further north of the coseismic rupture
zone, leading to a reversed deformation pattern at the Earth’s surface in
the same area. It is crucial to note that during both the coseismic and
postseismic phases, the updip region of the MHT experiences little sig-
nificant slip. However, this region undergoes stress transfer from both
coseismic slip and afterslip, potentially accumulating enough strain to
trigger future earthquakes (Mencin et al., 2016).

Overall, the interseismic vertical displacements show an overall
uplift pattern but mainly contribute to the transition area of Lesser
Himalaya and High Himalaya. The postseismic (dominated by deep
afterslip after the Gorkha earthquake) LOS displacement profile is
spatially complementary with the coseismic vertical displacements
(Fig. 4c). As the Gorkha earthquake, characterized by a partial rupture,
failed to reach the surface, it does not represent a typical characteristic
earthquake, the estimated coseismic uplift deformation is indeed atyp-
ical and has limitations to extrapolate over multiple earthquake cycles.
The net uplift over earthquake cycles depends on the earthquake
recurrence interval in that region, which is largely unknown (Bilham,
2019). Considering these factors, it is important to acknowledge that
conducting quantitative studies on earthquake cycles in this region can
be challenging. Addressing these challenges may require the acquisition
of additional data and further research efforts in the future.

5. Conclusions

In this study, we systematically analyze all available coseismic InSAR
datasets to explore the 3-D displacement fields of the Gorkha earth-
quake. We rigorously evaluate three methods for resolving the 3-D
coseismic displacements, demonstrating that azimuth offsets and the
strain model, within a Bayesian framework, are particularly effective in
constraining the north-south displacement component. This analysis
reveals a pattern in vertical deformation that closely aligns with the Line
of Sight (LOS) displacement, highlighting a maximum uplift of approx-
imately 1.1 m. This uplift slightly exceeds the observed coseismic sub-
sidence, underscoring the dynamic nature of the earthquake’s impact.

Our findings indicate that the Gorkha earthquake has played a sig-
nificant role in partially releasing the accumulated interseismic strain
along the Main Himalayan Thrust (MHT). This observation is crucial, as
it suggests that significant seismic hazards persist in the vast region
surrounding western Nepal. Furthermore, our study unveils that over
80% of landslides occur in zones marked by significant coseismic
extensional strain and steep slopes. Notably, these areas correspond
spatially with regions of long-term denudation, implying a strong link
between seismic activity and landscape evolution.

The diverse tectonic uplift processes observed during earthquake
cycles contribute distinctly to long-term mountain building. In this
context, the Gorkha earthquake serves as a pivotal case study, revealing
that the patterns of interseismic and postseismic uplift are in stark
contrast to those observed during coseismic rupture. This finding is
instrumental in understanding the complex interplay between seismic
events and mountain formation processes. Consequently, this study not
only advances our comprehension of earthquake-induced landscape
changes but also emphasizes the need for ongoing vigilance in
earthquake-prone regions, particularly in the context of hazard assess-
ment and land-use planning.

Data and resources

The Sentinel-1A/B Synthetic Aperture Radar data were acquired by
the European Space Agency (ESA) and distributed by Alaska Satellite
Facility (https://search.asf.alaska.edu/), and Advanced Land Observing
Satellite 2 (ALOS-2) data is available via contract with PASCO Corpo-
ration. Historical seismicity used in this study can be obtained from the
China Earthquake Networks Center (https://news.ceic.ac.cn/). Focal
mechanisms used in this study can be obtained from the Global Centroid
Moment Tensor Project at www.globalemt.org (last accessed November
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2021). The supplemental material for this article includes three texts,
one table, and eight figures.
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