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Abstract Analysis of Interferometric Synthetic Aperture Radar (InSAR) and Global Positioning System (GPS)
data reveals coseismic and early postseismic (4-88 days) surface displacements associated with the 25 April
2015, M,, 7.8 Gorkha, Nepal, earthquake. The pattern of early postseismic surface uplift and subsidence is found
to be opposite to that of the coseismic motion. INSAR and GPS data were jointly inverted for coseismic and
postseismic slip on the Main Himalayan Thrust (MHT). We consider a complex ramp-flat-ramp-flat subsurface
structure of the MHT with four connected fault planes dipping toward north from the Main Frontal Thrust (MFT).
The inverted coseismic slip distribution follows an elliptical pattern, extending east-southeastward from the
hypocenter with maximum amplitude of 5.7 m above the upper edge of the midcrustal ramp. We infer early
postseismic afterslip (4-16 days) of 0.2-0.47 m toward downdip of the coseismic slip asperity and another patch
with 0.1-0.2 m slip toward east. The shallow portion of the MHT toward south is found to have remained
unruptured during the earthquake, nor did it slip aseismically after the earthquake, suggesting possibility of
large events in the future.

1. Introduction

The destructive 25 April 2015, Gorkha, Nepal, earthquake of magnitude M,, 7.8 is one of the largest earthquakes
(hereafter referred as Gorkha earthquake) to have struck Nepal since the 1934 Nepal-Bihar earthquake of M,,
8.2 [Sapkota et al., 2012]. Moment tensor solution from teleseismic data suggests that the Gorkha earthquake
occurred on a 10-20° dipping subhorizontal blind thrust fault at about 15 km depth with a strike of 290° from
north [U.S. Geological Survey-National Earthquake Information Center (USGS-NEIC), 2015; Global Centroid Moment
Tensor Catalogue (GCMT), 2015]. The largest aftershock occurred on 12 May 2015 about 150 km east of the main
shock, ruptured easternmost part of the main fault (Figure 1). The Gorkha earthquake ruptured the Main
Himalayan Thrust (MHT), a detachment boundary between the Indian and Eurasian Plates, which absorbs about
20 mm/yr convergence in Nepal [Ader et al., 2012; Bilham, 2015]. The elastic strain energy stored during inter-
seismic period is released periodically due to earthquakes and causing ruptures along locked brittle upper part
of the MHT system [Bilham et al., 2001].

After the Gorkha event, the coseismic deformation due to the earthquake was mapped using InSAR and GPS
data by different groups [Avouac et al., 2015; Diao et al., 2015; Feng et al., 2015; Galetzka et al., 2015; Lindsey
et al,, 2015; Wang and Fialko, 2015; Zhang et al., 2015]. Geodetic inversion of these data has provided detailed
slip distribution pattern on the causative fault. However, in all these studies, a highly simplified geometry of
the causative fault (MHT) with a constant or uniformly varying dip angle was used. In the present study,
we invert the coseismic and early postseismic INSAR and GPS data using a more realistic fault model with
four-segment fault planes having variable dip angles representing the ramp-flat-ramp-flat geometry of the
MHT as inferred from seismic, electrical, and geodetic studies [Zhao et al,, 1993; Pandey et al., 1995; Lemonnier
et al,, 1999; Cattin and Avouac, 2000]. Second, for the first time, we map the spatiotemporal evolution of the
early postseismic deformation of the Gorkha earthquake using InSAR and GPS data.

2. Data Analysis and Results

We have used SAR data from Sentinel-1 satellite and near-field GPS data from four stations (CHLM, KKN4,
NAST, and SNDL) of Nepal Geodetic Network for the coseismic and postseismic investigations of the
Gorkha earthquake. Line of Sight (LOS) deformation maps were generated using 11 interferograms
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Figure 1. Map showing the epicenter locations of the 25 April 2015 (M,, 7.8) Gorkha earthquake and 12 May 2015 (M,,, 7.3)
aftershock (red stars) along with other aftershocks [after Adhikari et al., 2015] in circles. Main Frontal Thrust (MFT), Main
Boundary Thrust (MBT), and Main Central Thrust faults (MCT) are shown as black lines. The inset map represents the present
study area in rectangle with great and large earthquakes since 1505 in stars.

(Table S1 in the supporting information) after correcting for orbital ramps and atmospheric phase delay
(Text S1 and Figures S1 and S2). After detailed analysis of coherence, orbital ramp effects, and atmo-
spheric artifacts, we chose coseismic interferogram generated during 17 April 2015 and 29 April 2015
(17/04/2015-29/04/2015) for the analysis. For postseismic deformation analysis the first Sentinel-1 data
acquisition after the Gorkha earthquake (29 April 2015) was used as reference date. Deformation maps
were generated with respect to this date using acquisitions on 11 May 2015 (29/04/2015-11/05/2015),
4 June 2015 (29/04/2015-04/06/2015), and 22 July 2015 (29/04/2015-22/07/2015), respectively (Table S1).
This enables us to map the cumulative temporal and special evolution of early postseismic deformation
starting from the fourth day after the main shock in three epochs: 4-16 days, 4-40 days, and 4-88 days
(Figure 2).

Coseismic and initial 3 months postseismic GPS displacements have been derived from continuous position
time series of four stations (Figures 2 and S2). To understand the characteristics postseismic deformation
mechanism, logarithmic [Marone et al., 1991] and exponential [Scholz, 1990] model decay fittings were
performed. The time series showed better fit with logarithmic than exponential model (Figure S3). The
magnitude of the GPS postseismic displacement at available InSAR epochs was estimated from the optimal
log coefficients fit to the individual time series.

The deformation map generated from the coseismic interferogram (Figure 2a) suggests an upliftment of
about 1 m near Kathmandu and a subsidence of about 0.8 m toward north along the LOS of the pertinent
satellite. The near-field GPS station KKN4 within the positive LOS deformation lobe shows horizontal
motion in S-SW direction with maximum amplitude of 1.88m and up to 1.28 m in vertical direction,
whereas the GPS station CHML located at the negative LOS deformation lobe shows prominent subsidence
of about 0.6 m (Figure 2a).

The most striking feature of the early postseismic deformation is the reversal in the direction of ground
motion with respect to the coseismic deformation (Figures 2a-2e). Further, it is observed that the postseismic
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Figure 2. (a) Coseismic and postseismic deformation maps at different epochs (b-d) generated by InSAR analysis. GPS data
offsets corresponding to InSAR epochs in horizontal (black arrow) and vertical (white arrow) directions are shown. (e) The
profiles of INSAR data during coseismic (left Y axis) and different postseismic epochs (right Y axis) as indicated by respective
color codes along the section AB. Postseismic deformation along section AB obtained from ALOS interferogram [Lindsey
et al., 2015] is also shown (gray dots).

deformation pattern is broader in wavelength and appears to be asymmetric with upliftment toward north
of 0.05-0.15m (corresponding to the coseismic subsidence) and a subsidence up to 0.07 m toward south
(corresponding to the coseismic upliftment) along the LOS (Figures 2b-2e). The InSAR observations are well
supported by the postseismic GPS displacements derived for the same epochs. The direction of horizontal
GPS vectors changed from south-southwest direction during the coseismic period (Figure 2a) to south-
southeast during the postseismic period (Figures 2b-2d). In vertical direction, the GPS station CHLM which
showed subsidence during the coseismic period shows prominent upliftment of about 0.06 m during the
postseismic period. The complementary nature of coseismic and postseismic deformation, the broader
wavelength of later, and the logarithmic fit to the postseismic time series GPS data together indicate afterslip
at deeper parts of the causative fault.

3. Slip Models
3.1. Coseismic Slip Model

The structure of the MHT in central Nepal is well established from geophysical studies and consists of a
frontal ramp, southern flat, midcrustal ramp, and northern flat segments. For modeling purpose, we approx-
imate the geometry of MHT with four rectangular connected fault segments. Dip angles and widths of the
model fault segments were adopted from the integrated seismic and electrical section across the central
Nepal [Avouac, 2003]. The first fault segment extends to about 10 km toward north from the MFT with a
dip of 30° down to 5km and represents the frontal ramp. The second segment is relatively flat with a
dip=5°, extends 65 km farther north, and joins 50 km wide third segment which has a deeper dip angle
of 16° called the midcrustal ramp. The shallow dipping (6°), 50km wide fourth segment represents the
aseismically creeping portion of the MHT. The strike of the fault segments considered is 292° and has vari-
able rakes (90°-100°). Each of the model fault segments is subdivided into patches with sizes determined
by their depth and width to ensure maintaining uniform resolution of slip [Fialko, 2004]. The preferred sizes
of the patches range from 2x2km? of the shallow and narrow first fault segment to 10x 10 km? of the
deeper and wider fourth fault segment.
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Figure 3. (a) Coseismic slip model of the 25 April 2015 Gorkha earthquake. Depth to the fault (dashed white lines) and after-
shocks during 25/04/2015-11/05/2015 (gray dots) and 12/05/2015-07/06/2015 (black circle) are shown. (b) Observed, modeled,
and residual coseismic InSAR deformation maps. (c) Observed (black) and modeled (cyan) coseismic GPS deformation vectors.

We inverted coseismic INSAR and GPS data to model the slip on the causative fault of the Gorkha earthquake
assuming linear superposition of rectangular dislocations in an elastic half-space [Okada, 1985]. We use SDM
(steepest descent method) iterative algorithm [Wang et al., 2013] for the constrained least squares optimization
to solve for the dip-slip and strike-slip components. The optimum smoothing factor (y*>=0.2) for the inversion
was chosen from the trade-off curve between the model roughness and misfit (the L curve) (Figure S4a). The
optimum weighting ratio between InSAR and GPS (& = W sar/Waps) is chosen as 2 based on the trade-off curve
between o and solution misfit (Figure S4b).

The inverted coseismic deformation closely matches with the observed InSAR and GPS deformations (Figure 3).
The coseismic rupture of the Gorkha earthquake is dominated by thrust slip with a maximum value of 5.65m
along with a minor component from right-lateral slip (0.6 m) (Figure S6a). The maximum coseismic slip is
about 5.7 m at a depth of 12 km (Figure 3a). The total moment released by the earthquake is calculated as
6.95 x 10%° Nm, which corresponds to a magnitude of M,, 7.829, which closely agrees with that obtained from
seismic waveform inversion (M,, 7.8) [USGS-NEIC, 2015].

3.2. Early Postseismic Slip Model

The InSAR data pair (29/04/2015-11/05/2015) along with the GPS-derived velocity for a period of 13 days is
selected for afterslip inversion as it represents early postseismic movements (4-16 days after the Gorkha
earthquake), which are not influenced by M,, 7.3 largest aftershock occurred on the same fault on 12 May
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Figure 4. (a) Postseismic slip model for the 25 April 2015 Gorkha earthquake. Depth to the fault (dashed white lines)
and aftershocks during 25/04/2015-11/05/2015 (gray dots) and 12/05/2015-07/06/2015 (black circle) are shown. Coseismic
slip is shown as white contours (in meters). (b) Observed, modeled, and residual postseismic InNSAR deformation maps.

(c) Observed (black) and modeled (cyan) postseismic GPS deformation vectors.

2015. The afterslip inversion was carried out using the same fault parameterization as that of the coseismic
slip inversion. However, the rake angle was allowed to vary from 90° to 120° in order to account for the post-
seismic dextral motion shown in the GPS data. The optimal values for model roughness (y>=0.175) and rela-
tive weighting factor (a=2) were determined using respective trade-off curves as in the case of coseismic
inversion (Figures S5a and S5b). The modeled interferogram could predict major features of the observed
data except for a linear patch toward south (Figure 4), which would be probably related with atmospheric
disturbances. The postseismic slip has magnitude about 0.2-0.47 m that appears to have predominantly
occurred downdip of coseismic slip (Figure 4a). Another patch with less amount of slip (~0.1-0.2 m) is also
found east of the coseismic slip asperity. The postseismic motion has significant contribution from right-
lateral slip, particularly along the downdip patch, where the maximum right-lateral slip is about 0.23 m and
accounts for about half of the dip-slip component (Figure S6b). The total moment released by the early after-
slip is about 1.05 x 102° Nm corresponding to a moment magnitude of M,, 7.28.

4. Discussions

The coseismic slip due to the Gorkha earthquake was previously estimated using highly simplified planar or
curved fault geometry for the MHT. The preferred dip angle of MHT for the earthquake source modeling
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Figure 5. Three-dimensional illustration of the coseismic slip and related surface deformation due to the Gorkha earthquake.

varied from 7° [Wang and Fialko, 2015] to 11° [Lindsey et al., 2015]. Therefore, we have carried out a series of
inversions, both coseismic and postseismic, assuming planar as well as curved fault geometry for a range of
dip values (5°-15°). We observed that both planar and curved fault models with shallow dip angles (<7°) have
lower misfit compared to that of steeper angles dip (>10°). Planar and curved fault solutions with a dip angle
of 5° closely match with present four-segment model within misfit of <5%. However, we prefer the four-
segment fault model over a shallow dipping planar/curved fault models as it provides a better insight to
the subsurface slip distribution along the MHT which has implications in modeling long-term strain along
the Himalayan collision zone and for earthquake hazard assessment.

4.1. Structural Control on Coseismic Rupture

During the Gorkha event, the MHT is partially ruptured toward east-southeast direction along the dip and
strike direction of coseismic slip, which can provide constraints on the geometric control of the earthquake
rupture propagation. Our model suggests that the nucleation of the earthquake appears to have initiated at
the lower bend portion of the flat midcrustal ramp transition (Figures 3a and 5). The downdip propagation of
the rupture along the steep ramp must have been restricted due to sharp changes in frictional and rheologi-
cal properties along the ramp [Berger et al., 2004]. However, updip rift propagation along the fully locked flat
portion of the MHT would have caused breaking of the shallow part of MHT resulting in coseismic surface
upliftment near MFT. Conversely, during the Gorkha earthquake surface subsidence occurred about 40—
50 km toward north of MFT (Figures 3a and 5). Grandin et al. [2015] suggested that the updip arrest of the rift
propagation appears to be unrelated to variation in local coupling ratios and instead could be related to
structural complexities along the MHT. It is interesting to note that the positive and negative coseismic
InSAR deformation fields are separated by a physiographical boundary (PT2) as identified by Wobus et al.
[2005] (Figure 5). Parameswaran et al. [2015] suggested that a component of slip could have emerged
through PT2. However, it seems difficult to reconcile such an out-of-sequence thrusting during the Nepal
earthquake as (a) no major surface rupture is reported neither from field or satellite observations and (b)
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the deformation field across the PT2 does not have a drastic change which clearly rules out the possibility of a
shallow slip. However, we speculate that the thrust plane connecting the MHT and PT2 must have acted as a
hinge zone that controlled the rupture propagation and slip partitioning along the MHT.

For Great Himalayan Earthquakes, in general, it is believed that the ruptures are controlled by asperities and
structural complexities [Feldl and Bilham, 2006; Mugnier et al., 2013]. Grandin et al. [2015] suggested that the
rupture area of the Gorkha earthquake is confined to a structural asperity, the Kathmandu klippe, between
84.5°and 86°E (Figure 5). Further, we infer that the coseismic surface deformation occurs mainly toward east
of a major lateral crustal ramp, the NE-SW trending Trisouli Transfer Zone [Berger et al., 2004] (Figure 5).
Backprojection and finite-fault inversion results [Fan and Shearer, 2015; Yagi and Okuwaki, 2015; Denolle et al.,
2015] also suggest that this runaway rupture propagation could be related to the Trisouli Transform. On
the other hand, the eastward propagation of the rupture terminates abruptly near 86.2° and approximately
bonded by the estimated rupture area of the M,, 8.2 1934 Nepal-Bihar earthquake [Sapkota et al., 2012].

4.2. Coseismic and Postseismic Slip Distribution Along MHT

Comparison of coseismic and postseismic slip models clearly suggests that afterslip was triggered mainly
toward downdip of the coseismic asperity (Figures 3a and 4a). However, the tiny amount of postseismic slip
patch existing toward the east appears to overlap with the coseismic slip asperity (Figure 4a). This could be
attributed to the initial stage of stress-driven afterslip that may have occurred prior to the acquisition of the first
postseismic SAR data on 29 April 2015. Further, in this time period, the postseismic rupture expansion along the
fault plane must have happened mainly toward east, which is also marked by pattern of aftershocks between
the days of main shock and 11 May 2015 (Figures 3 and 4). The cluster of aftershocks between farther toward
east appears to be associated with the M,, 7.3 largest aftershock event that occurred on 12 May 2015. The
coseismic rupture was dominated by thrust motion, whereas the early postseismic afterslip shows right-lateral
slip (Figures S6a and S6b). This could be probably associated with the changes in the principal axis of stress field
induced by the main shock as observed for the 2011 M,, 7.1 Van (Turkey) earthquake [Feng et al., 2014].

While coseismic slip occurred along the upper part of the midcrustal ramp, majority of the postseismic slip
occurred below the lower edge of the midcrustal ramp, where relatively ductile interseismic creeping zone
exists (Figure 4b) [Ader et al., 2012]. This clearly indicates that the afterslip is predominantly aseismic in nature.
It turns out that the segment of MHT where comparatively steep midcrustal ramp interacts with flat fault
segments acted as a barrier for stress buildup in central Nepal Himalaya and seems to spawn earthquakes.
This is evident from the steeper rupture planes (10°-20°) reported for several earthquakes in the Himalayan
arc [Satyabala and Bilham, 2006]. Elsewhere, Chuang et al., 2013 suggest that the faulting of midcrustal level
ramp structure caused the 2013 Nantou earthquake series in Taiwan.

The coseismic and postseismic deformation sequences of the Gorkha earthquake can be compared to those
of the 8 October 2005 Pakistan earthquake [Jouanne et al., 2011], where the coseismic slip occurred along the
lower edge of the ramp followed by afterslip along the flat region toward north. Similarly, continental
earthquakes such as the 1995 Colima-Jalisco earthquake (M,, 8.0) [Hutton et al., 2001] and the 1999 Chi-Chi
earthquake (M,, 7.3) [Hsu et al., 2002] were followed by afterslip downdip of the seismic rupture extending
to the creeping zone rather than within the locked fault zone.

4.3, Earthquake Potential on MHT

Along the Himalayan arc, the MHT is locked from surface closer to the MFT to over a distance of about 100 to
120 km where the stress tends to considerably accumulate and release interseismic strain energy. Recent
geodetic studies suggest that during the interseismic period, aseismic thrust displacement occurs in the
deeper and ductile northern part of the MHT alone, while no slow earthquakes have been detected in the
brittle, externally locked part of the MHT [Jouanne et al., 2004; Bettinelli et al., 2006; Ader et al., 2012]. The 2015
Gorkha earthquake occurred on a seismic gap between the 1934, 1833, and 1505 events (Figure 1) and ruptured
the deeper portion of the MHT toward east-southeast direction. However, the afterslip model in the present
study suggests that the postseismic relaxation is confined to the downdip and eastern portions of the coseismic
asperity. This indicates that a large stress field induced by the thrust motion toward south during the Gorkha
earthquake is not relaxed immediately in the early postseismic period. It increases the risk of another major
event as postulated by Bilham [2015]. However, continued geodetic observations are much needed to under-
stand the detailed postseismic behavior of the MHT toward south.
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5. Conclusions

Coseismic and early postseismic deformation studies of the Gorkha earthquake using INSAR and GPS data led
to the following conclusions.

1. The early postseismic surface uplift and subsidence associated with the M,, 7.8 Gorkha earthquake is
found to be opposite in direction to that of the coseismic motion.

2. The GPS time series indicate a logarithmic decay in postseismic velocities signifying that stress-driven
afterslip contributes toward the postseismic relaxation mechanism.

3. The coseismic slip distribution follows an elliptical pattern along the rupture plane, extending east-
southeastward from the hypocenter with maximum amplitude of 5.7 m along the upper edge of the
midcrustal ramp.

4. An early postseismic afterslip (4-16 days) of 0.2-0.47 m surrounding the coseismic slip asperity is inferred,
mainly toward downdip and eastward.

5. The shallow portion of the MHT toward south has neither been ruptured during the Gorkha earthquake
nor slipped aseismically after the earthquake, suggesting possibility of large events in future.
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