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Abstract we use space geodetic data to investigate coseismic and postseismic deformation due to the
2015 M,, 7.8 Gorkha earthquake that occurred along the central Himalayan arc. Because the earthquake
area is characterized by strong variations in surface relief and material properties, we developed finite
element models that explicitly account for topography and 3-D elastic structure. We computed the
line-of-sight displacement histories from three tracks of the Sentinel-1A/B Interferometric Synthetic
Aperture Radar (InSAR) satellites, using persistent scatter method. InSAR observations reveal an uplift of
up to ~70 mm over ~20 months after the main shock, concentrated primarily at the downdip edge of the
ruptured asperity. GPS observations also show uplift, as well as southward movement in the epicentral
area, qualitatively similar to the coseismic deformation pattern. Kinematic inversions of GPS and InSAR
data and forward models of stress-driven creep suggest that the observed postseismic transient is
dominated by afterslip on a downdip extension of the seismic rupture. A poroelastic rebound may have
contributed to the observed uplift and southward motion, but the predicted surface displacements are
small. We also tested a wide range of viscoelastic relaxation models, including 1-D and 3-D variations in
the viscosity structure. Models of a low-viscosity channel previously invoked to explain the long-term
uplift and variations in topography at the plateau margins predict opposite signs of horizontal and vertical
displacements compared to those observed. Our results do not preclude a possibility of deep-seated
viscoelastic response beneath southern Tibet with a characteristic relaxation time greater than the
observation period (2 years).

1. Introduction

The 2015 M,, 7.8 Gorkha (Nepal) earthquake occurred along the central Himalayan arc, a convergent boundary
between Indo-Australian and Eurasian plates. It was the largest seismic event along the Himalayan arc in the
past 80 years, resulting in considerable human and economic losses. At present, the most active structure
along the Himalayan range is the Main Frontal Thrust (MFT), the southernmost branch of the Main Himalaya
Thrust (MHT) system, which absorbs about half of the total convergence rate of ~40 mm/yr between India
and Eurasia (Lavé & Avouac, 2000). GPS measurements made before the 2015 Gorkha earthquake suggest that
the thrust is locked from its surface trace to ~100 km to the north (Ader et al., 2012). Inversions of seismic and
geodetic data showed that the 2015 Gorkha rupture did not reach the surface and that most of the moment
release was concentrated in the deeper part of the seismogenic zone (between ~50 and 100 km north of the
MFT trace) (e.g., Fan & Shearer, 2015; Lindsey et al., 2015; Wang & Fialko, 2015). How the shallow portion of
the MFT responds to stress changes induced by the 2015 Gorkha earthquake is important for assessing the
future seismic hazard along the central Himalayan arc (Mencin et al., 2016; Wang & Fialko, 2015).

Previous models of the Gorkha event are mostly based on analytic or semianalytic solutions for dislocations
in a homogeneous or layered elastic half-space (e.g., Elliott et al., 2016; Lindsey et al., 2015; Wang & Fialko,
2015; Whipple et al.,, 2016). The epicentral area of the 2015 Gorkha earthquake is characterized by strong
variations in surface relief and material properties. The elevation above the sea level increases from a few
hundred meters in the India plain to over ~5 km in southern Tibet. Seismic topography studies reveal large
changes in the crustal thickness and seismic velocities across the Himalayan range (e.g., Monsalve et al., 2008;
Schulte-Pelkum et al., 2005). These lateral variations may introduce a bias in slip models based on assumptions
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of a homogeneous or layered elastic half-space. More sophisticated models are also warranted by detailed
high-quality space geodetic observations of coseismic deformation due to the 2015 M,, 7.8 earthquake,
including data from the ALOS-2 and Sentinel-1 Interferometric Synthetic Aperture Radar (InSAR) missions, as
well as the continuous Global Positioning System (GPS) network in Nepal (Ader et al.,, 2012; Elliott et al., 2016;
Lindsey et al., 2015; Wang & Fialko, 2015).

Large earthquakes generate sudden stress changes in the ambient rocks that may activate a variety of
time-dependent relaxation processes. Commonly considered models for postseismic deformation include
viscoelastic relaxation in the lower crust and upper mantle, aseismic slip updip and/or downdip of the coseis-
mic rupture, and poroelastic rebound in the fluid-saturated upper crust. If contributions of various relaxation
mechanisms to the observed postseismic deformation can be identified and evaluated, they may provide
valuable constraints on in situ mechanical properties of the host rocks. In particular, measurements of post-
seismic deformation following the 2015 Gorkha earthquake may provide insights into frictional properties of
the MHT, effective viscosities of the lower crust and upper mantle beneath southern Tibet, and mechanisms
of convergence and uplift in an active collision zone.

In this paper, we first refine the coseismic slip model of the 2015 Gorkha using finite element models (FEM) that
explicitly account for lateral variations in material properties and surface topography across the Himalayan
range. We then present the GPS and InSAR observations of postseismic deformation over ~2 years after the
Gorkha earthquake. We compare the observed postseismic deformation to models assuming various relax-
ation mechanisms (i.e., afterslip, viscoelastic relaxation, and poroelastic rebound) to explore what mechanism
(or a combination of mechanisms) may have contributed to the early-stage postseismic deformation due to
the 2015 Gorkha earthquake.

2. Coseismic Slip Models

2.1. Refinement of the Coseismic Slip Model With FEM

To account for lateral variations in surface topography and material properties, we use finite element mod-
els (FEM) to calculate surface displacements due to fault slip (Figure 1). FEM simulations are performed using
Abaqus (Abaqus/Simulia, 2017). Slip on a fault is implemented using the split-node approach (e.g., Masterlark,
2003; Melosh & Raefsky, 1981) as follows: (1) The entire model domain is meshed in a way such that the two
sides of the earthquake rupture have the same node distributions. (2) An extra (“dummy”) node is assigned
to each node pair on a fault which shares the same coordinates. This dummy node does not belong to any
finite element. (3) A linear constraint is defined for each node pair and the corresponding dummy node
(see Figure S1in the supporting information). (4) The nodes on both sides of the fault are then split by applying
a displacement boundary condition along the direction of slip on a fault.

The fault geometry we adopted in our FEM simulations is based on one of the best fitting solutions of Wang
and Fialko (2015). The strike and dip angles of the fault are 285.4° and 7°, respectively. The depth of the fault
plane at the surface trace of the MFT is 4 km. Similar fault geometries were suggested by a number of studies
of the 2015 Gorkha earthquake (e.g., Elliott et al., 2016; Grandin et al., 2015; Lindsey et al., 2015; Whipple et al.,
2016). The dimension of our finite element model is 1,200 km x 1,200 km x 400 km along strike, dip, and ver-
tical directions, respectively. To better resolve the displacement and stress fields close to the fault rupture, the
element size gradually decreases toward the fault (Figure 1). The fault plane was discretized into ~3,000 trian-
gular elements the sizes of which gradually increase along the dip direction, with the smallest size of ~3 km
at the top edge of the fault plane. The model contains ~1.1 million tetrahedron elements, with elements in
the epicentral area as small as ~1 km. We used the Shuttle Radar Topography Mission (SRTM) Digital Elevation
Model (Farr & Kobrick, 2000) to incorporate topography into our finite element mesh. Vertical coordinates are
referenced to the mean elevation south of the earthquake rupture (1.2 km above sea level). Unfortunately, no
high-resolution seismic tomography model is available for the study area. As the most significant variations
in geophysical (e.g., crustal thickness and seismic velocities) and geomorphologic (e.g., surface elevation) fea-
tures in the study region occur in the longtitudal direction, we adopted a 2-D velocity structure derived from
the regional seismic topography (Monsalve et al., 2008). Elastic moduli were calculated from P and S veloci-
ties assuming empirical relations between density and seismic velocities (Brocher, 2005). Below the depth of
70 km, material parameters are taken from the Preliminary Reference Earth Model (PREM). Figure 1b shows the
assumed distribution of the Young's modulus along the profile perpendicular to the MFT from the Indian plain
to southern Tibet. Note that our FEM accounts not only for variations in elastic moduli with depth but also
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Figure 1. FEM mesh and elastic structure used in numerical simulations. (a) Map view of the model mesh. The mesh size gradually decreases toward the
earthquake rupture. Colors denote surface topography, in kilometers. The red curve denotes the MFT trace. The magenta star denotes the epicenter of the 2015
M,, 7.8 Gorkha earthquake. (b) The Young’s modulus variations along a profile normal to the MFT. The black crosses denote centers of resolution cells in the
seismic tomography model of Monsalve et al. (2008). (c) Zoom-in of the FEM mesh in an area near the 2015 rupture (green box in Figure 1a).

for lateral variations in crustal thickness and material properties across the Himalayan range. We evaluated
the effects of lateral variations in the elastic properties and topography on surface deformation by comparing
surface displacements predicted by FEM simulations with homogeneous elastic half-space models (Wang &
Fialko, 2015). Results of this comparison are shown in Figure 2. Differences between the analytic solutions and
numerical (FEM) solutions assuming no topography and spatially uniform elastic moduli are within 20 mm or
~1% for all three components of surface displacements (Figure 2, second row). These differences characterize
the accuracy of numerical models. The effect of surface topography on the calculated surface displacements
is up to ~50 mm, in case of a homogeneous medium (Figure 2, third row). When both the surface topography
and variations in material properties are included, the difference between the FEM and Okada’s solutions is
up to 0.2 m (>10%) for the vertical component of surface displacements (Figure 2, fourth row).

The Green functions calculated with FEM accounting for topography and spatial variations in material proper-
ties were used to invert for the coseismic slip distribution due to the 2015 Gorkha earthquake. We calculated
the three components of surface displacements due to a unit slip along strike and dip directions on each node
onafault. Linear interpolation was used to calculate displacements at observation points that did not coincide
with the mesh nodes at the surface. Surface displacement data and inversion parameters (relative weighting
of different data sets, model smoothing, etc.) are the same as in Wand and Fialko (2015). Figure 3 shows a
comparison of coseismic slip models based on FEM solutions assuming (a) homogeneous elastic properties
and flat surface and (b) spatially variable elastic properties and surface topography (Figure 1). The two slip
models are similar to each other, as well as to the dislocation model of Wang and Fialko (2015). The main dif-
ference is a somewhat larger slip amplitude in a model that accounts for topography and heterogeneity. The
slip amplitude depends on the degree of smoothing applied in the inversions (a weaker smoothing yields a
larger difference in slip amplitude). The two models shown in Figure 3 have similar posterior data fits, with the
optimal value of smoothing determined by a trade-off between model roughness and data fit in each case.
We find that for a wide range of smoothing parameters that yield reasonably good data fits, the model that
takes into account material heterogeneity and surface topography always has a moderately larger (~10%) slip
amplitude compared to the reference (homogeneous flat) model.
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Figure 2. Forward calculations of coseismic surface displacements due to the 2015 M,, 7.8 Gorkha earthquake. The
coseismic slip model is from Wang and Fialko (2015). The elastic structure is from the seismic tomography model
(Monsalve et al., 2008). (second to fourth rows) Differences in surface displacements between homogeneous half-space
and FEM models. Surface displacements along a profile denoted by a red line are shown in supporting information
Figure S2.

2.2. Coseismic Slip Model of the M, 7.3 Aftershock

The M,,7.8 Gorkha earthquake was followed by a sequence of large (M,, > 5) aftershocks. Most of these after-
shocks occurred at the eastern end of the main shock rupture, including the largest (M,,7.3) aftershock of
12 May 2015. The source parameters of the M,,7.3 aftershock, including the hypocentral depth and fault atti-
tude, are not well constrained. The estimated hypocentral depth of the M,,7.3 aftershock is 15 km, almost
twice as large as that of the main shock (8.3 km), although the main shock epicenter is farther away from
the MFT trace (Figure 4). Some studies suggested that the main shock and the M,,7.3 aftershock may have
ruptured different faults (e.g., Feng et al.,, 2016). Because the M,,7.3 aftershock likely plays a role in driving
postseismic relaxation, and might help constrain the subsurface geometry of the MHT fault system, we per-
formed inversions of surface deformation data for the coseismic slip model of the M,, 7.3 event. The data used
in the inversions include line-of-sight (LOS) displacements derived from ALOS-2 InSAR data from the ascend-
ing track A156 (strip-mode) and the descending track D048 (ScanSAR mode). We did not use the C band data
because of a poor phase correlation. The inversion procedure (data downsampling, calculation of Green func-
tions, regularization, relative weighting between data sets, etc.) is the same as that used for the main shock
(Wang & Fialko, 2015). We performed two sets of inversions to explore the fault geometries admissible by the
data. In the first test (hereafter referred to as “test A”), we required the fault plane to go through the seismi-
cally determined hypocenter, while the dip angle of the fault was allowed to vary. In the second test (“test B”),
we allowed both the hypocenter depth and fault dip to vary. The fault strike was fixed at 285.4° in all tests.
Figure 4a shows the spatial relationship of the M,, 7.3 aftershock with the main shock. The aftershock occurred
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Figure 3. Comparison of coseismic slip models from inversions using FEM Green functions assuming (a) homogeneous elastic medium with no surface
topography; (b) heterogeneous elastic structure from seismic tomography, with surface topography; and (c) the difference between Figures 3a and 3b. Slip is in
the unit of meter.

at the periphery of coseismic rupture, effectively extending the latter farther to the east. Similar to the main
shock, the M,,7.3 aftershock was dominated by thrust motion with a small amount of dextral slip. The max-
imum slip close to the epicenter is ~4 m, smaller than the value of ~6 m estimated by Feng et al. (2016),
although the inferred maximum slip depends on the degree of smoothing. The total moment release from
the aftershock is 8.1 x 10'® N m, assuming the shear modulus of 33 GPa. The corresponding moment mag-
nitude is M,, = 7.2, in reasonable agreement with the seismically determined value. Tests A and B revealed a
trade-off between the rupture depth and dip: a deeper rupture would imply a steeper dip. Figure S3 quanti-
fies this trade-off, and Figure S4 shows the model fit to the data. Given that the seismologic estimate of the
hypocenter depth is subject to significant uncertainties, geodetic constraints on the geometry of the after-
shock rupture unfortunately do not allow one to distinguish between a planar fault (Wang & Fialko, 2015;
Whipple et al., 2016) and a ramp-and-flat structure (e.g., Avouac, 2007; Elliott et al., 2016). In any case, our
results indicate that the M,, 7.3 aftershock likely occurred on the same fault as the main shock. Because a shal-
lowly dipping planar fault results in a slightly better fit to the data for both the M, 7.8 main shock and the
M, 7.3 aftershock, we use the respective geometry in all calculations below.
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Figure 4. Coseismic slip model of the M,, 7.3 aftershock of 12 May 2015. (a) Map view illustrating spatial relationships between the main shock and the M, 7.3
aftershock. Blue contours represent coseismic slip due to the main shock (1 m increments, starting from 1 m). Red and green stars denote the epicenters of the
main shock and the M,, 7.3 aftershock, respectively. Black line represents the surface trace of the MFT. (b) Moment release of the main shock (red) and aftershock
(blue), and surface topography (shaded gray) in the direction normal to the mean strike of the MFT (N285.4°) in the study area. (c) Cross-section view showing
geometries of the best fitting fault models. Red line denotes the preferred main shock solution of Wang and Fialko (2015). Gray and blue lines denote admissible
solutions for the aftershock (tests A and B, see the main text). Red and blue circles with error bars denote the USGS-determined hypocenters of the main shock
and the M,, 7.3 aftershock, respectively. The dashed magenta and black lines denote the geometries of the MHT inferred by Avouac (2003) and Nébelek et al.
(2009), respectively.
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Figure 5. Cumulative postseismic GPS displacements due to the 2015 Gorkha earthquake ~2 years after the main shock:
(a) horizontal component; (b) vertical component. The error ellipses represent the standard deviation of the difference
between the observed time series and the logarithmic function (equation (2) after correcting for the secular and
seasonal variations. The black contours represent the coseismic slip at T m increments starting from 1 m. Lines with
triangles represent the Main Frontal Thrust (MFT) in the study area. The section that was possibly ruptured during the

1933 Nepal-Bihar earthquake is marked in red. Only sites with postearthquake recordings spanning more than 300 days
are shown.

3. Postseismic Deformation

3.1. GPS Data

We used data from 32 continuous GPS (cGPS) sites within an area between 82-86°E and 26-30°N (Figure 5).
The GPS network was deployed and operated under a collaboration between the California Institute of Tech-
nology (led by Jean-Philippe Avouac) and the Department of Mines and Geology of Nepal. Some sites were
deployed by Roger Bilham, Rebecca Bendick, and David Mencin after the 2015 Gorkha earthquake. All the
raw RINEX files are openly available at UNAVCO. We initially processed the raw GPS data using GAMIT/GLOBK
(Herring et al., 2015). We compared the position time series with solutions from the Nevada Geodetic Labora-
tory (NGL) and found the two solutions to be in good agreement. As the NGL solutions are routinely updated,
we decided to use them in this study.

The NGL data products include time series of station coordinates in the reference frame 1GS08, as well as
estimates of position changes due to the reference frame, interseismic deformation, seasonal variations

WANG AND FIALKO

766



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014620

(e.g., due to hydrological loading), and the postseismic deformation following the 2015 Gorkha earthquake. In
the Himalayan range, surface displacements caused by the annual hydrological loading are up to ~30-50 mm
(Fu & Freymueller, 2012). The resulting deformation is found to be correlated with seasonal variations of seis-
micity (Bettinelli et al., 2008). Gravity Recovery and Climate Experiment (GRACE) mission provides monthly
estimates of the regional mass change, which can be used to compute the surface deformation due to the
terrestrial water storage change (e.g., Fu & Freymueller, 2012). While the surface deformation estimated using
the GRACE data well matches the phase of seasonal variations in the GPS time series, the predicted ampli-
tudes often differ from the observed ones by 30-50%, so the corrected GPS time series still exhibit a strong
periodic component (Figure S4). We attempted to scale the predicted surface displacements to render the
best fit with the raw GPS time series. We found, however, that this approach performs no better than simply
fitting seasonal variations in the GPS time series with a sine/cosine function. Therefore, to isolate the contri-
bution due to the postseismic deformation from other terms, we modeled the GPS position time series x(t)
before the 2015 Gorkha earthquake as follows:

L

. t
T/i+p2,»+2 S|n27r—,>, (1)

2
x(t) = p; + pot + Z <p2,~Jr1 cos 2w T

i=1

where p, denotes the initial position at a certain reference time, p, the secular velocity; T = 1yearandi = 1,2
corresponds to annual and semiannual cycles (seasonal components), respectively. Some of the sites were
deployed days to months after the 2015 Gorkha main shock. For those sites, we used parameters p, to pg
estimated from the nearest cGPS sites which have sufficiently long (>500 days) pre-earthquake recordings.
We then subtracted the estimated secular and seasonal components (1) from the original time series to obtain
time series y(t) that mainly reflect postseismic deformation due to the 2015 Gorkha earthquake. Here we
assumed that the amplitude of seasonal signals does not change from year to year. Such an assumption was
insufficient for some sites, as manifested by periodic variations in the residuals. We therefore visually checked
time series y(t) after correcting for secular and seasonal contributions. If any periodic variations were still
apparent in the time series y(t), we approximated the residuals as follows:

L

. t
7_/i+q2i+25|n27r7_—/i>, (2)

2
y(t) =g, + g, log,,(1 +t/7) + 2 (qu+1 cos 2z
i=1
where 7 is a constant characterizing how fast the postseismic transients decay with time. Estimation of 7 is
strongly affected by the early-epoch data. Depending on the dominant mechanism(s) involved in postseismic
relaxation, = could vary spatially (e.g., Hetland & Hager, 2006; Rousset et al., 2012). Unfortunately, most of the
GPS sites with high signal-to-noise ratio (SNR) used in this study do not have recordings immediately after
the earthquake. We therefore assumed that the decay rate 7 is uniform throughout the GPS network and
estimated it using the north component of the displacement time series at site CHLM, which has the largest
SNR and almost continuous recordings during the entire observation period following the main shock. The
estimated time constant ¢ = 27 + 5 days was used to refine secular and seasonal components at other sites,
assuming that the postseismic deformation signal decays logarithmically (equation (2)). To avoid spurious
fitting, we only used sites with postearthquake data spanning at least 300 days. We also corrected for offsets
in the time series that might be due to equipment changes or local aftershocks. The resulting time series of
the postseismic displacements at several GPS sites are shown in Figure S6.

Figure 5 shows the cumulative GPS displacements ~700 days (from 26 April 2015 to 17 March 2017) after
the 2015 Gorkha earthquake. Similar to the pattern of coseismic (Wang & Fialko, 2015) and early postseismic
(Gualandi et al., 2016; Mencin et al., 2016) motion, most of the sites continued to move southward ~2 years
after the earthquake (Figure 5a). Displacements north of the rupture area are much larger compared to dis-
placements south of the rupture. For instance, the north component of displacement at CHLM, a site just north
of the main shock rupture, reaches up to ~90 mm during the observation period, whereas displacements at
sites located updip of the coseismic rupture (e.g., NAST, DAMA, HETA, and BTNI) are an order of magnitude
smaller (<10 mm). Most of the sites experienced a relative uplift after the Gorkha earthquake, with the excep-
tion of site KKN4 that subsided at a rate greater than the estimated uncertainties (Figure 5b). Some sites within
the Kathmandu basin, e.g., NAST, show rapid (>100 mm/yr) pre-earthquake subsidence, most likely due to
water extraction. Because data shown in Figure 5b represent changes with respect to the preseismic rates
(where available), a relative uplift at NAST is a result of slowing down of subsidence after the earthquake.
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3.2. InSAR Data

The epicentral area of the 2015 Gorkha earthquake is well imaged by several SAR missions, in particular,
Sentinel-1A/B and ALOS-2. The L band ALOS-2 data were instrumental for studies of coseismic deformation
due to the Gorkha earthquake (e.g., Lindsey et al., 2015; Wang & Fialko, 2015). The use of ALOS-2 data for
measurements of postseismic deformation is somewhat limited because of large revisit times, changes of
acquisition modes, and strong ionospheric artifacts. We therefore primarily relied on the Sentinel-1A/B data
in this study and used the ALOS-2 data to independently verify the results.

Because of the rugged topography, thick vegetation, and snow cover along the Himalayan front, the C
band Sentinel-1 data suffer from phase decorrelation. To mitigate the correlation problem, we analyzed the
Sentinel-1 data using the persistent scatter (PS) approach (Ferretti et al., 2001; Hooper et al., 2004). We first
geometrically aligned the images to a single master and generated the corresponding master-to-slave inter-
ferograms with GMT5SAR (Sandwell et al., 2011; Xu et al., 2017). No filtering was applied at the stage of making
the interferograms. The selection of persistent scatterers was performed with StaMPS version 3.3 (Hooper
et al., 2007). Once the persistent scatters are identified, the interferometric phase at the respective pixels can
be computed between any given acquisition dates by combining the original master-to-slave pairs. We ver-
ified this procedure by checking the phase residuals in closed circuits of interferograms. We found that the
phase residuals in any closed circuit are generally on the order of 1076 radians or less (Figure S7). This indicates
good clock and orbital controls of the Sentinel-1 satellites. In total, we generated more than 200 interfero-
grams for each of the three tracks covering the earthquake area (A085, D019, and D121). Interferograms were
unwrapped individually to avoid a potential propagation of errors in the default “3-D unwrapping” procedure
in StaMPS.

One of the most significant limitations to INSAR measurements of a low-amplitude deformation is the vari-
ability of water vapor in the atmosphere. The resulting atmospheric phase delays may consist of a stratified
and a turbulent component (e.g., Ding et al., 2008; Parker et al., 2015; 2015). The stratified component is
expected to spatially correlate with topography and exhibit systematic temporal (e.g., seasonal) variations.
The turbulent component, on the other hand, is expected to be essentially random both spatially and tem-
porally. In our study area, the topography varies from a few hundred meters in northern India to >5 km in
southern Tibet (Figure 1). Such significant variations in surface elevation are expected to produce significant
atmospheric phase delays across the Himalayan range. Indeed, many interferograms show a strong correla-
tion between the radar phase and topography. We applied a correction for the elevation-dependent humidity
by performing a linear regression between the unwrapped radar phase and the digital elevation model. Data
from the earthquake rupture area were excluded to prevent a possible contribution from surface deformation.
We removed the best fitting linear dependence of the radar phase on topography from each interferogram.
Interferograms were also “flattened” by subtracting the best fitting plane to account for possible orbital errors.

We next applied a correction for the turbulent part of atmospheric delays using CANDIS (Code for Atmospheric
Noise Depression through lIterative Stacking) (Tymofyeyeva & Fialko, 2015). The CANDIS algorithm exploits
the fact that the radar phase of interferograms sharing a common acquisition contains the same contributions
from atmospheric delays. The method applies if the deformation signal is linear or quasi-linear on a time scale
that corresponds to a time span of an averaging stencil. An iterative procedure is used to improve estimates
of atmospheric delays and deformation signals (Tymofyeyeva & Fialko, 2015).

Theresidual radar phase corrected for the atmospheric delays is used to obtain the line-of-sight (LOS) displace-
ment histories using the Small Baseline Subset (SBAS) method (e.g., Berardino et al., 2002; Tong & Schmidt,
2016). The initial rough estimate of the LOS displacement time series was obtained using a relatively strong
smoothing in time. The estimated (quasi-linear) deformation signal was subtracted from the interferograms
to update the atmospheric phase screens (APS). The updated APS were subtracted from the original inter-
ferograms, and the LOS displacement time series were recomputed with reduced temporal smoothing. The
amount of smoothing was gradually reduced in each subsequent iteration to allow recovery of nonlinear
signals. The iterations continued until convergence criteria were met. Figure 6 shows the postseismic LOS dis-
placements for ~1.7 years after the earthquake from three Sentinel-1 tracks covering the earthquake area.
The LOS displacements from all three tracks show a region of decreases in radar range (an uplift, if the hor-
izontal motion is ignored) at the downdip edge of the coseismic rupture. The maximum LOS displacements
are up to ~70 mm for both the ascending track A085 and the descending track D019 during the observa-
tion period. The LOS displacements from the descending track D121 are somewhat smaller, in part because of
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Figure 6. Postseismic LOS displacements from Sentinel-1 (a) ascending track A085, (b) descending track D019, and (c) descending track D121. Positive LOS
displacements correspond to surface motion toward the satellite. Observation periods for each track are indicated in the top left corner of each panel. The time
series of the LOS displacements at locations A and B indicated by white circles are shown in Figure 7.

differences in the radar incidence angle: the deformation anomaly is in the far range of track D121 but in the
near range of tracks A085 and D019. A shallower incidence angle for track D121 reduces sensitivity to vertical
motion. The positive LOS displacement anomaly seen in Figure 6 is indeed indicative of uplift, as (i) the same
pattern is observed in data from the ascending and descending tracks, and (ii) the GPS data show that hori-
zontal displacements are mainly in the north-south direction (Figure 5a), which has only a small component
in the satellite line of sight. The LOS displacements also reveal subsidence in the Kathmandu basin, likely due
to water pumping in the city of Kathmandu. We used ALOS-2 data to independently verify results of our anal-
ysis of Sentinel-1 data. We computed average LOS velocities from several ALOS-2 interferograms from track
D048 (Figure S8a). While the velocities are noisier because of a relatively small number of radar acquisitions,
the main features seen in Sentinel-1 data (Figure 6) are also present in the average LOS velocities derived from
ALOS-2 data (Figure S8b). Figure 7 shows the time series of LOS displacements derived from Sentinel-1 data in
the regions of anomalous deformation: site A is in the area of positive LOS displacements, and site B is in the
area of negative LOS displacements, close to the cGPS site NAST. Although a relatively strong smoothing was
applied in the SBAS time series analysis, the LOS displacements at site A clearly show a decaying signal, con-
sistent with what one would expect from a postseismic transient. Given that data from the three Sentinel-1
tracks used in this study were acquired on different dates, similarities in both spatial (Figure 6) and temporal
(Figure 7) patterns of surface deformation suggest that the results are robust. We also performed a number of
sensitivity tests in which only a subset of interferograms was used to compute the displacement time series.
Results were similar to those shown in Figures 6 and 7. Finally, a comparison of InSAR time series with cGPS
data from site NAST shows a reasonable agreement (Figure 7b). The LOS velocities derived from the InSAR
time series analysis are somewhat smaller than the GPS velocity; this may be due to averaging of the InSAR
data over a finite area around the cGPS site.

4. Modeling of Postseismic Deformation

In this section we evaluate predictions of models of postseismic deformation due to various relaxation mech-
anisms and compare them to InSAR and GPS data to investigate which mechanism (or a combination of
mechanisms) may have contributed to the observed postseismic deformation over a period of ~2 years
following the 2015 Gorkha earthquake. We focus on end-member models that consider contributions of
each mechanism (afterslip, viscoelastic relaxation, and poroelastic rebound) to the observed surface motion.
Implications for concurrent relaxation processes are considered in section 5.

4.1. Viscoelastic Relaxation

We compute surface displacements due to viscoelastic relaxation using the same finite element model that
was used in the inversions for coseismic fault slip (section 2.1). To validate the FEM results, we compared
surface displacements predicted by the finite element model to semianalytic solutions (Wang et al., 2006),
using the same coseismic slip model and rheologic structure. In particular, we assumed a 1-D layered structure
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Figure 7. LOS displacement time series at (a) site A in the area of positive LOS displacements at the downdip end of the
coseismic rupture; (b) site B in the area of negative LOS displacements near the cGPS site NAST (Kathmandu basin). The
error bars represent the standard deviation of the LOS displacements for persistent scatters (PS) within a circle of 500 m
radius. The GPS displacements are projected on the LOS of the ascending track A085.

with a 20 km thick elastic layer underlain by a viscoelastic half-space with the dynamic viscosity of 10'® Pa's.
Figures 8a and 8b show the surface displacements due to viscoelastic relaxation 500 days after the earthquake
calculated using the two methods. The model predictions are in excellent agreement, indicating that our
numerical model is sufficiently accurate. Both models show pronounced subsidence and northward motion
(up to ~0.4 m) in the epicentral area, opposite to the sense of the observed displacements (Figures 5 and 6).

To account for possible lateral variations in rheologic properties across the Himalayan front (e.g., Clark &
Royden, 2000; Huang et al., 2014; Royden et al., 1997), we considered a suite of models in which the lower crust
beneath the Tibetan Plateau includes a layer with reduced viscosity (Figure 9). In these models, we assumed
that the entire 50 km thick crust of the Indian plate is elastic and that the upper mantle below both India and
southern Tibet is viscoelastic with the dynamic viscosity of 10%° Pa s. We considered a range of viscosities of
the lower crust of southern Tibet #;, as well as distances from the MFT trace, L, at which the transition to
viscosity 5y occurs.

Figure 10 shows the predicted surface displacements due to viscoelastic relaxation for a laterally heteroge-
neous rheologic structure with L; = 120 km and #; = 108 Pa s. Similar to a model that assumes a 1-D layered
rheologic structure (Figure 8), the heterogeneous model also predicts northward motion and subsidence in
the epicentral area, opposite to the observed pattern. The predicted INSAR range changes (Figure 11) are also

Figure 8. Predicted surface displacements due to viscoelastic relaxation 500 days after the 2015 Gorkha earthquake, assuming a 20 km thick elastic upper crust,
and viscoelastic lower crust and upper mantle with the dynamic viscosity of 10'8 Pa s. Results obtained using (a) PSGRN/PSCMP (Wang et al., 2006), and (b) FEM
simulations. Color represents the vertical motion. Green triangles denote the GPS stations used in this study.
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Figure 9. Model setup for the heterogeneous rheologic structure of the
lithosphere across Himalaya. Red solid line denotes the 2015 Gorkha
earthquake rupture. A lateral transition in rheology of the lower crust occurs
at a distance Ly from the MFT surface trace. The entire 50 km thick Indian
crust and the top 30 km of the Tibetan crust are assumed to be elastic. The
upper mantle beneath both the Indian plate southern Tibet is assumed to
be viscoelastic with an effective viscosity of 1020 Pa's.

opposite to the observed range changes (Figure 6). The modeled north-
ward displacements at some of the GPS sites are up to ~50 mm 2 years
after the event. The surface displacements in case of the laterally het-
erogeneous model are generally smaller than those predicted by the 1-D
layered model. This is because in the heterogeneous model, the region
that undergoes relaxation is farther away from the earthquake rupture.
The amplitude of surface displacements decreases fora larger L;. All results
below correspondtoL; = 120 km (the distance from the MFT trace beyond
which the Tibetan Plateau reaches its average elevation of more than 4 km
above the sea level, Figure 9).

Other variables explored in our forward models include different thick-
nesses and depths of the low-viscosity layer beneath southern Tibet
and different viscosity contrasts across the Himalayan range. None of
the tested models produced a sense of motion consistent with the GPS
and InSAR observations. We therefore conclude that viscoelastic relax-
ation was not the dominant mechanism of postseismic deformation
in the first ~2 years following the Gorkha earthquake, at least in the

near-to-intermediate field (within ~150 km from the earthquake rupture). Models including a low-viscosity
layer in the lower crust beneath Tibet do predict southward motion in the far field, in particular north of the
29°N latitude (Figure 10). Measurements of the surface deformation over a broader area may provide further
constraints on the effective rheology of the lower crust and upper mantle beneath southern Tibet.

4.2, Poroelastic Rebound

We evaluated potential contributions due to poroelastic rebound by differencing models of coseismic dis-
placements under drained and undrained conditions. We assumed that the poroelastic rebound is confined to
the top 20 km of the crust and the drained and undrained values of the Poisson’s ratio of 0.25 and 0.28, respec-
tively. The coseismic slip model of Wang and Fialko (2015) was used in this calculation. Figure 12 shows the
predicted surface displacements due to the poroelastic rebound. Overall, the poroelastic rebound model does
predict the southward motion and uplift south of the downdip edge of the coseismic rupture, qualitatively
consistent with the GPS and InSAR measurements. However, the displacements predicted by the poroelastic
rebound are much smaller (<10 mm) than the observed displacements. Increasing the difference between
the drained and undrained values of the Poisson’s ratio can amplify the displacement magnitude but less
than by a factor of 2 for reasonable values of poroelastic material parameters. Smaller assumed values of the
thickness of the fluid-saturated layer would decrease the magnitude of predicted surface displacements. We
conclude that while the poroelastic rebound may have contributed to the observed deformation transient, its
contribution is relatively small. Similar conclusions were reached in several previous studies of large shallow
earthquakes (e.g., Barbot et al., 2008; Gonzalez-Ortega et al., 2014).
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Figure 10. Predicted surface displacements due to viscoelastic relaxation for
a heterogeneous rheologic structure with L;=120 km and #; = 10'8 Pa s
(see Figure 9). Color represents vertical displacements.

4.3. Afterslip

4.3.1. Kinematic Inversions

An overall similarity between patterns of coseismic and postseismic dis-
placements (southward motion and uplift) documented by space geodetic
observations is suggestive of a continued slip on a fault that produced the
earthquake. To get an insight into the spatial distribution of afterslip, we
performed kinematic inversions of the observed surface displacements.
We assumed that afterslip occurred on the same fault plane as the coseis-
mic rupture. We used the fault geometry based on the coseismic slip
model of Wang and Fialko (2015), extended both in strike and dip direc-
tions. We assumed that the fault has a dip angle of 7° and the depth of the
fault plane at the surface trace of the MFT is 4 km. We calculated the Green
functions using analytic solutions for a dislocation in a homogeneous
elastic half-space (Okada, 1985).

Both the GPS and InSAR data were used in the inversions. For the GPS data,
we used the horizontal components of the cumulative displacements as
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Figure 11. Predicted InSAR LOS displacements due to viscoelastic relaxation for a heterogeneous rheologic structure with L;=120 km and #; = 10'8 Pa s

(see Figure 9).
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Figure 12. A comparison between GPS observations and predicted surface
displacements due to poroelastic rebound.

shown in Figure 5a. InSAR observations were made over somewhat different time periods. To ensure con-
sistency between the two data sets, we scaled the LOS displacements shown in Figure 6 by a factor F that
accounts for the InSAR time span for each track, assuming that the LOS displacement histories follow the same
logarithmic function (time constant = of 27 days) that best fits the GPS time series,

log(1 + t4,s/7)
F= ,
log(1 +t,/7) —log(1 +t, /7)

where tgps IS the duration of the GPS time series (starting immediately after the earthquake), and t; and t, are

the start and the end times of the respective INSAR time series.

3)

The InSAR data were downsampled iteratively during the inversion using the current best fitting model to
avoid oversampling in areas with large phase gradients due to noise (atmospheric perturbations, unwrap-
ping errors, etc.) (Wang & Fialko, 2015). To investigate the model sensitivity to different data sets, we inverted
the GPS and InSAR data separately, as well as jointly. Figure 13 shows the best fitting afterslip models
derived from the GPS data only, as well as from the joint inversion. In both cases afterslip is found to occur
downdip of (and next to) the coseismic rupture. The cumulative afterslip ~700 days after the main shock is
in excess of ~0.3 m. Compared to the afterslip model derived using the GPS data alone, the joint GPS/INSAR
inversion suggest a more compact slip distribution. Also, the maximum slip in the joint inverse model is
closer to the downdip edge of the coseismic rupture, suggesting that addition of InSAR data does improve

the model resolution. The preferred model fits the data reasonably well

(Figure S9).

4.3.2. Stress-Driven Afterslip

—>¢) 30 mm Data
—> 15 mm Model )

29" Kinematic inversions indicate that the observed postseismic deformation
~2 years following the 2015 Gorkha earthquake can be well explained by
an afterslip model with most of the slip occurring at the downdip end of
the coseismic rupture. To verify whether the slip amplitude and distribu-
tion are consistent with relaxation of coseismic stress changes on a fault
plane, we performed a suite of numerical simulations assuming that the
evolution of afterslip is governed by the rate and state friction. Simulations
were performed using the Fourier domain fictitious body force code RELAX
(Barbot & Fialko, 2010). Afterslip was only allowed in areas on a fault that
experienced a coseismic increase in the Coulomb stress. The geometry of
*3 the fault was the same as the one used in kinematic inversions. Assuming
quasi-steady creep, the slip rate on the velocity-strengthening part of the
fault can be expressed as (e.g., Barbot et al.,, 2009; Lapusta et al., 2000; Rice

27

84’

86" 87" & Ben-Zion, 1996)

v = 2v, sinh E (4)
dac
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Figure 13. Kinematic inversions for afterslip following the 2015 Gorkha earthquake using (a) the horizontal GPS
displacements only and (b) both GPS and InSAR LOS displacements. Purple circles denote the M4+ aftershocks.

where v, is a reference slip rate, Az is the coseismic shear stress change, a is the rate and state friction
parameter characterizing the direct effect (Dieterich, 1979), and ¢ is the effective normal stress on a fault.
Equation (4) assumes that the evolution effect is negligible, and friction is purely rate dependent.

Stress-driven afterslip models that allowed for creep on a shallow part of the MFT updip of the 2015 rupture
produced large horizontal displacements south of the epicenter, which are not observed by the ¢GPS network
(Figure S10). This indicates that the shallow part of the MFT is locked and will release coseismic stress increases
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Figure 14. A comparison between the GPS observations and stress-driven afterslip models. (a) Cumulative afterslip predicted by the stress-driven afterslip model
during the GPS observation period. Observed (green dots with error bars) and predicted (red curve) time series of the north component of the displacement
time series at the GPS sites (b) CHLM and (c) DNCA4.

due to the Gorkha event in future earthquakes. Thus, we allowed for the velocity-strengthening behavior on
a fault plane only below the 2015 rupture. The transition from velocity-weakening to velocity-strengthening
behavior is parameterized in our model by the distance from the surface trace of the MFT, y,. We performed
forward simulations over a wide range of model parameters, including v,, do (see equation (4), and y,. Optimal
values of these parameters that rendered the best agreement between the model predictions and the GPS
dataarey, = 110 km, v, = 3.2 x 1077 m/s, and do = 6.5 MPa. The respective results are shown in Figure 14.
Assuming an effective normal stress of 6 = 100 MPa, this yields an estimate of a = 6.5 x 1072, which is on
the order of typical values of the rate dependence parameter (a — b) ~ 10~3 — 1072 suggested by laboratory
experiments (Marone, 1998; Mitchell et al., 2016). There is a relatively poor agreement between the data and
the model predictions between the eastern tip of the 2015 rupture and the M,, 7.3 aftershock (e.g., at the cGPS
sites JIR2 and XBAR). While the model shown in Figure 14 is not a result of a formal inversion, a local misfit
may be indicative of the along-strike variations in the fault geometry or frictional properties (in particular, the
depth of transition from velocity-weakening to velocity-strengthening friction) or some combination of both.
Overall, a good qualitative agreement between the model predictions and geodetic observations suggests
that the near-field postseismic deformation during ~2 years after the main shock was dominated by afterslip
on the downdip extension of the coseismic rupture, in response to the stress changes imparted by the 2015
earthquake and its large aftershocks.

5. Discussion

Rheologic properties of the lower crust and upper mantle in an active collision zone such as Tibet are of con-
siderable interest as they bear on a number of tectonic and geodynamic problems. There is a long-standing
debate about the mechanisms responsible for uplift and topographic variations in continental orogens. In
particular, a weak lower crust was proposed to explain the uplift of wide plateaus in the absence of significant
internal shortening (Burov & Watts, 2006; Royden et al., 1997; Zhao & Morgan, 1987). Clark & Royden (2000)
suggested that the lateral extrusion of the low-viscosity lower crust is responsible for the outward growth of
the Tibetan Plateau and that topographic variations across the plateau margins can be explained by a viscous
pressure drop within the lower crustal channel of constant thickness. According to this model, gentle topo-
graphic slopes (such as those in the northeast and southeast margins of Tibet) are associated with a relatively
low viscosity of channel material in foreland (10'8 Pa s), while steep slopes (such as those in Nepal) are due
to high viscosity of channel material in foreland (10?' Pa s). The model implicitly assumes very low viscosities
in the lower crust beneath much of the Tibetan Plateau (10'®-10'7 Pa s) to prevent viscous pressure losses
(and the associated elevation changes) in the plateau proper. Results presented in this study indicate that the
lower crustal viscosity cannot be low either in the foreland or in the adjacent plateau. In the context of the
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material in the foreland, given that the time span of observations is short
1 compared to the expected relaxation time. However, our results do rule
out low (<108 Pa s) viscosities beneath the Tibetan Plateau. Specifically,
. InSAR LOS and GPS displacements ~2 years after the main shock show
overall southward and upward motion, while the viscoelastic relaxation
models predict northward and downward motion in the epicentral area,
- regardless of the rheologic structure assumed in the model. For the effec-
- ] tive viscosity of 108 Pa s in the lower crust 120 km north of the MFT, the
northward displacements predicted by the viscoelastic relaxation models
. are up to ~40 mm during the observation period (Figure 10). The discrep-

9
10"

1018

Viscosity Ny (Pas)

19 20 . P
10 10 ancy between the observations and model predictions would be larger
if any viscoelastic relaxation occurred in the foreland (see Figure 8). The

Figure 15. RMS of the difference between viscoelastic models and the amplitude of surface displacements due to viscoelastic relaxation could
residual GPS displacements (after subtracting the displacements due to be reduced by assuming that a transition from strong to weak lower crust
afterslip) as a function of the effective viscosity #7 in the lower crust of occurs farther to the north (larger Ly, Figure 9). However, this would be

southern Tibet.

inconsistent with the assumption that the topographic slopes are con-
trolled by the viscosity of material in the underlying lower crust (Clark &
Royden, 2000; Royden et al., 1997). Our models assume a simple linear Maxwell rheology. However, note that
the predicted spatial patterns of surface displacements would be similar in case of more complex (e.g., the
Burgers or the power law) rheologies (Barbot & Fialko, 2010; Huang et al., 2014; Takeuchi & Fialko, 2012, 2013).

As surface displacements due to viscoelastic relaxation and afterslip have opposite signs in the near field of
the Gorkha earthquake rupture, an important question is whether some viscoelastic relaxation could be over-
printed in the presence of afterslip. To constrain an admissible range of the effective viscosities #; of the lower
crust of southern Tibet, we subtracted the displacements predicted by the preferred stress-driven afterslip
model (section 4.3.2) in the limit of full relaxation from the GPS observations and compared the residual dis-
placements to results of forward models of viscoelastic relaxation. Figure 15 shows the misfit of viscoelastic
models for different values of #;. The difference between the residual displacements and model predictions
is minimized for the effective viscosities of the lower crust beneath southern Tibet of #;>5 X 10'® Pa s.
This estimate is based only on the amplitude of horizontal displacements and does not imply that a non-
negligible contribution of viscoelastic relaxation in the near field of the 2015 Gorkha event is required by
the data. The lower bound on the viscosity might be reduced if one assumes a shallower transition from
the velocity-weakening to velocity-strengthening friction (Figure 14a), which will increase the amplitude of
afterslip (thereby allowing for a larger viscoelastic contribution). However, we note that models assuming a
low-viscosity lower crust beneath high Tibet predict substantial southward movement and uplift on the Tibet
side (e.g., north of 28.5°N latitude; see Figure 10). No evidence for such deformation is apparent in the InSAR
data presented in this study (Figure 6).

It may be instructive to compare observations and models of postseismic deformation due to the Gorkha
earthquake to studies of other large events that occurred in a similar setting. Huang et al. (2014) used InSAR
and GPS observations spanning a comparable period (<2 years) after the 2008 Wenchuan (China) earthquake
that occurred at the eastern margin of the Tibetan Plateau. They concluded that the data are best explained
in terms of viscoelastic relaxation in the lower crust (with the inferred transient viscosity of ~10'8 Pa s) and
upper mantle beneath Tibet; afterslip was argued to be an unlikely mechanism because the best fitting kine-
matic models required slip at an unreasonably large depth. Because of the challenging surface conditions, the
analysis of Huang et al. (2014), however, was based on a rather limited InSAR data set. Wang and Fialko (2014)
considered postseismic deformation that occurred over ~5 years after the 2005 M,,7.6 Kashmir (Pakistan) at
the western end of the Himalayan arc. They found that the near-field deformation was dominated by after-
slip on a downdip extension of the earthquake rupture, possibly with a minor contribution from a poroelastic
rebound, similar to the results of this study. The lower bound on the effective viscosity of the ductile sub-
strate in the northwestern Himalaya estimated by Wang and Fialko (2014) was 10'° Pa s, although their model
did not consider possible lateral variations in the rheological structure (e.g., Bendick et al., 2015). Similar val-
ues of the effective viscosity were also reported in studies of postseismic transients of large events in central
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Tibet (e.g., Ryder et al,, 2011, 2014). The effective viscosities in the interior of the Tibetan Plateau constrained
by geodetic observations of postseismic transients are thus much higher than the values of 10'-10"7 Pa s
implied by 1-D fluid mechanical models relating the topography variations across the plateau margins to vis-
cosity of the channel material (e.g., Clark & Royden, 2000; Royden et al., 1997). Clark et al. (2005) used 2-D
models to relate dynamic pressure due to channel flow around an obstacle to topography variations across
the eastern margin of Tibet and inferred the effective viscosity of ~2 x 10’ Pa s in the lower crust beneath the
plateau. This estimate is closer to (but still below) the lower bounds suggested by postseismic deformation
data. Taken together, results of 1-D and 2-D channel flow models would imply no viscosity contrasts across
the plateau margins in areas of gentle topographic slopes (e.g., across the northeast and southeast margins
of Tibet), leaving open the question of what controls a transition from the relatively flat plateau to the vary-
ing topography in the foreland. It should be noted that the absolute values of viscosity in the context of the
channel flow models strongly depend on the assumed channel thickness: a factor of 2 change in the channel
thickness would change the viscosity estimates by an order of magnitude. Models of postseismic deformation
are less sensitive to the assumed thickness of a low-viscosity layer in the lower crust.

Zhao et al. (2017), based on analysis of GPS data from the Nepal network as well as a few additional sites
in southern Tibet over a time period of 1 year after the 2015 Gorkha earthquake, estimated the long-term
viscosity beneath the southern Tibet of ~10'° Pa s, consistent with the lower bound estimates of this study.
The corresponding relaxation time is on the order of 10 years, indicating that viscoelastic relaxation should
produce significant surface deformation over the following decade. Studies of postseismic deformation due
to megathrust earthquakes in subduction zones reveal signatures of viscoelastic relaxation over decadal time
scales (e.g., Hu etal,, 2004; Wang et al., 2012). Models of postseismic relaxation due to subduction earthquakes
are limited by the data coverage (observations are typically available on the overriding plate and in the far
field of earthquake ruptures) and focus on the rheology of the asthenosphere around the subducting slab.
The estimated steady state viscositiy of the mantle wedge is on the order of 10'° Pa s (Hu et al., 2004; Wang
et al,, 2012). These models also often include a thin low-viscosity layer on the slab interface to improve the
data fitin the near field (e.g., Hu et al., 2016; Klein et al., 2016). Such layer may represent either a ductile shear
zone (Takeuchi & Fialko, 2012, 2013) or a velocity-strengthening friction interface (“Domain D" in terminology
of Lay et al., 2012). Kinematically, contributions from afterslip and ductile flow in a localized shear zone would
produce nearly identical deformation patterns at the Earth surface. As there is no evidence for a low-viscosity
mantle wedge beneath Himalayas, we did not include such feature in our models.

Our results indicate that the near-field postseismic deformation over ~2 years following the 2015 Gorkha
earthquake is best explained by afterslip on the MFT with most of the slip concentrated at the downdip end
of the coseismic rupture. The inferred afterslip distribution is similar to the results of previous studies that
used GPS observations spanning shorter epochs (e.g., Gualandi et al., 2016; Mencin et al., 2016; Zhao et al.,
2017). Assuming that the evolution of afterslip is governed by the rate and state friction law, Gualandi et al.
(2016) estimated that after full relaxation, the moment release due to afterslip would amount to approxi-
mately one third of the seismic moment of the main shock. The moment release estimated from our preferred
afterslip model that occurred over ~2 years after the main shock (Figure 13b) is ~6.0 x 10'® Nm (assuming the
shear modulus of 33 GPa), or ~10% of the coseismic moment release (Wang & Fialko, 2015). This is in good
agreement with results of Zhao et al. (2017) but a factor of ~2-3 smaller than the moment release in the limit
of full relaxation predicted by Gualandi et al. (2016). Because the rate of afterslip rapidly decays in the first sev-
eral years following the earthquake, the difference in the aseismic moment release predicted by our models
and those of Gualandi et al. (2016) is unlikely to be made up by future afterslip. This difference could in part
result from different degrees of smoothing and different fault geometries. It may also be indicative of spatial
heterogeneity in frictional properties along the MHT (the analysis of Gualandi et al., 2016 is based on a 1-D
spring-slider model).

Our results indicate little or no afterslip on the shallow part of the MHT updip of the 2015 Gorkha rupture.
The lack of shallow afterslip indicates velocity-weakening (i.e., seismogenic) behavior of the shallow section
of the MFT. This is consistent with models of interseismic deformation that indicate that the MFT is locked all
the way from the surface to the seismic/aseismic transition ~ 100 km to the North of the fault trace (e.g., Ader
et al., 2012). Hubbard et al. (2016) proposed that the updip propagation of the Gorkha rupture was arrested
by a middle-crust fault ramp. Numerical models incorporating the respective complexity in the fault geom-
etry suggest that ruptures of the entire seismogenic zone in the vicinity of the 2015 Gorkha earthquake
are indeed possible (Qiu et al., 2016). Sequences of partial ruptures similar to the 2015 Gorkha earthquake
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are also reproduced by models assuming a planar fault geometry (Michel et al., 2017). Aftershocks that
occurred within months following the main shock are distributed along a relatively narrow band encom-
passing the coseismic rupture (Adhikari et al., 2015). Available observations and modeling results therefore
suggest that the shallow section of the MFT is capable of producing major seismic events. Loading from
the 2015 Gorkha earthquake and the accelerated postseismic creep at the bottom of the seismogenic zone
(Figure 14a) are bringing the shallow section of the MFT closer to failure.

6. Conclusions

The 2015 M, 7.8 Gorkha (Nepal) earthquake occurred along the central Himalayan arc. The epicentral area
of the earthquake is characterized by substantial variations in surface elevation and crustal properties. We
constructed finite element models to explicitly account for the surface topography and lateral variations
in material properties to refine the coseismic slip model of the 2015 Gorkha earthquake and interpret the
observed postseismic deformation. Forward models show that surface topography has a relatively minor
effect on surface deformation and therefore on results of inverse models. Compared to slip inversions assum-
ing a homogeneous elastic half-space, inversions that use Green functions computed using finite element
models that account for both topography and material variations across the Himalaya produce ~10% more
slip at the depth of seismic asperities. Finite fault inversions of the ALOS-2 InSAR observations of the M, 7.3
(12 May 2015) aftershock suggest that the latter likely occurred on the same fault as the main shock. Neither
the main shock nor the aftershock models allow one to distinguish between a planar and a ramp-and-flat
fault geometry, although a planar geometry gives rise to a slightly better fit to the data. Postseismic deforma-
tion over ~2 years after the 2015 Gorkha earthquake is characterized by the southward and upward surface
motion in the epicentral area. This pattern is opposite to predictions of viscoelastic relaxation models assum-
ing a low-viscosity channel beneath southern Tibet but is well explained by models of afterslip at the downdip
end of the earthquake rupture. The maximum afterslip exceeds 0.3 m over the observation period. The lack of
slip on a shallow portion of the MFT during and after the 2015 Gorkha earthquake implies continued seismic
hazard in the Kathmandu area. The observed postseismic deformation is inconsistent with models assuming
low (<108 Pa s) effective viscosity in the lower crust beneath the Tibetan Plateau.
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