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Probing time-dependent afterslip and viscoelastic relaxation following 1 

the 2015 Mw 7.8 Gorkha earthquake based on the 3-D Finite Element 2 

Model 3 

Lina Su1,2*, Fuqiang Shi2, Weijun Gan1, Xiaoning Su3, Junyi Yan2 4 

Abstract: We analyzed daily displacement time series from 34 continuous GPS stations in Nepal 5 

and 5 continuous GPS stations in South Tibet, China, and extracted the first 4.8 years of 6 

postseismic motion after the 2015 Mw7.8 Gorkha earthquake. With the longer duration GPS 7 

observations, we find that postseismic displacements mainly exhibit southward and uplift motion. 8 

To study the postseismic afterslip and viscoelastic relaxation, we built a 3-D spherical finite 9 

element model (FEM) with heterogeneous material properties and surface topography across the 10 

Himalayan range, accounting for the strong variations in material properties and surface elevation 11 

along central Himalayan arc. On the basis of the FEM, we reveal that the predicted viscoelastic 12 

relaxation of cm level moves southward to the north of the Gorkha earthquake rupture, but in an 13 

opposite direction to the observed postseismic deformation in the south; the postseismic 14 

deformation excluding viscoelastic relaxation is well explained by afterslip downdip of the 15 

coseismic rupture. The afterslip is dominant during 4.8 years after the 2015 Mw7.8 Gorkha 16 

earthquake; the contribution by the viscoelastic relaxation gradually increases slightly. The lack of 17 

slip on a shallow portion and western segment of the MHT during and after the 2015 Gorkha 18 

earthquake implies continued seismic hazard in the future.  19 

Keywords: GPS; 2015 Gorkha earthquake; postseismic deformation; afterslip; viscoelastic 20 

relaxation; finite element model 21 

1. introduction 22 

On 25 April 2015, the Mw 7.8 Gorkha earthquake struck, just 77 km northwest of Kathmandu, 23 

Nepal, resulting in large economic losses and a death toll of up to 8000 (Earthquake Relief Portal, 24 

2015). The Himalayan region, accommodating a high convergence rate of 40-50 mm/yr between 25 

the overriding Eurasian Plate and the underthrusting Indian Plate (Bilham et al.,1997; Lavé & 26 

Avouac, 2000), is prone to earthquakes, such as the 1255 and 1934 Mw8+ Nepal-Bihar 27 



earthquakes, 1956 Mw8.6 Assam-Tibet earthquake, 2005 Mw7.6 Kashmir earthquake, etc. 28 

(Sapkota et al.,2013; Bilham et al., 2004; Wang & Fialko,2014 ). The Gorkha earthquake occurred 29 

near the E-W trending Main Frontal Thrust (MFT) (USGS, 2015), the most active branch of the 30 

Main Himalayan Thrust (MHT), which absorbs about half of MHT convergence (Lavé & Avouac, 31 

2000; Kumar et al., 2001). Studies show that the 2015 Gorkha rupture was concentrated in the 32 

deeper part of the seismogenic zone, between depths of 10 and 15 km, leaving the unbroken 33 

shallow part at high seismic risk (Lindsey et al., 2015; Wang & Fialko, 2015; Mencin et al., 2016; 34 

Sreejith et al., 2016; Galetzka et al., 2015)  35 

When an earthquake occurs, sudden coseismic stress changes in the surrounding rocks may 36 

lead to viscoelastic relaxation in the lower crust and upper mantle, and aseismic slip updip and/or 37 

downdip of the coseismic rupture (Pollitz el al., 2003; Freed et al., 2004,2007,2010; Rousset et al., 38 

2012; Perfettini et al., 2004; Barbot et al., 2009; Savage and Svarc, 2009). The postseismic 39 

deformation due to the Gorkha earthquake provides valuable constraints to investigate the 40 

lithosphere strength and constitutive properties beneath the Himalayan region and Tibetan 41 

Plateau. Therefore, the exploration of postseismic transients and what mechanisms govern the 42 

postseismic process is of a broad interest. A few of studies focused on the afterslip modeling to 43 

explain the rapid transient postseismic deformation (Gualandi et al., 2016; Sreejith et al., 2016; 44 

Jiang et al., 2019).  With the longer span of data available, some studies investigated various 45 

mechanical processes contributed by afterslip and viscoelastic relaxation with and without 46 

poroelastic rebound (Mencin et al., 2016; Zhao et al., 2017; Wang & Fialko, 2018; Jiang et al., 47 

2018; Jouanne et al.,2019; Tian et al., 2020; Liu et al., 2020). The previous studies mostly 48 

employed the homogeneous elastic half-space or layered elastic model to explore afterslip 49 

(Sreejith et al., 2016; Zhao et al., 2017; Wang & Fialko, 2018; Jiang et al., 2018; Jiang et al., 2019),  50 

and the layered model or lateral heterogeneous model, which incorporates a low viscous layer 51 

beneath the Tibetan Plateau to investigate viscoelastic relaxation (Zhao et al., 2017; Wang & Fialko, 52 

2018; Jouanne et al., 2019;  Tian et al., 2020).  53 

Material heterogeneity affects surface deformation due to fault slip (Masterlark et al., 54 

2001,2003; Hughes et al., 2010; Kyriakopoulos et al., 2013; Wiseman et al., 2015; Tung et al., 2016; 55 

Hu et al., 2016; Klein et al., 2016; Hsu et al., 2014; Hines et al., 2016; Pratama et al., 2017; Suito, 56 



2017; Freed et al., 2017). Therefore, the homogenous or layered earth model assumption for the 57 

Himalayan range, which has strong variations in material properties (Cattin et al.,2001; Monsalve 58 

et al., 2006; Schul.te-Pelkum et al., 2005), inevitably introduces bias into the modelling 59 

(Kyriakopoulos et al., 2013; Tung et al., 2016; Suito, 2017; ). In this paper, we build a 3-D spherical 60 

finite element model (FEM) considering heterogeneous material properties and surface 61 

topography across the Himalayan range to investigate the aseismic afterslip and the viscoelastic 62 

relaxation following the 2015 Gorkha earthquake, using extracted postseismic displacement from 63 

continuous GPS (cGPS) data in Nepal and southern Tibetan Plateau over 4.8 years after the event.  64 

2.  GPS data and postseismic deformation 65 

2.1 GPS processing  66 

We collected raw RINEX data from 39 cGPS sites within an area between 78–92° E and 23–67 

34°N (Fig.1). GPS sites in Nepal include 25 sites operated prior to the Gorkha earthquake and 9 68 

sites deployed immediately after the earthquake to capture postseismic deformation. The raw 69 

RINEX files of these sites are openly available at UNAVCO (ftp://data-out.unavco.org). We 70 

additionally collectedata from 5 cGPS in South Tibet from the Crustal Movement Observation 71 

Network of China (CMONOC) (http://www.cgps.ac.cn/), which began recording in 2011.    72 

We processed the GPS data using the GAMIT/GLOBK processing software (Herring, et al., 73 

2015). Initially, we estimated loosely constrained daily solutions with GAMIT, together with orbits 74 

and Earth orientation, tropospheric delay parameters and full covariance matrices. We used data 75 

from the 39 cGPS sites from Nepal and South Tibet together with about 80 global distributed core 76 

stations of the International GNSS Service (Johnston et al., 2017). Then, we used GLOBK, a 77 

smoothing Kalman filter, to transform the loosely constrained solutions to the ITRF2014 reference 78 

frame (Altamimi et al., 2016), which is realized by the 80 core stations. The detailed strategy and 79 

applied models followed Su et al. (2019).   80 

We estimated daily displacement time series for the 5 GPS sites in Tibet from 2011 until 81 

March 5, 2020, and 34 sites in Nepal from 2011 until January 26, 2019. We compared our time 82 

series with solutions from the Nevada Geodetic Laboratory (NGL) (Blewitt et al., 2018) and found 83 

the two data sets to be in good agreement (Fig. S1). Since the GPS coordinate time series for sites 84 

in Nepal routinely provided by NGL have longer duration, some of those begin in the 1990’s, we 85 



used in the time series modeling the NGL solutions for these sites. Considering the possible slight 86 

deviation due to the different reference frame realizations of the two solutions, we estimated 87 

seven transformation parameters between the NGL and our GAMT/GLOBK solutions to transfer 88 

the NGL solutions from IGS 08 (Rebischung et al., 2012) to ITRF2014.   89 

90 
Fig. 1 Tectonic setting. The black beach ball shows the mainshock focal mechanism from U.S. Geological Survey. The blue circles are continuous GPS 91 
sites used in this study. The color represents the topographical relief, and the color of overlapped fault plane represents the coseismic slip 92 
distribution from Tung et al. (2016). The black lines mark the depth of faulting. The red lines represent active faults from Taylor and Yin (2009). 93 

2.2 Time series analysis  94 

The obtained daily time series reflects the surface motion due to the velocities, coseismic 95 

displacements, postseismic parameters, seasonal terms (annual and semiannual), and non-96 

tectonic offsets primarily due to any changes in antennas and receivers. The component (∆N, ∆E, 97 

∆U) time series at discrete time epochs ti can be modeled independently according to (Nikolaidis, 98 

2002): 99 

𝑦(𝑡$) = 𝑎 + 𝑏𝑡$ + 𝑐𝑠𝑖𝑛(2𝜋𝑡$) + 𝑑𝑐𝑜𝑠(2𝜋𝑡$) + 𝑒𝑠𝑖𝑛(4𝜋𝑡$) + 𝑓𝑐𝑜𝑠(4𝜋𝑡$) +  100 

+∑ 𝑔789
7:; 𝐻=𝑡$ − 𝑇@7A + ∑ 𝑘7𝑙𝑜𝑔 D1 + FGHIJK

LK M8J7:; 𝐻 =𝑡$ − 𝑇N7A +	𝜀FG  (1) 101 

The coefficient 𝑎 is the value at the initial epoch	𝑡0,𝑡$ denotes the time elapsed (in years) 102 

from	𝑡R, and the linear rate (slope) 𝑏 represents the interseismic secular tectonic motion in mm/yr. 103 

The coefficients 𝑐, 𝑑, 𝑒, and 𝑓 denote annual and semi-annual variations. The seasonal variations in 104 



Himalayan range caused by the hydrological loading are up to 30-50 mm (Fu & Freymueller, 2012), 105 

and can bias the transient displacements, therefore the periodic terms need to be well dealt with. 106 

The magnitudes, 𝑔 , of 𝑛@  jumps (offsets, steps, and discontinuities) are due to coseismic 107 

deformation and/or non-coseismic changes at epochs 𝑇@ . 𝐻  denotes the discrete Heaviside 108 

function. With respect to the postseismic deformation term, it is often parameterized by 109 

exponential or logarithmic model, or combinations of both. The former is often associated with 110 

viscoelastic relaxation in the lower crust and the upper mantle (e.g., Shen at al., 1994; Nikolaidis, 111 

2002), while the latter is associated with afterslip within the extended rupture area (e.g., Savage 112 

and Svarc, 1997; Freed, et al., 2010 ). In this paper, we use the logarithmic parametrization, since 113 

related research showed that the afterslip mechanism dominated the Gorkha earthquake 114 

(Gualandi et al., 2016; Mencin et al., 2016; Sreejith et al., 2016; Zhao et al., 2017; Wang & Fialko, 115 

2018; Jiang et al.,2019). The postseismic term includes the amplitudes	𝑘𝑗, postseismic events 116 

starting at epochs 𝑇N and a decaying constant 𝜏7, which characterizes how fast the postseismic 117 

deformation decays with time. The noise term 𝜀$  is considered as the sum of errors and 118 

unmodeled residuals.  119 

Fitting the time series, we can clearly extract the various motions, in particular, the 120 

postseismic deformation. For the sake of reliability and obtaining the postseismic parameters with 121 

a high signal-to-noise ratio, two more steps were taken: Firstly, we estimated secular velocities of 122 

sites which operated for more than 2 years before the earthquake, and combined those with GPS 123 

velocities provided by Ader et al. (2012) and Bettinelli et al. (2006), through seven parameter 124 

transformations to obtain the integrated velocity field in the ITRF2014 reference frame. We then 125 

interpolated the velocities using the VISR software (Shen et al., 2015), and re-estimated the time 126 

series parameter (equation 1), constraining the prior secular velocities. Secondly, motivated by the 127 

work of Savage & Svarc (2009) and Barbot et al. (2009), we employed the principal component 128 

analysis (PCA) to extract a common postseismic signal for all the displacement time series and 129 

their principal components (Fig. S2). The first principal component clearly represented the 130 

postseismic process. On account of the non-linearity of the postseismic deformation model 131 

parameter 𝜏, we used trial-and-error over a range of decay values to minimize the sum of the 132 

squared residuals between the observations and model. We then fit each coordinate time series 133 



(equation 1) with the optimal 𝜏, and finally extracted the postseismic parameter for each site (Fig. 134 

S3).  135 

2.3 Postseismic deformation 136 

 The 4.8-year cumulative postseismic displacements (Fig. 2) associated with the 2015 Gorkha 137 

earthquake exhibit similar patterns as the coseismic offsets (Elliott et al., 2016; Gualandi et al., 138 

2016; Mencin et al., 2016). Most GPS sites continue to move southward after the earthquake, 139 

showing a dominant thrust feature with minor dextral strike-slip motion along southeast Nepal. As 140 

the earthquake ruptured toward the southeast, significant postseismic displacements are primarily 141 

distributed across the High Himalaya region. The largest postseismic displacement at site CHLM 142 

reaches up to -93.84 mm, -31.87 mm and 36.64 mm for the N, E, U directions, respectively. 143 

Displacements in the north of the rupture area are much larger compared to displacements south 144 

of the rupture, which has been confirmed by many studies (Zhao et al., 2017; Wang & Fialko, 2018; 145 

Jiang et al., 2018; Jiang et al., 2019; Jouanne et al., 2019; Tian et al., 2020), implying the possible 146 

existence of afterslip downdip of coseismic rupture. In the vertical direction, most sites 147 

experienced ongoing uplift after the Gorkha earthquake, while some sites to the south of the 148 

rupture area subsided. The extremely large uplift of site NAST is not reliable, since it suffered from 149 

rapid subsidence prior to the mainshock (Zhao et al., 2017). Therefore, we exclude the vertical 150 

component of site NAST in modeling the fault slip.   151 

  

Fig. 2 The cumulative horizontal (a) and vertical (b) postseismic displacements exacted from GPS displacement time series. The red 152 

lines represent active faults. 153 

3.  Method of Modeling postseismic deformation 154 

3.1 Finite element model 155 

The superiority of Finite element models (FEMs) in simulating the elastic dislocation and the 156 



viscoelastic relaxation with heterogeneous material properties has been proven by previous 157 

studies (Masterlark et al., 2012; Hughes et al., 2010; Hines et al., 2016; Hsu et al., 2014; Tung et al., 158 

2016; Pratama et al., 2017). In the view of the strong topographical fluctuations and heterogeneity 159 

across the Himalayan region, the spherical FEM with topography and heterogeneity was 160 

constructed using the CUBIT software (Blacker et al., 2016).  161 

We defined a spherical shell from the mantle to the surface shaped by the irregular 162 

topographical geometry in the target region (Fig. 3) with a resolution of about 1 km obtained from 163 

the SRTM30 software (Becker et al., 2009). The 3D FEM extended over 78–92°E and 23–34°N, from 164 

the ground surface to a depth of 300 km, incorporating the upper crust, the middle crust, The 165 

lower crust and the upper mantle, and the layer interfaces were interpolated based on CRUST 1.0 166 

(Laske, 2013). The heterogeneous elastic material properties were characterized by spatially 167 

variable P and S wave velocities, and the density based on CRUST 1.0 (Laske, 2013). A spatially 168 

variable fully anisotropic viscous model was assigned (Fig. S4), based on Sun et al. (2013). 169 

Furthermore, we assumed zero displacements as side and bottom boundary conditions to take 170 

into account their very large extent, along with the stress-free top surface. 171 

 The 3D FEM spanned about 1400 km, 1200 km and 300 km in length, width and depth. The 172 

blocks were meshed and discretized by 186,079 tetrahedral elements. The elements in the upper 173 

crust were of a length of about 11 km, while the element size increased up to a factor of 5 at the 174 

deeper depth in the mantle for the sake of computational time saving; the elements near the fault 175 

were dense with a length of about 5 km to capture strong variable deformation. Because the FEM 176 

configuration used by Tung et al. (2016) was basically matched ours, we adopted the same refined 177 

coseismic rupture to drive viscoelastic relaxation. On the basis of that, we assigned the same fault 178 

geometry with a planar patch centered at (27.95°N, 85.27°E) with a dip and strike of 10° and 294° 179 

(Tung et al., 2016), and, additionally, extended the fault to the spatial scale of 286km × 200km 180 

(length × width) for the  inversion of afterslip. 181 

We performed the calculation with the finite element software PYLITH (Aagaard et al., 2013), 182 

which was widely applied to postseismic deformation modelling (Hines et al., 2016; Pratama et al., 183 

2017) and to generate the Green’s function (Diao et al., 2013; Hsu et al., 2014; Hines et al., 2016). 184 

 185 



 186 
Fig. 3 FEM structure used in the numerical simulation. (a) The yellow rectangle denotes fault rupture. The top surface exhibits 187 

topographical relief. The color blocks denote the upper, middle and lower crust and the mantle, respectively. The profile AB is 188 

normal to the MFT. (b) Map view of the FEM mesh. (c) The larger view of the FEM mesh in the near-field area of the Gorkha 189 

earthquake. (d) The elevation, Vp, Vs, density and viscosity variations along the profile AB. The black line is the source rupture 190 

plane. 191 

3.2 Viscoelastic relaxation 192 

Viscoelastic relaxation due to the coseismic stress changes in the lower crust and upper 193 

mantle can explain the postseismic deformation at extensive spatial scales (Freed et al., 2004, 194 

2007; Huang et al., 2014; Rousset et al., 2012). The previous studies calculated the viscoelastic 195 

relaxation based on the lateral heterogeneous or layered model, and  evaluated viscoelastic 196 

relaxation in the postseismic process after the Gorkha earthquake (Zhao et al., 2017; Wang & 197 

Fialko, 2017; Jiang et al., 2018; Jouanne  et al.,2019; Tian et al., 2020; Liu et al., 2020). Differing 198 

from these models, we designated spatial variable viscosities to account for the heterogeneous 199 



rheological properties across the Himalayan region. Furthermore, we  simulated the viscoelastic 200 

relaxation with the refined rupture model of Tung et al. (2016), which was inverted by a 3D 201 

heterogeneous FEM with input from GPS and INSAR data consistent with other published models 202 

(Sreejith et al., 2016; Wang & Fialko, 2018),  203 

3.3 Afterslip 204 

The sudden coseismic deformation triggers the aseismic slip on the extended coseismic 205 

rupture area (Marone, 1991; Perfettini et al., 2004; Hsu et al., 2006; Barbot et al., 2009). The 206 

afterslip plays an important role in the postseismic process from several days to several months 207 

(Barbot et al., 2008; Segall, 2010; Huang et al., 2014). In order to investigate the distribution of 208 

afterslip following the Gorkha earthquake, we also performed a 3D FEM inversion using the cGPS 209 

data as input. The fault, 286 km long and 200 km wide, was discretized by a grid of 28×20 into 560 210 

subfault patches with a dimension of 10.21 ×10 km, and with Green’s functions for each subfault 211 

patch due to a unit slip along dip and strike. 212 

With the generated Green’s functions, we assumed that the afterslip can be described by a 213 

dislocation model of distributed slip. The objective function is:  214 

F= ||W(Gm-d)||+ β||∇2  m|| 215 

The first term represents the misfit between modeled and observed displacements, Where W is 216 

the weight matrix inferred from observation uncertainties, G is the Green’s functions, m is the 217 

estimated slip distribution, and d is the observations. The second term is Laplacian smoothing to 218 

avoid abrupt slip variation, where β is smoothness and ∇2  is the Laplacian operator.  219 

An algorithm was then developed to invert the smoothed afterslip distribution achieved by a 220 

constrained least-squares optimization based on the steepest descent method, motived by Wang 221 

et al. (2013). The optimal smoothness was determined by the trade-off between the roughness 222 

and data misfit.   223 

4. Results 224 

4.1  Verification of 3D Finite element model and methodology 225 

In order to validate our FEM calculations, we tested a flat layered model with elastic upper 226 

and middle crust overlaying a viscoelastic lower crust and mantle, and assigned viscosity values of 227 

1.6×1019 Pa·s for the lower crust and 1020 Pa·s for the mantle according to Jiang et al. (2018). 228 



Comparing the afterslip and viscoelastic relaxation predicted by our FEM with afterslip by the SDM 229 

software (Wang et al., 2013) and viscoelastic relaxation by the PSGRN/PSCMP software (Wang et 230 

al., 2006), respectively (Fig. S5 and S6), we find coherent patterns and equivalent magnitudes of 231 

afterslip and viscoelastic relaxation. 232 

4.2 Viscoelastic relaxation     233 

We characterized the viscoelastic material as the bi-viscoelastic Burgers model, incorporating 234 

a transient relaxing Kelvin element in series with a steady-state Maxwell element. For simplicity, 235 

we set a constant ratio of 0.1 between Kelvin and Maxwell viscosities (Hu et al., 2016; Hines et al., 236 

2016; Zhao et al., 2017). The viscoelastic relaxation by the forward model exhibits two quadrants 237 

of horizontal displacements, namely, pronounced northward motion in the south of the rupture 238 

and southward motion in the north. The directions of the predicted viscoelastic relaxation in the 239 

south of the rupture area are opposite to the observations. In the vertical direction, there is 240 

obvious subsidence in the near field and uplift in the surrounding areas (Fig. 4). The relatively 241 

small horizontal and vertical displacements over 4.8 years after Gorkha earthquake imply that 242 

viscoelastic relaxation is not indicative of the postseismic process.  243 

We additionally characterized the rheological property as a Maxwell body, and obtained even 244 

less significant viscoelastic relaxation (Fig. S7).  Lacking a Kelvin element, Maxwell rheology usually 245 

produces smaller viscoelastic relaxation than a Burgers rheology. In the horizontal component, the 246 

Maxwell rheology indicates a similar pattern to that of the Burgers rheology. In the vertical 247 

direction, there is subsidence in the rupture area for both models, but insignificant uplift to the 248 

south of rupture area.  249 



 

  
Fig. 4 The predicted postseismic displacements due to a bi-viscoelastic Burgers model. (a) The color scale represents the vertical 250 
component, and the black arrows represent the horizontal component. (b) The comparison between the predicted viscoelastic 251 
relaxation (red arrows) and observations (blue arrows) in the horizontal component and (c) the vertical component. The dark blue 252 
contours denote the coseismic slip distribution on the fault. 253 
.   254 

4.3 Afterslip 255 

 Next, we modeled the postseismic deformation by afterslip on the fault interface. The knee 256 

of the tradeoff curve between the model roughness and data misfit was selected as the optimal 257 

smoothing factor (Fig. 5); a smoothing factor of β = 0.06 was chosen in our final solution. With 258 

viscoelastic relaxation deducted, the observed horizontal surface displacements are well explained 259 

by the downdip afterslip model (Fig. 6). The postseismic displacements due to afterslip are much 260 

larger than those associated with viscoelastic relaxation, suggesting that the afterslip plays the 261 

dominant role in the postseismic process during the first 4.8 years after the event. The afterslip is 262 

mainly distributed downdip of the coseismic rupture, which would be responsible for the much 263 

larger postseismic deformation north of the rupture than south of the rupture. The high-slip patch 264 

is located at the depth of about 25-30 km with a peak of 0.28 m. Afterslip occurs at the periphery 265 



of the coseismic rupture, in the areas characterized by low aftershock activity (Barbot et al., 2009). 266 

The moment release by postseismic afterslip is 7.32 × 1019 N m, equivalent to a moment 267 

magnitude of Mw ~7.18, approximately 6.7% of the mainshock moment release of 1.09 × 1021 268 

Nm of the coseismic moment release (Tung et al., 2016).  269 

  
Fig. 5 (a) Trade-off curve between model roughness and misfit. Numbers indicate the smoothing factor β. (b) The inverted afterslip 270 
distribution. The color scale denotes the inverted afterslip distribution. The black contours denote the coseismic slip distribution on 271 
the fault. The blue circles denote the aftershocks after the Gorkha earthquake, and the size indicates the magnitude. 272 

  
Fig. 6 The observed postseismic displacement (blue arrows) and predicted postseismic displacement (red arrows) due to afterslip. 273 
The dark blue and dark red contours denote the coseismic slip and afterslip distribution on the fault. 274 

To examine whether the afterslip is well constrained by the GPS data, we conducted a 275 

checkerboard test for the resolution (Fig. S8). The slip model merged 4×4 subpatches into a single 276 

pixel to exhibit 7×5 checkered asperities (each pixel of 40.85×40km) of 0 and 1.4 m slip. We then 277 

compared the checkerboard pattern slip with the slip model inverted by GPS displacements, and 278 

found that slip distribution to be well recovered in spite of minimal distortion and discernible 279 

artifacts along the down edge of the slipping patches. The far downdip of the fault was not well 280 

constrained compared to the shallower part of fault, which can be explained by the sparse 281 



clustered GPS sites in South Tibet. A joint inversion of GPS and InSAR and/or more GPS sites 282 

distribution deployed in South Tibet should provide a better resolution.   283 

4.4 Temporal evolution of the deformation and its mechanisms 284 

We divided the postseismic deformation over 4.8 years after the Gorkha earthquake into four 285 

equal time periods of 1.2 years (Fig. 7). The overall patterns of observed postseismic deformation, 286 

including both afterslip and postseismic relaxation, during the four time periods are similar: most 287 

sites moved southwards, similar to the coseismic displacements. The magnitude of postseismic 288 

deformation decays rapidly; the deformation occurring in the first 1.2 years decreases rapidly and 289 

averages to about 53.6% of the entire postseismic signal (maximum slip of 0.16 m), the second 290 

interval to about 22.2% (0.06 m), the third to about 13.9% (0.04m) and about 10.2% (0.03 m) in 291 

the last 1.2 years. Snapshots of the spatial distribution due to afterslip alone indicate that most of 292 

it occurs downdip of the coseismic rupture. The viscoelastic relaxation component shows a similar 293 

pattern but smaller slip magnitudes. The afterslip downdip of the coseismic rupture is usually 294 

associated with velocity-strengthening behavior, results in enduring aseismic slip following the 295 

earthquake (Lienkaemper & McFarland, 2017; Tian et al., 2020).   296 

  

  
Fig. 7 Comparisons of observed and calculated displacements, including contributions from viscoelastic relaxation and afterslip 297 
during the different periods. Horizontal displacements are presented by arrows. The color Inset in each panel shows horizontal 298 
residuals. The dark blue contours denote the coseismic slip distribution on the fault. 299 



Fig. 8 shows how the postseismic deformation evolves with time and the individual 300 

contributions of afterslip and viscoelastic relaxation. At the site CHLM, the predicted viscoelastic 301 

relaxation is opposite to the observation for the N component. For the E component, the 302 

contribution rates of viscoelastic relaxation to postseismic deformation at site CHLM during four 303 

different time periods are 19.2%, 22.7%, 24.8%, and 26.2%, respectively. At the site XZZF in the 304 

Tibet, the contribution rates of viscoelastic relaxation to postseismic deformation during four 305 

different time periods are 10.5%, 12.5%, 13.7%, and 14.5% for the N component, and 4.4%, 6.0%, 306 

7.1% and 8.0% for the E component. The viscoelastic relaxation plays insignificant role in the 307 

postseismic process over the 4.8 years after Gorkha earthquake, but its contribution to the 308 

postseismic deformation gradually increases slightly. Longer spans of GPS displacements after the 309 

Gorkha earthquake show that postseismic slip is still ongoing. 310 

  
 

Fig. 8 The postseismic deformation daily displacement time series of the north and east components at GPS sites CHLM and XZZF. 311 
Black dots indicate the observed displacements. The red line indicates the data fitting of the postseismic deformation (Equation 1). 312 
The blue line indicates the predicted viscoelastic relaxation. The green triangles indicate the sum of predicted viscoelastic 313 
relaxation and the postseismic deformation due to afterslip. 314 

 315 

5. Discussion  316 

5.1 Effect of heterogeneity under Tibet 317 

In the context of crustal rheology, evidence from seismic receiver functions, geodetic 318 

inversion, resistivity and temperature profiles across the whole Tibetan Plateau show lateral 319 

heterogeneous properties (Cattin et al., 2001; Hetényi et al., 2006; Bai et al., 2010; Huang et al., 320 

2014; Avouac et al., 2015; Sun et al.,2013 ). The assumption of lateral uniform viscosity hardly 321 



represents the spatially-variable viscous properties from the Tibetan plate to the Indian plate, and 322 

may inaccurately estimate the extent and magnitude of viscoelastic relaxation in the Himalayan 323 

region. Compared with viscoelastic relaxation of our model with that of the flat layered model 324 

(Jiang et al., 2018) (Fig. S5), we find that the softer viscous lower crust over the entire region 325 

inevitably brings about an excessive estimation of viscous relaxation in Nepal. The –simple 326 

heterogeneous rheological models (Zhao et al., 2017; Wang & Fialko, 2018; Tian et al., 2020), 327 

incorporates the viscous lower crust layer under Tibetan plate. To investigate the difference 328 

between a fully heterogeneous model and  the simple heterogeneous model, we calculated the 329 

viscoelastic relaxation with the software VISCO2.5D (Pollitz, 2014), following the simple 330 

heterogeneous  rheological structure and effective viscosities inferred by Zhao et al. (2017). The 331 

viscoelastic relaxation of the simple  heterogeneous model exhibits a two quadrant pattern, 332 

northward motion in the south of the rupture, southward motion in the north of the rupture, and 333 

uplift in the north and subsidence in the south (Fig. S9). The opposite sign of the predicted 334 

displacements with the observations in the south of the rupture area is consistent with our 3D 335 

FEM model, consistent with other studies (Wang & Fialko et al., 2018; Jiang et al., 2018). However, 336 

it is different from the southward motion predicted by the Tian et al. (2020). Their lower viscosity 337 

of the lower crust and mantle under the Tibetan plate with the simple heterogeneous model, 338 

results in the larger postseismic displacements in Tibet than our model. Additionally, the distance 339 

of the transition zone from the MFT is chosen as 167 km, further than the model of Sun et al., 340 

(2013), leading to the smaller magnitude of the postseismic deformation in the south of the 341 

rupture area. It is difficult to explain the postseismic deformation, occurring both in Nepal and 342 

Tibet, by viscous relaxation.  343 

The lower viscosity of the lower crust and mantle under the Tibetan plateau could account for 344 

the postseismic displacements in Tibet, but it leads to a larger discrepancy in the south of the 345 

rupture area. The opposite signs between observations and model predictions in the south of the 346 

rupture area could be reduced by assuming that a transition from strong to weak lower crust 347 

occurs farther to the north (Wang & Fialko, 2018). However, this would be inconsistent with the 348 

assumption that the topographic slopes are controlled by the viscosity of material in the 349 

underlying lower crust (Clark & Royden, 2000; Royden et al., 1997). 350 



The postseismic viscoelastic relaxation obtained from geodetic measurements sheds some 351 

light on the rheology structure of Himalayan region. Wang & Fialko (2018) and Jiang et al. (2018) 352 

inferred >1018 Pa · s and 1.6 ×1019 Pa · s for the lower crust beneath the Tibet.  Zhao et al. (2017) 353 

and Tian et al. (2020), respectively, inferred a transient viscosity of 8×1018 and 5×1017 Pa · s, a 354 

steady viscosity of 8×1019 and 5 ×1018 Pa · s for this layer.  Liu et al. (2020) deduced that the 355 

effective viscosity would decrease northward from 1018 - 1019 Pa · s around the rupture zone to ~3 356 

×1016 - 1018 Pa · s ~150 km north. Similar studies were conducted for several earthquakes around 357 

Tibetan Plateau. The effective viscosities on the order of magnitude of 1018- 1019 Pa · s was 358 

predicted in studies of the 2001 Mw7.8 Kokoxili earthquake (Ryder et al., 2011; Wen et al., 2012), 359 

2005 Mw7.6 Kashmir earthquake (Wang & Fialko, 2014) and 2008 Mw7.9 Wenchuan earthquake 360 

(Huang et al., 2014). The above studies, constraining effective viscosities by geodetic postseismic 361 

deformation, ignored the dynamic propagating stress changes from viscoelastic relaxation and 362 

those induced by any afterslip, and may somewhat estimate lower effective postseismic viscosities 363 

(Liu et al., 2020). Strain rates were highest just after the earthquakes, and the effective viscosity 364 

were equivalently lower (Liu et al., 2020). The time span is another factor which influences the 365 

inferred value of the viscosity. The rheological structure used in this paper, inferred from seismic 366 

velocities and GPS velocities, represents the long-term and steady state viscosity, which is larger 367 

than the studies above.  368 

5.2 Comparison with the previous afterslip models    369 

The afterslip associated with the Gorkha earthquake is broadly investigated by several studies 370 

based on the GPS and/or InSAR data (Gualandi et al., 2016; Mencin et al., 2016; Sreejith et al., 371 

2016; Zhao et al., 2017; Wang & Fialko, 2018; Jiang et al., 2018; Jiang et al., 2019; Tian et al., 2020). 372 

These studies have found similar afterslip patterns as our study; afterslip mainly occurs downdip 373 

of the rupture area. The high afterslip patch constrained by the joint inversion of GPS and InSAR 374 

(Wang & Fialko, 2017; Sreejith et al., 2016) data is more easterly than the high afterslip patch 375 

constrained by GPS alone, which might be due to the lack of GPS sites in the north of the rupture 376 

area. The moment released by afterslip is about 7.32× 1019 Nm over first 4.8 years, which is 377 

echoed by 5.5 × 1019 Nm over first 1 year( Zhao et al.,2017) , 1.2 × 1020 Nm over first 1.6 378 

years( Jiang et al.,2018) ,  6.0 × 1019 Nm and 1.2 × 1020 Nm over first 2 years( Wang & Fialko,2018; 379 



Jiang et al.,2019), and a moment between 1.21× 1020 Nm and 2.37 × 1020 Nm over 1.16 years (Liu 380 

et al.,2020) .The low moment release due to afterslip, approximating 6.7% of the mainshock 381 

moment release, is also found for several earthquakes where afterslip occurred downdip of the 382 

rupture (Hsu et al., 2006; Ryder et al., 2011; Huang et al., 2014; Lienkaemper & McFarland, 2017). 383 

Different from the previous studies, we inverted the afterslip based on the heterogeneous 384 

elastic model including the topographic relief and a spherical shell. We compared the afterslip 385 

inverted by 3D FEM and flat layered models, and found the WRMS misfit between the afterslip 386 

and observations to be 3.18 mm for the FEM and 3.19 mm for the flat layered mode. The afterslip 387 

distribution of the flat layered model is somewhat smaller from that of the 3D FEM. The high value 388 

patch of afterslip inverted by flat layered model is more concentrated and maximum afterslip is up 389 

to 0.31 m (Fig. S10), larger than the 0.28 m of the FEM.  However, the moment released by 390 

afterslip of the flat layered model is equivalent to Mw7.15, lower than Mw7.18 of the 3D FEM.  391 

5.3 The potential poroelastic rebound 392 

When an earthquake occurs, sudden pore fluid pressure changes in the ambient rocks 393 

accompanies with the coseismic pressure changes, and then gradually evolves towards an 394 

equilibrium condition as the flow of fluid is restored, leading to time-dependent surface 395 

deformation (Peltzer et al., 1998; Wang & Kümpel, 2003). It is difficult to solve the problem 396 

analytically because the deformation and pore pressure fields are coupled through the equilibrium 397 

and diffusion equation (Segall, 2010). The characteristics of anisotropic rocks further complicate 398 

the calculation. One common way is to calculate postseismic poroelastic rebound through 399 

differencing coseismic deformation models under the undrained and drained conditions, 400 

represented by variable Poisson’s ratios (Fialko et al., 2004; Barbot et al., 2010; Wang & Fialko, 401 

2018; Gonzalez-Ortega et al., 2014; Hughes et al.,2010; Hu et al., 2014). We approximately 402 

evaluated the potential poroelastic rebound without considering the time-dependent process and 403 

any heterogeneity. The poroelastic layer was assumed to be within the top 20 km of upper crust, 404 

while the undrained and drained Poisson’s ratios were set to 0.28 and 0.25, respectively, and the 405 

rupture model of Tung et al. (2016) was used to drive the poroelastic rebound. Our results show 406 

that the poroelastic rebound (Fig. S11) spreads out from the rupture area; large poroelastic 407 

rebound concentrates the rupture area. However, the maximum displacement is on the order of 408 



millimeter, far less than the effects of afterslip and postseismic relaxation, which echoes previous 409 

studies (Zhao et al., 2017; Wang & Fialko, 2018).    410 

5.4 Insight into the seismic risk 411 

Due to the rapid plate convergence of Indian-Eurasian collision and high strain accumulation, 412 

the Himalayan collision zone is prone to frequent devastating earthquakes. During the interseismic 413 

period, the MHT is locked from the surface to a distance of approximately 100 km downdip, 414 

corresponding to a depth of 15 to 20 km based on long time geodetic measurements (Ader et al., 415 

2012; Stevens & Avouac, 2015; Liu et al., 2016). The background seismicity along the Himalayan 416 

arc is clustered along a relatively narrow zone, which approximately coincides with the downdip 417 

end of the locked fault zone (Cattin & Avouac, 2000; Bollinger et al., 2004) and the zone of 418 

greatest shear stress accumulation (Ader et al.,2012). More detailed inversions for distributed 419 

interseismic coupling find that the MHT appears nearly fully locked to the south of the front of the 420 

Higher Himalaya and fully creeping to the north of it. The transition from unstable to stable slip 421 

behavior can be related to the temperature at depth (Ader et al., 2012; Stevens & Avouac, 2015).  422 

 The Gorkha earthquake ruptured the deep part of the fully locked segment of the MHT 423 

(Avouac et al., 2015; Galetzka et al., 2015; Gualandi et al.,2016; Elliott et al., 2016; Qiu et al., 2016), 424 

only releasing a small amount of seismic moment deficit (Feng et al., 2015; Liu et al.,2019); the 425 

inferred afterslip was concentrated at the deeper extent of the coseismic rupture, followed two 426 

weeks later by the Mw7.3 aftershock, which unzipped the eastern edge of the mainshock (Zhang 427 

et al.,2015; Wang & Fialko, 2018), leaving the shallow portion and the west of the mainshock 428 

rupture areas still locked. Considering the interseismic fault coupling and the small amount of 429 

energy released during the coseismic and postseismic periods, the unzipped shallow portion and 430 

western segment of the MHT are still at the high seismic risk (Mencin et al., 2016; Elliott et al., 431 

2016; Zhao et al.,2017; Wang & Fialko, 2018; Tian et al.,2020; Liu et al.,2020). 432 

6. Conclusion 433 

We processed GPS displacement time series of 39 sites in Nepal and South Tibet of China, 434 

applying PCA and prior velocity constraints to extract postseismic displacements over 4.8 years 435 

after the 2015 Gorkha earthquake. The postseismic displacements show the southward and 436 

upward motion around the epicentral area. We then constructed the 3D FEM to explicitly account 437 



for the surface topography, earth curvature and heterogeneous material properties to refine the 438 

postseismic deformation after the earthquake. With the more realistic FEM, the Burgers rheology 439 

generates the viscoelastic relaxation on the order of a centimeter.  The viscoelastic relaxation 440 

shows the southward motion in the north of the rupture, but nearly exhibits the opposite 441 

direction to the observations in the south of the rupture. However, the observed postseismic 442 

motions for this earthquake are dominated by afterslip. The inverted afterslip is mainly distributed 443 

downdip of the coseismic rupture with a peak of ~28 cm, in the area characterized by low 444 

aftershock activities. The moment release by afterslip is 7.32 × 1019 N m, equivalent to a moment 445 

magnitude Mw ~7.18, approximately 6.7% of the mainshock moment release. Considering the 446 

accumulated moment deficit and the small amount energy release during and after the 2015 447 

Gorkha earthquake, the lack of slip on a shallow portion and western segment of the MHT implies 448 

continued seismic hazard into the future. 449 
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Figures

Figure 1

Tectonic setting. The black beach ball shows the mainshock focal mechanism from U.S. Geological
Survey. The blue circles are continuous GPS sites used in this study. The color represents the
topographical relief, and the color of overlapped fault plane represents the coseismic slip distribution
from Tung et al. (2016). The black lines mark the depth of faulting. The red lines represent active faults
from Taylor and Yin (2009).

Figure 2



The cumulative horizontal (a) and vertical (b) postseismic displacements exacted from GPS
displacement time series. The red lines represent active faults.

Figure 3

FEM structure used in the numerical simulation. (a) The yellow rectangle denotes fault rupture. The top
surface exhibits topographical relief. The color blocks denote the upper, middle and lower crust and the
mantle, respectively. The pro�le AB is normal to the MFT. (b) Map view of the FEM mesh. (c) The larger
view of the FEM mesh in the near-�eld area of the Gorkha earthquake. (d) The elevation, Vp, Vs, density
and viscosity variations along the pro�le AB. The black line is the source rupture plane.



Figure 4

The predicted postseismic displacements due to a bi-viscoelastic Burgers model. (a) The color scale
represents the vertical component, and the black arrows represent the horizontal component. (b) The
comparison between the predicted viscoelastic relaxation (red arrows) and observations (blue arrows) in
the horizontal component and (c) the vertical component. The dark blue contours denote the coseismic
slip distribution on the fault.



Figure 5

(a) Trade-off curve between model roughness and mis�t. Numbers indicate the smoothing factor β. (b)
The inverted afterslip distribution. The color scale denotes the inverted afterslip distribution. The black
contours denote the coseismic slip distribution on the fault. The blue circles denote the aftershocks after
the Gorkha earthquake, and the size indicates the magnitude.

Figure 6

The observed postseismic displacement (blue arrows) and predicted postseismic displacement (red
arrows) due to afterslip. The dark blue and dark red contours denote the coseismic slip and afterslip
distribution on the fault.



Figure 7

Comparisons of observed and calculated displacements, including contributions from viscoelastic
relaxation and afterslip during the different periods. Horizontal displacements are presented by arrows.
The color Inset in each panel shows horizontal residuals. The dark blue contours denote the coseismic
slip distribution on the fault.

Figure 8



The postseismic deformation daily displacement time series of the north and east components at GPS
sites CHLM and XZZF. Black dots indicate the observed displacements. The red line indicates the data
�tting of the postseismic deformation (Equation 1). The blue line indicates the predicted viscoelastic
relaxation. The green triangles indicate the sum of predicted viscoelastic relaxation and the postseismic
deformation due to afterslip.
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