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Abstract Fault source models inverted from surface displacement measurements are a common tool
to contextualize the seismotectonic significance of earthquakes. However, these models commonly invoke
a simplified homogeneous elastic half-space (flat Earth) description of Earth, which may bias the resulting
fault geometries and slip distributions in the presence of spatially varying Earth's elastic structure and
topography. Here, we developed both forward and inverse three-dimensional finite-element models

with planar faults to systematically assess the impacts of topography, crustal elastic structure, and fault
geometry on surface deformation and earthquake source inversions, with a focus on the 2015 Gorkha,
Nepal earthquake. Our forward models with fixed fault slip confirm the impacts of topography and crustal
heterogeneity on surface deformation. These impacts, however, contribute only maximally ~10% of the
total surface displacement, and the fault depth and dip dominantly control the coseismic deformation

for the Gorkha case. When using homogeneous half-space models to invert the synthetic displacement
fields generated by forward finite-element models, we find that ignoring crustal heterogeneity primarily
biases inferred dip angle, while ignoring relief primarily biases inferred fault depth. Our inversions based
on finite-element models suggest that topography and crustal heterogeneity introduce negligible bias

on recovering the Gorkha line of sight observations. Fault dip angle and depth can systematically trade

off with slip area and slip magnitude, regardless of the presence of relief and crustal heterogeneities.
Taken together, our findings highlight the importance of fault geometry on inverted fault kinematics with
geodetic observations in the central Himalayan arc.

1. Introduction

In the past decades, space-based geodetic systems, in particular Global Positioning System (GPS) and in-
terferometric synthetic aperture radar (InSAR), have revolutionized our ability to monitor actively deform-
ing areas with unprecedented spatial and temporal resolutions, revealing a wide spectrum of deformation
processes that related to active tectonics on Earth (Biirgmann & Thatcher, 2013). Modeling of these geo-
detic observations has provided further insights into the fault kinematics and rheological structure at large-
scale fault systems in the different stages of earthquake cycle (e.g., Arnadéttir & Segall, 1994; Biirgmann
& Dresen, 2008; Fialko, 2006; Freed et al., 2017; Hearn & Biirgmann, 2005; Itoh et al., 2019; Li et al., 2015;
Li, Bedford et al., 2018; Pollitz, 2015; Qiu et al., 2018; Sato et al., 2010; T. Sun & Wang, 2015; K. Wang
et al., 2012; Zhao et al., 2017). For the coseismic stage, surface deformation has been used to invert for the
fault geometry (including its depth, strike, and dip angles) and slip distribution (i.e., earthquake source)
of earthquakes at depth (e.g., Arnadottir & Segall, 1994; Clarke et al., 1997; Reilinger et al., 2000; Simons
et al., 2002). These inversions are particularly useful to routinely document the earthquake kinematics
located in inaccessible regions, to independently constrain earthquake impact products (e.g., Barnhart
et al., 2019) and to initiate investigations of subsequent postseismic deformation transients (e.g., Pollitz
et al., 2001). Most frequently, these inversions invoke computationally efficient solutions for deformation
due to dislocations in an elastically homogeneous half-space with a flat Earth surface (no topographic re-
lief) (e.g., Okada, 1985). Many previous studies have used linear or nonlinear sampling techniques (e.g.,
grid-searching, Monte Carlo, Markov chain Monte Carlo, Neighborhood Algorithm) to invert the earth-
quake source in a homogeneous or layered flat Earth with analytical or semianalytical solutions, which
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can explain reasonably well the geodetic observations (e.g., Arnadoéttir & Segall, 1994; Barnhart et al., 2015;
Clarke et al., 1997; Duputel et al., 2014; Fialko, 2004; Fukahata & Wright, 2008; Fukuda & Johnson, 2008;
Funning et al., 2007; Hsu et al., 2011; Ragon et al., 2018; Sambridge, 1999; Stramondo et al., 2005; J. Sun
et al., 2011; Wright et al., 1999).

Recent increases in the quantity and quality of space-based geodetic observations (Blirgmann & Thatch-
er, 2013) and ongoing advances of numerical tools and computational capability have permitted fur-
ther exploration of epistemic uncertainty of the earthquake source model that considers more realistic
and detailed Earth structure and/or surface topography. Recent works have emphasized the impacts
of including heterogeneous Earth structure and/or surface topography on surface deformation and
inversions for fault slip distribution and confirmed the sensitivity of inversion results on these mod-
el complexities (e.g., Fialko, 2004; Hashima et al., 2016; Hearn & Biirgmann, 2005; Hsu et al., 2011;
Kyriakopoulos et al., 2013; Langer et al., 2019; Langer et al., 2020; Masterlark, 2003; Masterlark
et al., 2001; Pollitz, 1996; Sato et al., 2007; Simons et al., 2002; Tung & Masterlark, 2016; R. Wang
et al., 2003; K. Wang & Fialko, 2018; Williams & Wallace, 2015; Zhang et al., 2019). The conclusions of
different case studies are oftentimes different and even opposite: some suggest that including crustal
heterogeneities in their models improves the recovery of geodetic data at a high confidence level (e.g.,
Tung & Masterlark, 2016; Zhang et al., 2019), while others find no or insignificant improvements of data
recovery (e.g., Hashima et al., 2016; Hsu et al., 2011; Simons et al., 2002; K. Wang & Fialko, 2018); some
conclude the contribution of topographic relief on surface deformation is in particular considerable
(e.g., Hsu et al., 2011; Langer et al., 2019), while others consider such a contribution to be minor (e.g.,
K. Wang & Fialko, 2018; Zhang et al., 2019). An important issue that potentially influenced such conclu-
sions is that these previous studies commonly inverted for the slip distribution without systematically
considering the possible variety of fault geometry in the presence of topographic relief and/or crustal
heterogeneities (e.g., Tung & Masterlark, 2016). If the fault geometry is not reasonably well known, the
uncertainty of the geometry may propagate into the fault slip determination (e.g., Ragon et al., 2018)
and also bias the isolation of the effects of topographic relief and/or crustal heterogeneities. Broadly,
the relative importance of unmodeled elastic structure or topographic relief and the uncertainty of fault
geometry on surface deformation and fault slip inversion, and the importance of unmodeled elastic
structure and topographic relief on fault geometry inversion have not been thoroughly documented,
in part because of heavy computational demands of merging optimization approaches with the nu-
merical tools needed to generate Green's functions (e.g., finite-element method [FEM] models; Tung &
Masterlark, 2018; Tung et al., 2019).

The April 25, 2015 Mw 7.8 Gorkha, Nepal earthquake (and its largest aftershock) ruptured the downdip
seismogenic zone (~10-20 km depth) of the Main Himalayan Thrust (MHT) at the plate boundary of India
and Eurasian plates in Central Himalaya Arc (e.g., Avouac et al., 2015; Elliott et al., 2016; Hayes et al., 2015;
Mencin et al., 2016; Figure 1). This event provides a good case example for assessing the impacts of topo-
graphic relief on determining the source location and geometry of a blind earthquake from geodetic obser-
vations given that the surface deformation field spans ~4.5 km of relief. In addition, seismological studies
have revealed certain variations of seismic velocities in the vicinity of the 2015 Gorkha earthquake, imply-
ing the presence of crustal heterogeneities in both across-range and along-depth directions (e.g., Monsalve
et al., 2006; Monsalve et al., 2008; Schulte-Pelkum et al., 2005). The topographic relief and crustal elastic
structure have likely influenced the surface deformation field of the Gorkha earthquake such that an as-
sumption of a homogeneous flat Earth may systematically bias inversions for fault geometry and slip. While
we focus our examples on the Gorkha earthquake, our results are broadly applicable to understanding
sources of modeling uncertainty in other similar thrust-style earthquakes.

In this study, we design three groups of forward and/or inverse FEM models to progressively investigate
the impacts of topographic relief and crustal heterogeneity on coseismic deformation and earthquake
source inversion. The main reason for using FEM models is their flexibility to account for the complex ge-
ometries and heterogeneity of the large-scale fault system. (1) We start with synthetic FEM forward mod-
els with an assumed slip distribution to illustrate the effects and the relative importance of topographic
relief, crustal heterogeneity, and fault geometry (i.e., the dip angle, strike angle, and depth of the fault
plane) on the model-predicted surface deformation of the Gorkha earthquake. (2) We next use homoge-
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Figure 1. Tectonic settings of the study area. The red star and black dots denote the epicenter of the main shock
and the aftershocks (>Mw 4) within 1 year (April 25, 2015 to April 25, 2016) after the 2015 Gorkha earthquake from
National Earthquake Information Center (NEIC), US Geological Survey (earthquakes.usgs.gov). The coseismic slip
distribution is from Elliott et al. (2016). The GPS locations are from McNamara et al. (2017). The white cycle is the
map view of the reference point of the fault geometry. The blue line shows the location of profile in Figure 3. The
gray shaded relief map is generated from the elevation model ETOPO1 (V9.1, Smith & Sandwell, 1997). GPS, Global
Positioning System.

neous half-space models to invert the FEM-simulated synthetic surface displacement fields for the fault
geometry and explore the bias of ignoring topographic relief and crustal heterogeneity on the recovery
of true fault dip and depth. (3) Finally, we perform fault slip inversions of different fault geometries with
and without topographic relief and crustal heterogeneity, based on FEM-generated Green's Functions
and the real InSAR observations of the 2015 Gorkha earthquake. By quantitatively comparing the misfit
of the inversions, we gain insights into the effects of the topographic relief and crustal heterogeneity on
fault geometry and slip inversions with real geodetic data. We also explore the influences of inverted slip
distribution due to the topographic relief and crust heterogeneity and the systematic variation of fault
geometry.

2. InSAR Constraints

Since InSAR observations are much more spatially dense than the GPS observations (e.g., only five GPS
offsets are available near the source area of the Gorkha event (McNamara et al., 2017, Figure 1), the model
resolution of any geodetic inversions is dominated by the available InSAR constraints. For a representative
case study, we therefore illustrate our forward model-predicted surface deformation in the line of sight
(LOS) of InSAR observations and only use InSAR observations to constrain our FEM-based fault slip in-
versions. We assemble an InSAR data set of the mainshock of Gorkha event derived from the ALOS-2 and
Sentinel-1 missions including two descending and one ascending tracks, published by Lindsey et al. (2015),
Hayes et al. (2015), and McNamara et al. (2017) (Table 1; Figure 2). Together, this data set contains three
independent looking angles of LOS displacements, potentially providing robust constraints on earthquake
source inversions. We use the downsampled coseismic interferograms (in total 1,565 data points, Table 1)
with a resolution of 5 km at best, and 8 km for most part of the deformed area (Figure S1), and their noise
covariance structure (Lohman & Simons, 2005) in our FEM modeling.
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Table 1
Parameters of Used Interferograms Pairs
Direction Primary Secondary Downsampled Averaged LOS
Satellite Track # asc/dsc yyyy-mm-dd yyyy-mm-dd data points vector®
Sentinel-1 019 dsc 2015-04-05 2015-04-29 378 (—0.55; 0.11; —0.83)
ALOS-2 048 dsc 2015-02-22 2015-05-03 745 (—0.62;0.11; —0.77)
ALOS-2 157 asc 2015-02-21 2015-05-02 442 (0.58; 0.11; —0.80)

Abbreviation: LOS, line of sight.
“In the coordinates system of East, North, and Up.

3. Forward and Inverse Modeling
3.1. FEM Model Setups

In this study, we conduct all FEM computations using the open-source finite element software PyLith (Aa-
gaard et al., 2013), the accuracy and performance of which have been extensively tested in the benchmarks
for the problems of dynamic earthquake rupture (e.g., Harris et al., 2018) and quasistatic crustal deforma-
tion (https://geodynamics.org/cig/working-groups/short-term-crustal-dynamics/benchmarks/). To mini-
mize boundary effects, the lateral and depth dimensions of our FEM models are set significantly larger than
the possible source dimension of Gorkha earthquake: 2,000 km long (east-west direction), 1,700 km wide
(north-south direction), and 400 km high (vertical direction) (Figure S2a). In our models, all the lateral
boundaries are fixed to have zero displacement in the normal direction but unconstrained in tangential
directions. The basal boundary is fixed in the vertical direction but free in the horizontal directions. The top
boundary is free in both horizontal and vertical directions. Our models consist of two domains (the hanging
wall and foot wall) separated by the domain-separating fault plane. We use controlled meshing to gradually
change the size of the tetrahedral elements in the areas of interest with finer element discretization size on
the fault interface and top surface (about 8 km) and coarser element discretization size in foot wall (about
30 km) (Figure S2) with the software Cubit/Trelis (https://cubit.sandia.gov/). We use three parameters (dip,
strike, and depth) to precisely define the spatial position of the fault plane (MHT) within the 3-D model
space. For convenience of comparing fault geometries, the depth of the fault plane is defined as the distance
of a reference point on the fault plane (latitude 85.4°, longitude 27.8°; Figure 3) to sea level (zero elevation).
This point is chosen because large surface displacement is observed on the surface above it (~2,000 m ele-
vation) and hence it is located within the main coseismic slip patch mapped by most previous studies (e.g.,
Elliott et al., 2016; Hayes et al., 2015; Lindsey et al., 2015; McNamara et al., 2017).

For any given fault geometry, we construct four FEM models to isolate the corresponding effects of topogra-
phy and crustal heterogeneity: (1) a model with flat Earth surface (i.e., zero elevation is set on the top surface
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Figure 2. Used downsampled InSAR data of (a) Track #019, (b) #0438, and (c) #157. The black arrows show the satellite azimuth and line of sight (LOS)
directions. Positive and negative LOS values mean the surface toward and away from the satellite, respectively. Note that the data frames do not necessarily
align with the satellite azimuth directions.
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Figure 3. Topography and rigidity structure of two end-member models with the reference fault geometry. (a) The model with homogeneous elastic structure
and flat Earth surface. (b) The model with heterogeneous elastic structure and realistic topographic relief. The gray dots are the elevations of the finite-element
method top-surface points within a 10-km wide swath profile (see its location in Figure 1). The elastic properties within the white dashed lines are from the
tomographic models of Monsalve et al. (2006, 2008) and those outside of the dashed lines are from the Preliminary Reference Earth Model. (c) A zoom-in plot
of the model with heterogeneous elastic structure and realistic topographic relief.

of the model) and homogeneous material properties (Figure 3a), (2) a model with flat Earth surface and
heterogeneous material properties, (3) a model with topographic relief and homogeneous material proper-
ties, and (4) a model with topographic relief and heterogeneous material properties (Figures 3b and 3¢ and
Figure S3). Hereafter we name the four models as the “four end-member models” for convenience. The top-
ographic relief is constructed using the elevation data from the updated ETOPO1 (V9.1) model, which has a
spatial resolution of ~1.6 km in main rupture area of the Gorkha earthquake (Smith & Sandwell, 1997); the
homogeneous material is characterized with a Young's modulus of 120 GPa, shear modulus (i.e., rigidity)
of 48 GPa and Poisson's ratio of 0.25; the heterogeneous models incorporate the 2-D velocity structure from
Monsalve et al. (2006, 2008) in the source region of the Gorkha earthquake, which have horizontal and ver-
tical resolutions respectively of 70 km and 10-15 km, and material parameters outside of the source region
of the Gorkha earthquake from the Preliminary Reference Earth Model (the rigidity structure in Figure 3b
and the Poisson's ratio structure in Figure S3). Given possibly limited variations of the velocity structure in
the strike (nearly east-west) direction of the study region, heterogeneous elastic properties in this study is
defined mainly varying in the trench-normal (nearly north-south) and vertical directions (Figures 3b and 3c
and Figure S3), consistent with previous studies of the Gorkha earthquake (e.g., K. Wang & Fialko, 2018).
This elastic structure features relatively moderate gradients near fault and close to the ground surface (Fig-
ure 3b and Figure S3) and hence is expected to introduce limited impacts on coseismic surface deformation
and inverted fault slip (Hsu et al., 2011; Williams & Wallace, 2018).

3.2. Forward FEM Simulations of Coseismic Surface Deformation

We first perform a series of FEM forward simulations to illustrate how the model-predicted coseismic sur-
face deformation is affected by topography, crustal elastic structure, and fault geometry with an assumed
coseismic slip distribution. We use the four end-member models with our reference fault geometry (dip
10°, strike 285°, and depth 12 km) to first illustrate the impacts of topography and crustal elastic structure.
‘We denote the simplest model—that with no topography, homogeneous elastic structure, and the reference
fault geometry—as the “REF Model.” We project the slip distribution of Elliott et al. (2016) onto the fault
plane in vertical direction (Figure S4) in our REF Model (in this way, the depth of the main slip does not
vary significantly due to the change of the fault dip angle, Figure S4a) and the other three end-member
models, and we perform the forward simulations. The kinematic fault slip is implemented in PyLith using
the technique of “cohesive cells” for creating a fault interface, that is, the finite element mesh is replaced
each fault face with a zero-volume cohesive cell in a preprocessing step at the beginning of a simulation (Aa-
gaard et al., 2013). In this way, opposite motions of the two sides of the fault interface is achieved. We then
calculate the synthetic InSAR observations of the three averaged satellite looking angles (Table 1) based on
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the FEM-predicted 3-D surface deformation. We finally compare the synthetic LOS values from the four
end-member models in map view and by histograms.

We then perform another 12 forward simulations to illustrate the impacts of the three parameters of the
fault plane (dip, strike, and depth) and hence the potential uncertainty of fault geometry on the coseismic
surface deformation. To isolate the impacts of each parameter, we fix two parameters of the fault geometry
of the REF Model and vary the third one. In this way, we illustrate the contribution and relative importance
of each parameter on surface deformation. We choose dip of 15°, strike of 290°, and depth of 9 km in com-
parison to the corresponding values of the reference fault geometry. For each parameter, we again construct
four end-member models and investigate the potential coupling effects of fault geometry with topography
or crustal elastic structure on surface deformation.

3.3. Inversions for Fault Dip and Depth With Homogeneous Half-Space and Synthetic FEM-
Generated Surface Deformation

Fault dip and depth are utmost important geometric parameters on surface deformation according our
forward simulations described in Section 3.2 (results are shown in Section 4.1). We therefore next focus on
exploring the biases that might be introduced into the most commonly used half-space inversions for fault
dip and depth, if topography and/or crustal elastic structure are ignored through a set of synthetic tests. We
examine these biases by generating displacement fields that variously included and excluded the effects of
topography and layered elastic structure with FEM models, and then inverting them for a faulting source
using a homogeneous elastic half-space approximation (Okada, 1985). We simulate surface deformation
originating from unit thrust slip on a buried fault plane with our FEM models. We test three different fault
dips of 10°, 15°, and 30°. The strike and depth of the three fault models are fixed as 285° and 15 km. Similar
to the forward simulations in Section 3.2, for each fault geometry, we generate the four sets of displacement
fields from the four end-member models and consider the flat Earth model with homogeneous elastic struc-
ture as our experimental control. For LOS inversions, we generate synthetic coseismic interferograms by
projecting each surface displacement field into ascending and descending LOS.

After deriving synthetic surface displacement fields, we generate 100 realizations of spatially correlated
noise, each with the same covariance structure, for each look direction and add the synthetic noise to the
noise-free displacement fields. Adding synthetic noise allows us to characterize how the inversions for fault
geometry vary in the context of realistic noise. We then invert each synthetically noisy pair of ascending
and descending interferograms for the best-fitting geometry (i.e., fault depth and dip) for a single slipping
fault patch embedded in a uniform elastic half-space using the Neighborhood Algorithm (Okada, 1985;
Sambridge, 1999). The median and 16th/84th percentiles are extracted as the preferred value and 1-sigma
uncertainties given the non-Gaussian nature of the synthetic noise. Lastly, we conduct the same suite of
inversions as described above using synthetically noise horizontal displacements fields in an effort to char-
acterize how inversion of LOS displacements alone may bias inversions for faulting sources.

3.4. Inversions for Fault Slip With FEM Models and InSAR Observations

We finally conduct FEM-based inversions to investigate the influences of topography, crustal elastic struc-
ture, and fault geometry on fitting the real InSAR observations and determining the optimal fault slip dis-
tribution. We use FEM-generated Green's Functions (e.g., Li et al., 2015; Masterlark, 2003) and a bilinear
orbit ramp function (e.g., Wright et al., 2004) to invert the real InSAR observations of the 2015 Gorkha
earthquake (Figure 2) simultaneously for the fault slip distribution and the ramp signal of the InSAR data.
FEM models are used to establish the linear system relating surface earthquake deformation to fault slip
along the fault interface: G X s = d, where s is the parameter vector containing fault slip in both dip and
strike directions (i.e., free rake), d is the data vector (i.e., LOS displacements shown in Figure 2, and G is the
matrix of Green's Functions depending on the fault geometry, material properties, and the surface topogra-
phy of the FEM models. We generate the G matrix in the forward simulations, that is, LOS displacements
at all the observational points caused by unit slip of the two slipping components (i.e., dip and strike) of
finite-element fault nodes (Figure S5). We build up 72 fault planes in total by linearly sampling the three
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Figure 4. Surface deformation predicted from the four end-member models with the reference fault geometry (dip 10°, strike 285°, and depth 12 km). The
black arrows in the Figure 4a indicate the line of sight (LOS) directions. The gray contours are the coseismic slip distribution from Elliott et al. (2016) in every
2 m. HOM, HET, and TOPO mean homogeneous, heterogeneous, and topography, respectively.

fault parameters (i.e., dips of 5°, 10°, 15°, 20°, 25°, and 30°; strikes of 280°, 285°, and 290°; depths of 9, 12,
15, and 18 km). We believe that these parameter combinations are of the most physically reasonable sce-
narios for the Gorkha earthquake. By systematically varying the three parameters, we gain insights into the
propagation of the uncertainty of the fault geometry in the inversion results. In this study, we use the fault
nodes in between longitude 84°-87° and at seismogenic depths (i.e., 0-30 km) to invert for fault slip. The
number of fault nodes at this fault area decreases with the fault dip angle, resulting in ~4,000 fault nodes
from the five dip angles (Figure S6). With three strike angles and four depths, we have in total ~47,000 fault
nodes for all the fault geometries. With the four end-member models and two slipping manners for each
fault geometry, we perform in total ~372,000 times of FEM forward simulations to assemble all the Green's
Functions for fault slip inversions.

We evaluate the quality of slip inversions using the ;R; criterion (Barnhart & Lohman, 2010; Nealy
et al., 2017). The ;R; misfit quantifies the degree to which a given slip distribution fits the true, underlying
surface deformation signal while accounting for the spatially correlated nature of noise in the InSAR obser-
vations. Therefore, the lower ;R; misfit value also indicates the better InSAR data recovery of the inversion.
For each FEM-based inversion, we present an optimal solution obtained with the minimum ;R; misfit. We
then compare these minimum values of all the performed models and infer the optimal fault geometries
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Figure 5. Histograms summarizing the predicted surface displacements from the four end-member models with the reference fault geometry (dip 10°, strike
285°, and depth 12 km) shown in Figure 4. HET, heterogeneous; HOM, homogeneous; LOS, line of sight; TOPO, topography.

for the four end-member models based on the lowest value of the minimum ;R; misfit. We also calculate the
averaged slip along the fault strike direction as a function of fault depth to quantitatively compare the slip
distributions from different inversions.

4. Results
4.1. Forward Modeling Results

The results of our forward simulations for the Gorkha earthquake are shown in Figures 4-11. The impacts
of topography and crustal elastic structure on model-predicted coseismic surface deformation are summa-
rized in Figures 4-7 and the impacts of fault geometry are summarized in Figures 8-11. Our results high-
light that fault depth and dip angle have a relatively greater impact on coseismic surface deformation than
fault strike angle, topography, and crustal elastic structure for the Gorkha case.

With the reference fault geometry, the predicted surface deformation from the four end-member models
with the assumed slip distribution (maximum ~8 m) show clearly similar spatial patterns toward the sat-
ellite above the main ruptured area and away from the satellite in the north edge of the main rupture area
(Figure 4), which are consistent with the InSAR observations (Figure 2) to the first order. Histograms of the
predicted surface displacements (—60-120 cm LOS displacements) show that the four end-member models
have similar skewed distribution of LOS magnitude frequency (i.e., statistically more positive displacements,
Figure 5). Nevertheless, topography and crustal heterogeneity impact the magnitude of surface deformation
(—10-10 cm LOS displacement), contributing maximally ~10% of displacement magnitude (Figure 7). For
the specific seismotectonic settings of the Gorkha earthquake, the model including heterogeneous crus-
tal elastic structure predicts larger surface displacements in the north edge of the main rupture area and
smaller displacements in the south of the main rupture area (Figure 6a), spatially anticorrelating with the
total predicted displacements (Figure 4). In contrast, topography has a more heterogeneous and localized
impact on surface displacement (Figure 6b) and in general is opposite sense of the impact of heterogeneous
crustal elastic structure (Figure 6a). Notably, the combined impacts of topography and crustal heterogeneity
are greater than when topography or crustal heterogeneity are considered by themselves (Figure 6c¢). His-
tograms of the surface displacements contributed by topography and crustal heterogeneity generally have
distinct distributions in magnitude frequency (Figure 7).

By increasing fault dip angle 5°, the four end-member models consistently predict smaller surface displace-
ments when applying the same distribution of slip in comparison to the four end-member models with the
reference fault geometry (Figure 8). The histograms of displacement frequency (—25-10 cm LOS displace-
ment) show similar skewed distributions of the four models (more negative displacements, Figure 11a).
By increasing the fault strike angle by 5°, the four models predict no significant difference of surface
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Figure 6. The impacts of topography and crustal heterogeneity on model-predicted surface deformation. Results in Figures 6a-6c¢ are calculated by subtracting
the LOS values of Figures 4b-4d with that of Figure 4a, respectively. The gray contours are the coseismic slip distribution from Elliott et al. (2016) in every 2 m.
HET, heterogeneous; LOS, line of sight; TOPO, topography.

deformation in both space pattern (Figure 9) and displacement magnitude (—10-10 cm LOS displacement,
Figure 11b). The corresponding topography and crustal heterogeneity effects (Figures S7 and S8) are insig-
nificant in comparison to the effects of fault dip and strike (the differences of color-coded histograms in
Figures 11a and 11b) for the Gorkha earthquake. By decreasing fault depth 3 km, the four models predict
heterogeneous variation of surface displacement in map view (Figure 10). Interestingly, the surface defor-
mation fields for the shallow source from the homogeneous and heterogeneous models are similar to each
other (Figure 11c). But, the surface deformation fields of the flat and topography model are systematically

Track #01 Track #04 Track #157
24 % - T | T I T I T | I T | T | T I T 1L T | T | . IHETI s Hog o
L 4+ 1r [ ToPO
20 % -1 -1 I HET+TOPO H20 %
.16 %[~ -+ -+ —16% .
o (&)
5 [ 11 11 | 5
512 % -+ -+ —12% >
o o
) - 1r 1r 1 o
LA l|I 4F || 4 r i H 8%
i ; I 1r I I 1t I |
il It '||I| It dll
0, L)
0% 0 10 20 0 10 20 0%

-20 -10 -20 -10

-20 -10 0 10 20
LOS disp. (cm) LOS disp. (cm) LOS disp. (cm)

Figure 7. Histograms summarizing the impacts of topography and crustal heterogeneity on surface deformation shown in Figure 6. HET, heterogeneous; LOS,
line of sight; TOPO, topography.
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Figure 8. The impacts of fault dip angle on predicted surface deformation. The LOS displacements are calculated by subtracting the predictions of the
comparing model (fault dip angle 15°) from those of the REF Model. HET, heterogeneous; HOM, homogeneous; LOS, line of sight; TOPO, topography.

different (Figure 11c). These changes of topography effects due to earthquake source depth change are also
clear in spatial patterns (comparing Figure 6 and Figure S9).

We note that the forward modeling results presented in this section are based on the assumption of a certain
coseismic slip distribution, which can also be influenced by topography, crustal heterogeneity, and fault
geometry in slip inversions as we will show in the Section 4.3.

4.2. Half-Space Inversion Results

Summaries of the results of our half-space inversions of synthetic surface displacements for fault dip and
fault depth are shown in Figures 12 and 13, respectively. Note, we here only provide a general discussion
of trends and statistical behaviors of these inversions because specific uncertainties will vary from case to
case and as a function of orientation of the fault plane with respect to LOS directions. Nevertheless, our
results highlight that when inverting LOS displacements, including heterogeneous elastic structure tends
to overestimate the fault dip and including topography tends to overestimate the fault depth. Moreover,
the horizontal displacements fields place more robust constraints on both fault dip and depth than LOS
observations.
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Figure 9. The impacts of fault strike angle on predicted surface deformation. The LOS displacements are calculated by subtracting the predictions of the
comparing model (fault strike angle 290°) from those of the REF Model. HET, heterogeneous; HOM, homogeneous; LOS, line of sight; TOPO, topography.

In the context of recovering fault dip by inverting LOS displacements assuming a homogeneous, elastic
half-space, we find that inversions routinely overestimate the dip angle (biased toward steeper dips) regard-
less of whether there are effects from topography and/or elastic heterogeneity in the displacement field.
Within 1-sigma uncertainty, we are able to recover the true dip in cases where the true Earth structure is
homogeneous, regardless of the effects of topography (Figures 12a-12c). The only exclusion to this trend
occurs in the case of the 10° dip where we are not able to recover the true underlying dip of models pro-
duced in a homogeneous flat Earth FEM model to within 1-sigma uncertainty (i.e., the Okada-like input
model is not recovered by Okada Green's functions) (Figure 12a). As we discuss further below, we believe
this occurs because of LOS effects. In all three dip scenarios, inversions of displacements fields produced
within a heterogeneous Earth structure are biased toward steeper dip values than those produced within
a homogeneous Earth structure. As the true dip angle increases from 10° to 15° and finally to 30°, we
find that the median value of our inversions with homogeneous Earth structure approach the true dip
value. We observe no clear correlation between the presence of topographic effects and inferred dip angle
(Figures 12a-12c).

Our tests that invert horizontal displacements rather than LOS displacements exhibit starkly different re-
sults (Figures 12d and 12e). First, the 1-sigma uncertainty ranges are comparatively narrower for each test,
indicating the horizontal displacements fields place more robust constraints on fault dip than LOS observa-
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Figure 10. The impacts of fault depth on predicted surface deformation. The LOS displacements are calculated by subtracting the predictions of the comparing
model (fault depth 9 km) from those of the REF Model. HET, heterogeneous; HOM, homogeneous; LOS, line of sight; TOPO, topography.

tions. As with the LOS inversions, we find that inversions of displacement fields with heterogeneous Earth
structure effects group together; though, they tend to underestimate the true dip rather than overestimate
it. We also find that we can recover the true dip value for displacements produced within a homogeneous
flat Earth with a homogeneous flat Earth model for the dip ranges tested (Figures 12d and 12e). In all of our
inversion tests (LOS and horizontal displacements fields), we find that uncertainty ranges systematically
increase with increasing dip angle (Figure 12). These trends likely arise because as dip angle increases,
the certainty on depth improves and a comparatively wider range of dip values can fit the observations.
Conversely, at shallower angles, a narrower range of dip angle fit the data while depth is relatively uncon-
strained. These tradeoffs were demonstrated in the case of afterslip along a nearly flat decollement in the
Zagros Mountains (Barnhart et al., 2018).

In the context of recovering fault depth from inversions of LOS displacements generated from different
dip angles (Figures 13a-13c), we find that we are able to routinely recover the true depth in cases where
the displacement field includes no topographic effects. Inversions of displacement fields with topographic
effects are generally deeper than those without topographic effects; though, we do not see a consistent trend
of this discrepancy increasing or decreasing with increasing dip angle (Figures 13a-13c). At the steepest
tested dip (30°), all model groups recover the true depth to within uncertainty. We also observe that, with
the exception of the 30° dipping scenario where all models converge toward the true depth, models with
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Figure 11. Histograms summarizing the impacts of (a) fault dip, (b) fault strike, and (c) fault depth on surface deformation shown in Figures 8-10, respectively.
HET, heterogeneous; HOM, homogeneous; LOS, line of sight; TOPO, topography.
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Figure 12. Probability density of fault dip recovery using homogeneous half-space models. (a-c) are determined by using synthetic InSAR displacements
from FEM models. (d-e) are from using synthetic horizontal displacements from FEM models. FEM, finite-element method; HET, heterogeneous; HOM,
homogeneous; InSAR, interferometric synthetic aperture radar; LOS, line of sight; TOPO, topography.

topographic effects group together in a similar way to how models without topographic effects group togeth-
er (Figures 13a-13c).

Our inversions of horizontal displacements exhibit different depth distributions than the LOS inversions
(Figures 13d and 13e). The inversions from horizontal displacements encompass systematically narrower
uncertainty ranges, yet they tend to systematically underestimate the depth of the fault plane. In both the
10° and 30° dipping cases, we are not able to recover the true depth to within uncertainty in our control
group inversions; whereas, we are able to recover the true depth to within uncertainty where the displace-
ment fields have topographic effects. These relationships in part reflect the unique relative orientations
between fault geometry, slip direction, and LOS of the Gorkha earthquake, but they additionally highlight
important general considerations with respect to inverting LOS observations for fault depth.

4.3. FEM Inversion Results

The results of our FEM inversions are shown in Figures 14-18. Note, we are not aiming for determining a
best slip distribution or a best faulting source because of the huge model parameter spaces and various in-
version regularizations, but for illustrating the general influences of topography, crustal heterogeneity, and
fault geometry on the slip distribution for the Gorkha earthquake. In this perspective, our results highlight
that fault geometry parameters are more sensitive to geodetic inversions than topography and crustal het-
erogeneity in terms of recovering the geodetic data for the Gorkha case. Moreover, the fault dip angle and
depth can systematically influence the inverted slip distributions in the presence of topographic relief and
crustal heterogeneity.

Based on the minimum ;R; misfit values of all the inversions (Figure 14), the optimal fault geometry param-
eters are obtained respectively for the four end-member models (Table 2). The optimal fault depth (12 km)

LI AND BARNHART

14 of 25



As . .
NI Geochemistry, Geophysics, Geosystems 10.1029/2020GC009413

(a) LOS, true dip 10° (b) LOS, true dip 15° (c) LOS, true dip 30°
4 = - 3 = —
x1074| 4 x104 i
3 — —
L 1 2 -
2 — — - -
L 1 4L |
1= _
ol l ! ol l l
10 15 20 25 30 10 15 20 25 25 30
Depth (km) Depth (km) Depth (km)
8(d) Horizontal, true dip 10° (e) Horizontal, true dip 30°
X1O'4,_ [ _.:.__"l'-— [ [ | Median [ [ |
: 16th —+— 84th percentile

6 — i
| A\ FLAT HOM

4 _ I\ FLATHET
i _/\. TOPO HOM l

5 | \ TOPO HET .
- : True depth .

0 L ' 0 | 1

10 15 20 25 30 10 15 20 25 30
Depth (km) Depth (km)

Figure 13. Probability density of fault depth recovery using homogeneous half-space models. (a—c) are determined by using synthetic InSAR displacements
from FEM models. (d-e) are from using synthetic horizontal displacements from FEM models. FEM, finite-element method; HET, heterogeneous; HOM,
homogeneous; InSAR, interferometric synthetic aperture radar; LOS, line of sight; TOPO, topography.

and dip angle (20°) are the same for all the four models. Although it is not distinct judging from the mini-
mum ;R; misfit values (Figures 14a and 14b), the optimal fault strike angle (285°) for the models with topog-
raphy is proposed to be relatively larger than that (280°) for the models with flat surface. Homogeneous and
heterogeneous models show no significant difference in recovering the InSAR data, regardless of including
topography or not in the FEM models (i.e., blue and red dots are largely overlapped in Figures 14a and 14b).
Models with topography and flat surface show certain deviation from each other with the same geometric
parameters (i.e., blue and red dots are not overlapped in Figures 14c and 14d) but they perform quite simi-
larly in explaining the InSAR data and hence determining the optimal geometric parameters (i.e., minimum
jRi values of blue and red dots in Figures 14c and 14d).

Using the common optimal fault geometry of the four end-member models (i.e., dip 20°, strike 285°, and
depth 12 km, Table 2) as a reference, we further show the influence of varying each of the three param-
eters on the optimally inverted fault slip distributions (i.e., the solutions obtained from the minimum ;R;
values presented in Figure 14) by fixing the other two parameters (Figures 15-17). Larger fault dip angle
leads to more concentrated slip distribution at depth (Figure 15), and the maximum and most slip of all
the inversions are featured the same depth (10-15 km, Figure 15) or the same corresponding surface area
(Figure S10); fault strike angle do not change significantly the slip distribution, but higher strike angle tends
to relate to more concentrated slip distribution (Figure 16); deeper fault depth results in deeper slip distri-
bution, larger maximum slip, and more shallow-skewed slip distribution (Figure 17). These influences of
fault geometry on inverted slip distribution are not biased by the presence of topography and heterogeneous
crustal elastic structure (comparing the four panels in Figures 15-17 and stacking the slip distributions of
all the inversions in Figure S11). The impacts of topography and crustal heterogeneity, and the variations of
fault geometry together lead a fruitful variety of the slip distributions but mainly a blind slip patch at depth
(Figure S11).
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Figure 14. Minimum ;R; misfit as a function of the three parameters of the fault plane obtained from the fault slip inversions. All the performed models are

plotted into four categories to highlight the impacts of topography and heterogeneous elastic structure: (a) and (b) show the comparisons of the models with

homogeneous (blue dots) and heterogeneous (red dots) crustal elastic structure; (c) and (d) show the comparisons of the models with flat surface (blue dots)

and topography (red dots). One color-coded dot represents the minimum ;R; misfit of one FEM-based slip inversion, which may be determined from different
smoothing factors applied on the slip distribution for different models. FEM, finite-element method; HET, heterogeneous; HOM, homogeneous; LOS, line of
sight; TOPO, topography.

The optimally inverted slip distributions from the optimal model with flat surface and homogeneous crustal
elastic structure (Figure 18a) and the optimal model with topography and heterogeneous (Figure 18b) are
similar to each other in terms of spatial pattern and maximum slip values. These two slip distributions are
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Figure 15. The impacts of fault dip angle on the optimally inverted slip distribution for the four end-member models.
Fault strike angle and depth are fixed as 285° and 12 km, respectively. HET, heterogeneous; HOM, homogeneous;
TOPO, topography.
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Figure 16. The impacts of fault strike angle on the optimally inverted slip distribution for the four end-member
models. Fault dip angle and depth are fixed as 20° and 12 km, respectively. HET, heterogeneous; HOM, homogeneous;

TOPO, topography.

largely consistent with previous studies but less slip in the deep part (north) of the fault, where the midcrus-
tal ramp (i.e., larger fault dip angle) is suspected (e.g., Elliott et al., 2016). No significant difference of the
two models is found in terms of explaining the InSAR observations (Figures S12 and S13).
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Figure 17. The impacts of fault depth on the optimally inverted slip distribution for the four end-member models.
Fault strike and dip angle are fixed as 285° and 20°, respectively. HET, heterogeneous; HOM, homogeneous; TOPO,

topography.
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Table 2

Optimal Fault Geometry for the Four End-Member Models
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Figure 18. Optimally inverted coseismic slip distributions of (a) “FLAT HOM” model and (b) “TOPO HET” model
with the corresponding optimal fault geometries. The fault geometry parameters of the “FLAT HOM” model are

dip 20°, strike 280°, and depth 12 km. The fault geometry parameters of the “TOPO HET” model are dip 20°, strike
285°, and depth 12 km. The red star and black dots denote the epicenter of the main shock and the aftershocks
(>Mw 4) within 1 year (April 25, 2015 to April 25, 2016) after the 2015 Gorkha earthquake from National Earthquake
Information Center (NEIC), US Geological Survey (earthquakes.usgs.gov). The gray contours are the coseismic slip
distribution from Elliott et al. (2016) in every 2 m. LOS, line of sight; RMS, root mean square.

5. Discussion

5.1. Impacts of Topographic Relief, Crustal Heterogeneity, and Fault Geometry on Coseismic
Deformation

Our forward modeling experiments that impose the coseismic slip distribution of Elliott et al. (2016) sug-
gest that excluding or including topography and/or crustal heterogeneity does not significantly change the
pattern (Figure 4) and magnitude (Figure 5) of the expected surface deformation for the Gorkha earth-
quake. Exclusion/inclusion of topography and/or heterogeneous crustal elastic structure only contributes
maximally ~10% of surface displacement magnitude (comparing Figures 5 and 7), consistent with previous
studies for the Gorkha earthquake (e.g., K. Wang & Fialko, 2018). The reasons of such limited impacts of
topographic relief and crustal heterogeneity for the Gorkha earthquake may be the relatively gentle topo-
graphic gradient above the ruptured zone of the Gorkha earthquake (Figure 3c) (Williams & Wadge, 2000)
and the relatively moderate gradients of elastic structure (Figure 3b and Figure S3) used in our models
(Hsu et al., 2011; Williams & Wallace, 2018), respectively. Earthquakes with higher or lower topographic
and elastic-structure gradients may lead to more or less contributions on surface deformation from the
topographic relief and crustal heterogeneity. Our forward models also confirm that topography and crustal
heterogeneity impact the surface deformation in two different ways, consistent with previous studies (e.g.,
Langer et al., 2019), that is, crustal heterogeneity has more homogeneous effects in space and influences
mainly the displacement magnitude (Figure 6a), and topography has more heterogeneous effects in space
and influences mainly the deformation pattern (Figure 6b). These different impacts on the surface displace-
ment magnitude may be able to be isolated by geodetic data in some cases, deserving further investigations
(more discussion related to this in Section 5.5).

When varying the dip angle and depth of the fault plane, the corresponding four end-member models con-
sistently show significant impacts of these fault geometry parameters on surface deformation (Figures 8
and 10) and the first-order similarity of the skewness of the histograms of
displacement frequency (Figures 11a and 11c). These results suggest that
these two fault parameters have a dominant control on surface deforma-
tion compared to the impacts of topography and crustal heterogeneity for

this study. In contrast, the four end-member models show no significant

Model name Depth (km) Dip (°) Strike (°)
variation of surface deformation when varying the fault strike angle (Fig-
FLAT HOM 12 20 280 A . . . . .
ures 9 and 11b). This is not unsurprising given the relatively shallow dip
FLAT HET 12 15/20 280 (10°) of the fault plane we use to simulate the surface deformation. We
TOPO HOM 12 20 285 additionally find some tradeoffs between the impacts of topography and
TOPO HET 12 20 285 crustal heterogeneity and the three parameters of fault geometry (i.e.,

Abbreviations: HET, heterogeneous; HOM, homogeneous; TOPO,

topography.

different color-coded histograms do not fully overlap with each other in
Figure 11). Most notably, the impacts of topography are clearly coupled
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with fault depth (Figure 11c), indicating that the topography effects on surface deformation are not only
correlated to the topography itself on surface but also sensitive to the depth of earthquake source (e.g., Wil-
liams & Wadge, 1998, 2000).

5.2. Recovery of Fault Dip and Depth With Homogeneous Half-Space Model

There are several important trends and relationships in the tests where we invert different displacement
fields from FEM forward simulations with a homogeneous elastic half-space model. First, we are not able
to recover the true underlying dip when we invert our 10° dipping LOS displacement control group (dis-
placement field generated in a homogeneous flat Earth) with a homogeneous elastic half-space model (Fig-
ure 12a). Conversely, when we invert the same control group but with horizontal displacements, we are
able to recover the true dip (Figure 12d). As dip angle increases to 15° and 30° dip (Figures 12b and 12c), we
are able to recover the dip from the LOS displacement control group. This relationship occurs because our
model is of thrust motion, and thrust motion on a shallowly dipping plane produces predominantly hori-
zontal displacements that are not well resolved by LOS displacements. As dip angle increases, the relative
magnitude of vertical displacements also increases and provides stronger constraint on the dip angle. This
relationship was observed in uncertainties associated with inversions for the dip of nearly horizontal thrust
planes associated with the Mw7.3 Darbandikhan (Sarpol-e-Zahab) earthquake in Iran in 2017 (Barnhart
et al., 2018; Nissen et al., 2019).

Second, the distributions of inverted dip angle are divided into two groups: inversions of displacement fields
with heterogeneous Earth structure effects and inversions of displacement fields with homogeneous Earth
structure effects (Figure 12). These results indicate that inversions for fault dip are more sensitive to unmod-
eled elastic structure than they are to unmodeled topographic effects. Accordingly, one might reasonably
assume that, for steep enough dips (>~15°), the topographic effects can be ignored when attempting to
resolve dip angle.

Third, our fault plane depth estimates show the opposite grouping as for dip. Here, the inversions are di-
vided into two groups: inversions of displacement fields with topographic effects and those without topo-
graphic effects (Figures 13a-13c). Inversions of horizontal displacement fields do not exhibit as clear of a
grouping (Figures 13d and 13e). We interpret this result to indicate that, when using LOS displacements,
inversions for fault depth are more sensitive to unmodeled topographic effects than they are to unmodeled
elastic structure.

5.3. Impacts of Topography, Crustal Heterogeneity, and Fault Geometry on Fault Slip Inversion

Although the synthetic forward modeling results clearly show the impacts of topography and crustal heter-
ogeneity on surface deformation (Figures 6 and 7), our inversions for fault slip indicate that it is difficult to
isolate the effects introduced by topography or crustal structure in terms of explaining the observed surface
deformation for the Gorkha earthquake (Figure 14), consistent with some of the previous case studies (e.g.,
Hsu et al., 2011; Simons et al., 2002; K. Wang & Fialko, 2018). Nevertheless, in tests where we explore the
impacts of topography show systematically different data misfit for many geometry parameter combina-
tions (i.e., many red and blue dots do not overlap with each other in Figures 14c and 14d) mainly because
the impact of topography on surface deformation is related to the earthquake depth (Figures 10 and 11c).
Therefore, studies investigating the topography effects on coseismic deformation and fault slip distribution
have to reasonably constrain the fault depth first. In contrast, our inversion that just explores the impacts
of crustal elastic heterogeneity show similar data misfit for most geometry parameter combinations (i.e.,
red and blue dots overlap largely with each other in Figures 14a and 14b). Considering a large variability of
possible fault geometries, our inversions show that the fault geometry parameters are more sensitive to the
model misfit than the topography and crustal heterogeneity for the Gorkha earthquake (Figure 14). There-
fore, geodetic earthquake source models have to incorporate the first order uncertainty of fault geometry
(e.g., Ingleby et al., 2020; Ragon et al., 2018) before further considering the effects of topography and crustal
heterogeneity.
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Our FEM inversions additionally show some but no systematic impacts of topography, crustal heterogenei-
ty, and fault strike angle on the inverted slip distributions (e.g., no significant difference of the results from
the four end-member models in Figures 15-17). In contrast, the dip angle and depth of the fault plane can
systematically trade off the determined slip distributions in the presence of topographic relief and crustal
heterogeneities (Figures 15 and 17). With fixed fault strike angle and depth, larger fault dip angle results
in more distributed slip distributions along depth (Figure 15) but does not change the depth (10-15 km) of
the main slip (Figure 15) or its corresponding location on Earth's surface (Figure S10) where most surface
deformation were observed. With fixed fault dip and strike angles, deeper fault depth leads to deeper-skewed
and larger maximum slip value of the slip distributions (Figure 16). These results suggest that different
assumptions of fault dip angle and depth will strongly bias the fault slip inversion, partly explaining the
large variety of published slip distributions for a given earthquake. In addition to the explored influences
of topography, crustal heterogeneity and fault geometry in this study, we should notice that the imposed
inversion constraints (e.g., the smoothing factor applied to the slip distribution, Li, Wang et al., 2018) and
data coverage (e.g., Williamson & Newman, 2018) can also influence the inverted slip distribution.

5.4. On the Ramp-Flat Structure

An important geometrical feature of MHT that hosted the 2015 Gorkha earthquake is the downdip por-
tion of the MHT in a region encompassing along-dip geometric changes (i.e., fault dip angle ~30°) in the
middle crust, named “ramp-flat” structure (e.g., Hubbard et al., 2016). The presence of a ramp fault seg-
ment is thought to influence the interseismic strain accumulation (e.g., Pandey et al, 1995) and earthquake
occurrence time (Li, Barnhart et al., 2018). Since a ramp-flat geometry essentially increases both fault dip
angle and depth in the downdip portion of the fault in comparison to a flat fault without a ramp segment,
our inversion results suggest that the ramp-flat structure requires more geodetically inverted slip on the
ramp segment. This explains why the slip model of Elliott et al. (2016), which considered a ramp-flat fault
geometry, obtains more slip in the northern deeper area of the main rupture zone than our planar fault
models (Figure 18). Despite this difference, models with planar and ramp-flat fault geometries both feature
most of the coseismic slip on the shallower area (Figure 18). Ignoring the ramp segment in our planar fault
geometry, our inversions may overestimate some slip in the downdip portion of the fault and yield a larger
optimal fault dip angle (20°) (Table 2) than that are proposed by previous studies (7°-10°). This larger dip
angle may represent an average value of both flat and ramp segments. Nevertheless, our study highlights
that fault geometry trades off with the inverted fault slip and biases the estimation of fault kinematics (e.g.,
coseismic slip, afterslip, and slip deficit/locking state), which are important for understanding the tectonics
and geodynamics in Himalayan arc.

5.5. Applicability, Limitations, and Future Work

This work is designed for studying the 2015 Gorkha earthquake with the specific conditions of topographic
relief and crustal heterogeneities in the central Himalayan arc. These conditions may limit the applicabil-
ity of our findings to other tectonic regions. In the perspective of topographic relief, the main slip of the
Gorkha event was identified beneath the Lesser Himalaya, which has a relatively gentle topographic gradi-
ent with ~2 km mean elevation (Figure 3c). It has been pointed out that the gradients of topographic relief
can influence the predicted surface deformation and hence the earthquake source inversions (Williams &
Wadge, 2000). This may explain that the topography effects are insignificant in both our forward and inverse
modeling results. Studies of earthquakes with higher topographic gradients may lead to stronger topograph-
ic effects than our study. We note that we have downsampled the InSAR data to improve the signal-to-noise
ratio (Lohman & Simons, 2005), resulting in coarse spatial resolution (~5 km) of the data in the near field
(Figure 2 and Figure S1). Guided by this InSAR data resolution and to reduce the computational cost, we
use relative coarse mesh size (~8 km) on the model top surface (Figure S2). This option may have dampened
to a certain degree our simulated topographic effects. Higher resolution and quality data together with a
finer model resolution might help to better isolate the topographic effects in future studies.

Elastic properties in the vicinity of the ruptured area feature both lateral and vertical variations (Figure 3b
and Figure S3) from the regional tomographic models (Monsalve et al., 2006, 2008). These models have a
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typical resolution that was determined with a permanent station network (from the Department of Mines
and Geology of Nepal) and local earthquakes. There are only a few published tomographic studies available
in the Gorkha area and they all have similar seismic velocity structures to our used tomographic models
(e.g., Huang et al., 2009). We therefore believe that our used tomographic models have reasonably captured
the first order crustal heterogeneities. Prior knowledge of different levels of velocity structure details in
the Gorkha area or other regions would definitely influence the quantification of the effects of crustal
heterogeneity on surface deformation (e.g., Williams & Wallace, 2018) and hence its relative importance
to topographic relief, fault geometry and slip distribution. However, since our FEM inversions with the
used tomographic models have explained the geodetic data within the observational errors (Root mean
square < 0.2 cm LOS displacement, Figures S12 and S13), we do not think that models with more detailed
velocity structures could further improve the geodetic data recovery for the Gorkha earthquake. Neverthe-
less, a significantly more detailed tomographic model could very well change the inferred slip distribution
while fitting the data at the similar level.

Although there were geological, seismological and geodetic studies on the structure of MHT over the past
several decades, its deep geometry (especially the dip and depth) is still not constrained with low uncer-
tainty (Bilham et al., 2017; Hubbard et al., 2016). For instance, the depth uncertainties of seismologically
determined earthquake location and fault geometry (e.g., Duputel et al., 2016; X. Wang et al., 2017) are
typically larger than the averaged topographic relief (~2 km) associated with the Gorkha earthquake. With
uncertain fault geometry, isolating the effects of topography and crustal heterogeneity in the geodetic data is
more challenging as we have demonstrated in our FEM inversions. In additional to the studies with geodetic
or seismological constraints, future study with multidisciplinary constraints (e.g., seismic moment release,
mechanical analysis of wedge structure, and geophysical imaging) may help to narrow down the uncertain-
ty of the fault geometry at depth and hence make it possible to quantify more detailed effects of topography
and crustal heterogeneity on surface deformation and fault slip inversion.

6. Conclusions

Many previous studies have addressed the impacts of unmodeled topography and elastic structure on
inversions for fault slip distributions onto a priori defined fault geometries, so in this study, we have ex-
plicitly considered the effects of unmodeled topography and elastic structure on inversions for fault geom-
etry and location. Based on our results of three groups of forward and/or inverse modeling for the 2015
Gorkha earthquake in Central Himalayan arc involving a series of FEM models, we draw the following
conclusions:

1. Our forward simulations confirm the impacts of topography and crustal heterogeneity on coseismic
surface deformation for the Gorkha earthquake. Crustal elastic structure has more homogeneous effects
in space and influences mainly the displacement magnitude, while topography has more heterogeneous
effects in space and influences mainly the deformation pattern. These impacts only contribute maxi-
mally ~10% total surface displacement and the fault geometry and slip dominantly control the surface
deformation for the Gorkha case

2. The impacts of topography and crustal heterogeneity on coseismic deformation are found to be related
to fault geometry. Most profoundly, the impacts of topography depend on the fault depth. It is therefore
necessary to first constrain the fault geometry, preferably by using multidisciplinary data, before includ-
ing topography and heterogeneous crustal elastic structure in the earthquake source models

3. When inverting LOS displacements simulated by FEM models with homogeneous half-space models,
including heterogeneous elastic structure in the FEM models tends to overestimate the fault dip and
including topography tends to overestimate the fault depth

4. The horizontal displacement fields place more robust constraints on both fault dip and depth than LOS
observations, regardless of the presence of topography and heterogeneous crustal elastic structure

5. Including topography and crustal elastic heterogeneity in the FEM inversion models with different
fault geometry does not improve the geodetic data fitting for the Gorkha earthquake. It indicates that
accounting for topography or crustal heterogeneity have no first-order impact on the inverted fault plane
geometry for the Gorkha case
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6. Inverted fault slip distribution trades off more significantly with the assumed fault geometry (especially
the fault depth and dip angle) than with the topography and crustal heterogeneity for the Gorkha earth-
quake. It again suggests the importance of first constraining the fault geometry before inverting the fault
slip distribution

While we used the Gorkha earthquake and the topography/elastic structure associated with the region of
that earthquake as our test case, our results provide a broad outline for considering epistemic uncertainties
in the study of other large thrust earthquakes. Different combinations of vertical and LOS displacement
observations that have different orientations relative to fault geometries and fault slip vectors will likely lead
to different tradeoffs between model parameters than those that we found here. Nevertheless, our results
highlight that ignoring the impacts of elastic structure and regional topographic relief systematically bias
inversions for fault geometry and location, which in turn impact inversions for fault slip magnitude and
distribution.
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edu/nepal/ and http://geodesy.unr.edu. Most figures in this study were generated with the GMT software
(https://www.generic-mapping-tools.org/; Wessel & Smith, 1998) and some were plotted with perceptually
uniform color maps (Crameri, 2018). Figure S2 is generated based on the screen shots of the virtualization
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