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Abstract Megathrusts at convergent plate boundaries generate the largest and some of the most hazardous
earthquakes on Earth. However, their physical properties, including those influencing fault slip accumulation
and release and earthquake‐related surface displacements, are still poorly constrained at critical depths. Here,
we combine seismic imaging and geodetic modeling to investigate the structure and mechanical behavior of the
Main Himalayan Thrust fault (MHT) in the center of the 2015 Mw 7.8 Gorkha rupture in Nepal. Our results from
two independent observations consistently suggest the presence of a channel associated with the MHT with high
compliance (shear modulus as low as ∼4 GPa) and strain anisotropy (stiffer in the vertical orientation than in the
horizontal), likely arising from a weak subducting layer with north‐dipping foliation. Such mechanical
heterogeneity significantly influences the quantification of short‐term fault kinematics and associated
earthquake potential, with implications on across‐scale dynamics of plate boundaries in Himalaya and
elsewhere.

Plain Language Summary The Main Himalayan Thrust fault marks the boundary where the Indian
continent slides beneath the Eurasian plate, causing earthquakes like the 2015 magnitude 7.8 event in Nepal.
Subsurface images constructed using seismic waves suggest a weak layer surrounding the fault. However, we
show that the seismic signature of this layer changes depending on the direction in which the seismic waves
travel through it. We compare this information on the subsurface structure to insights from static surface
motions during the earthquake. We find that the fit to the motion is poor when we assume the subsurface rock
around the fault has the same strength in both horizontal and vertical orientations. The fit improves when we
assume the near‐fault rock is stronger under vertical compression than under horizontal compression. This
assumption also helps explain the images constructed using seismic waves. We suggest that a strong oriented
rock fabric develops in a channel around the plate boundary. The presence of this fabric may have influenced our
estimates of fault slip before, during and after great earthquakes. Accurately describing this behavior is crucial
for understanding the earthquake potential of plate boundary faults.

1. Introduction
The collision between the Indian and Asian continental plates has driven crustal shortening, thickening, and
orogeny in the Himalaya and Tibetan Plateau since ∼50–60 Ma (Hodges, 2000; Kapp & DeCelles, 2019; Yin &
Harrison, 2000). Active thrust faults at the collision front are inferred to sole into a common low‐angle
detachment thrust fault named the Main Himalayan Thrust (MHT) (Ader et al., 2012; Yin, 2006). This fault is
suggested to be mechanically weak based on the background microseismicity and force balance (Bollinger
et al., 2004; Dielforder et al., 2020). It hosts megathrust earthquakes that accommodate, in part, the convergence
in the locked zone of the megathrust fault (Ader et al., 2012; Bilham et al., 2001) and is thought to contribute to
mountain building in the Himalaya (Avouac, 2015; Dal Zilio et al., 2021). Given these relationships, the interplay
between geologic structure, mechanical properties, and seismic cycles on the MHT is crucial for understanding
both earthquake processes and long‐term orogenic processes operating on distinct time scales. The 2015 Mw 7.8
Gorkha, Nepal earthquake is the first event of its size in the Himalayan arc captured with modern high‐resolution
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seismological and space‐geodetic instruments (Avouac et al., 2015; Bilham, 2019; Galetzka et al., 2015), pre-
senting an unprecedented opportunity to explore in detail the kinematic and mechanical properties of the MHT.
The event ruptured an area of the MHT that was traversed previously (Figure 1a) by densely spaced temporary
broadband seismic stations of the HICLIMB network (Nábělek et al., 2009), which interpreted a near‐horizontal
interface capped by a low‐velocity zone (Figure 1b) (Duputel et al., 2016; Hetényi et al., 2010; Nábělek
et al., 2009). Results from the sparser HIMNT temporary network (Sheehan et al., 2001), slightly to the east of the
main HICLIMB line, found that the MHT signature is strongly backazimuth‐dependent, interpreted as anisotropy
in a several km thick layer with a foliation that dips more steeply north relative to the gently dipping to sub-
horizontal MHT trace (Figure 1b) (Schulte‐Pelkum et al., 2005). Whether such anisotropy is also present in the
low‐velocity layer crossing the source region of the 2015 event (Figure 1a) was not investigated in previous work
(Duputel et al., 2016; Hetényi et al., 2010; Nábělek et al., 2009) with HICLIMB stations.

Since seismic velocities can in theory be directly related to elastic mechanical rock properties (Jaeger et al., 2009),
low seismic velocity and seismic anisotropy associated with the MHT would affect its mechanical behavior
during earthquake deformation processes. Coseismic deformation of the 2015 Gorkha earthquake, derived from
interferometric synthetic aperture radar (InSAR) and global navigation satellite systems (GNSS), have been
extensively studied in previous geodetic studies with a focus on source characteristics (e.g., Elliott et al., 2016; G.
Feng et al., 2015; W. Feng et al., 2017; Grandin et al., 2015; McNamara et al., 2017; Qiu et al., 2016; K. Wang &
Fialko, 2015). Common elements in these studies are that inversions invoked assumptions of a homogeneous
elastic halfspace and a zero‐thickness fault interface as a sharp boundary between two tectonic units. Observed
deformation is thus entirely attributed to the inverted earthquake source and sometimes the variation of fault
geometry (Elliott et al., 2016; Qiu et al., 2016), while the MHT channel (as seismically constrained) and its
importance on kinematics and dynamics in the Himalayan arc have been geodetically unexplored.

Although previous studies fit the co‐seismic horizontal GNSS displacements and InSAR line‐of‐sight (LOS)
displacements reasonably well, the studies invoke varying degrees of fault geometry complexity and slip dis-
tribution complexity within a homogeneous elastic halfspace Earth model. In source models with a simplified,
single plane fault geometry, such as those described in McNamara et al. (2017) and Hayes et al. (2015),
distributed slip inversions re‐predict InSAR observations well but systematically underpredict the horizontal
displacements. Subsequent studies in part overcame this discrepancy through the imposition of spatially varying
fault geometries within a homogeneous elastic halfspace Earth model (e.g., Elliott et al., 2016; Qiu et al., 2016).
This study focuses on the role seismically constrained, depth‐varying material properties, as opposed to fault
geometry, may serve in resolving discrepancies between the fits to horizontal and LOS displacements.

We combine seismic imaging and geodetic modeling to investigate the physical properties and mechanical
behavior of the MHT channel. We first investigate the seismic structural signal from receiver function analysis
(Figure 1b, case D and E) in terms of the presence of an isotropic low‐velocity channel, an anisotropic layer, or
both. We then assemble InSAR and GNSS observations (Figure 1b, case A and B) to constrain coseismic vertical
and horizontal displacements. We conduct 2D finite‐element modeling of coseismic displacements considering
structural constraints from seismology. We find that we can jointly fit the GNSS and InSAR observations with a
seismogenic fault surrounded by a low velocity channel that is stronger in the vertical orientation than in the
horizontal orientation. This result indicates that geodetic observations may be capable of constraining compliance
and mechanical anisotropy in concert with seismological approaches that constrain seismic velocity changes and
wave anisotropy. Finally, we discuss the potential implications of such mechanical structure on the kinematics
and dynamics at convergent plate boundaries and the geologic origins of the strain anisotropy.

2. Data and Methods
2.1. Time‐Domain Receiver Function Analysis

Receiver function analysis has been reported for the isotropic velocity and signal polarity of the MHT in Nepal
(e.g., Duputel et al., 2016; Nábělek et al., 2009; Schulte‐Pelkum et al., 2005; Text S1 in Supporting Informa-
tion S1). The time‐domain method of receiver functions introduced by Ligorría and Ammon (1999) preserves
absolute receiver function amplitude, expressed as the amplitude ratio between the vertical and horizontal
component of a phase, which is relevant to our subsequent analysis. We use all available broadband data from the
HICLIMB (2002–2005; 191 stations) (Nabelek, 2002), HIMNT (2001–2003; 31 stations) (Sheehan et al., 2001),
and NAMASTE (2015–2016; 49 stations) (Karplus et al., 2020) networks (Figure 1a). The Gaussian filter factor
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used is 3, resulting in a receiver function pulse width of roughly 1 s. Radial and transverse component receiver
functions are calculated for teleseismic P, Pdiff, and PP phases for all events with magnitude of 5.0 or greater at
epicentral distances of 28° minimum. The inclusion of Pdiff and PP phases does not change the appearance of the
receiver functions and improves backazimuthal event coverage. We apply an automated quality control that

Figure 1. Map of the study area and conceptual sketch of geodetic and seismic observations. (a) Inset shows location in a
broader geographic context. The red star shows Gorkha mainshock epicenter and the gray shading represents the Gorkha
rupture limit from Mencin et al. (2016). Three InSAR tracks are shown by yellow rectangles and horizontal GNSS offsets are
shown as black vectors with green arrowheads. The thick blue line indicates the model profile. (b) Top surface shows
topography for part of the study area from the dense seismic station line eastward (cubes represent seismic stations), viewed
from the East. The light green outline marks the Gorkha rupture from Mencin et al. (2016). Drawing is not to scale. (A) is a
sketch InSAR ascending (left one) and descending (right one) satellite sensitivity for coseismic deformation along line‐of‐
sight (black arrows), predominantly vertical. (B) is a sketch of a GNSS station recording horizontal and vertical coseismic
deformation. (C) symbolizes previously inferred dips of the MHT (most publications prefer near 7° dip, but ramp‐flat‐ramp
geometries with 0° dip on the flat portion have also been proposed). (D) sketches the polarity (positive and negative) of
receiver function arrivals from the bottom and top of a horizontal to gently dipping low‐velocity layer associated with the
MHT; blue lines indicate rays incident from different teleseismic backazimuths. (E) sketches polarity of receiver function
arrivals from an anisotropic layer associated with the MHT. A mix of cases D and E is also possible.
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selects events by criteria for signal‐to‐noise ratio, variance reduction, maximum amplitude, pulse length, and
characteristics of the radial component direct P pulse as described in detail by Schulte‐Pelkum and Mahan (2014).
An average of 22% of radial traces and 14% of transverse traces per station are retained after quality control.

At each station, we conduct the same workflow of receiver function analysis. We see the large radial component
amplitude arrivals with changes in polarity within the first 2 s of receiver function at each station (e.g., Figures
S1a and S1f in Supporting Information S1). Polarity flips on the radial component occur at roughly East (90°) and
West (270°) backazimuths. The same arrivals are accompanied by large amplitudes on the transverse component
(Figures S1b and S1g in Supporting Information S1) with polarity flips near North (0°) and South (180°). Neither
observation is consistent with a subhorizontal to gently dipping low velocity layer. We process both components
(Figures S1c, S1d, S1h, S1f in Supporting Information S1) to isolate the matching degree‐1 harmonic signal (360°
periodicity in backazimuth; Figures S1e and S1j in Supporting Information S1) using steps detailed in Schulte‐
Pelkum et al. (2020). We obtain the azimuthally varying portion of the radial component by subtracting the
azimuthally invariant signal from each radial component trace (e.g., Figures S1c and S1h in Supporting Infor-
mation S1). Theoretical results (Park & Levin, 2016) and synthetic models (Jones & Phinney, 1998; Sav-
age, 1998; Schulte‐Pelkum & Mahan, 2014) show that azimuthally varying 360°‐periodic conversions from
contrasts in plunging axis anisotropy or dipping interfaces have a 90° shift in backazimuth on the transverse
component compared to the radial component, and the transverse receiver functions are azimuth‐shifted
accordingly (e.g., Figures S1d and S1i in Supporting Information S1). The two corrected components binned
together (e.g., Figures S1e and S1j in Supporting Information S1) display the combined 360°‐periodic signal with
maximal azimuthal coverage thanks to the shifted transverse component signal. We apply a moving window of
0.25 s length and decompose the signal using backazimuthal harmonics with degrees 0, 1, and 2 (Schulte‐Pelkum
& Mahan, 2014). Because of biased sampling of illumination azimuths by global seismicity, a straightforward
stack of all receiver functions may alias some of the azimuthally varying signal into an apparent azimuthally
invariant signal. To separate the influence of isotropic layering from anisotropic contrasts, we stack averages of
azimuthal bins to minimize a sampling bias. We also apply methods that explicitly target conversions from
anisotropic contrasts (e.g., Schulte‐Pelkum et al., 2020).

2.2. Finite‐Element Modeling of Geodetic Data

In this study, we train our geodetic deformation models by combining InSAR data, which are generally more
sensitive to the vertical displacements (Figure 1b, case A), and GNSS data, which are more sensitive to the
horizontal displacements (Figure 1b, case B). We compile all 7 available stations from both continuous and
survey modes along our trench‐normal model profile (Figure 1a in map view and Figure S2 in Supporting In-
formation S1 in profile view in Supporting Information), published by Galetzka et al. (2015), Wu et al. (2016),
and Yadav et al. (2017). The GNSS offsets contain both horizontal and vertical components. In addition, we
assemble an InSAR data set (Figure S3 in Supporting Information S1), which is derived from the ALOS‐2 and
Sentinel‐1 missions and includes two descending and one ascending tracks, published by Hayes et al. (2015),
Lindsey et al. (2015), and McNamara et al. (2017) (Table S1 in Supporting Information S1). Together, this data
set contains three independent look angles of LOS (line of sight) displacements. Compiling geodetic data is
described more thoroughly in Text S2 in Supporting Information S1. Due to the dense distribution of InSAR data
and sparse distribution of GNSS data in space, we will use InSAR data to invert for fault slip distribution and then
use GNSS data to evaluate the performance of forward simulations.

We build two‐dimensional finite‐element models across the main source region with respect to the available
seismic and geodetic instrumentation (blue line in Figure 1a). All finite‐element computations are conducted
using the open‐source software PyLith (Aagaard et al., 2013). More details on model setups are described in Text
S2 in Supporting Information S1. To compare modeling results, we define a reference model with uniform elastic
properties (µ of 30 GPa and ν of 0.25) for the entire model domain (named the REF model). In contrast to the REF
model, we construct a model with only a weak subduction channel (layer), a model with only a compliant upper
plate, and a model with both compliant upper and lower plates (Figure S6 in Supporting Information S1) to
separately explore the contribution of the channel, upper plate (prism) and lower plate on the horizontal and
vertical coseismic surface displacements. Given the very sparse GNSS observations, we purposely simplify these
models by ignoring the topography and small‐scale heterogeneities. In the weak‐channel model, we assume a
low‐velocity channel with a uniform thickness of 8 km with the faulting plane in the middle (Figure S6a in
Supporting Information S1) based on the 5–10 km low‐velocity layer proposed by previous seismic imaging
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studies (Duputel et al., 2016; Nábělek et al., 2009). We do not aim for a geodetic determination of both the
thickness and mechanical properties of the weak layer and are mindful of the potential trade‐off between them
(i.e., the thinner the weaker the channel, and vice versa). We systematically vary the two elastic parameters of the
weak bodies, according to their relationships with seismic velocities (Jaeger et al., 2009) µ = ρV2

S and

ν =
V2

S −2V2
P

2(V2
P −2V2

S)
, in which ρ, VS, and VP are density, P wave velocity, and S wave velocity, respectively. Each

variation of the elastic parameters forms one finite‐element model.

For each model with different elastic properties, we perform both forward and inverse modeling, following the
workflow of Li and Barnhart (2020). First, we use each model to generate Green's functions by combining forward
finite‐element simulations of fault impulse (Masterlark, 2003) and an analytical bilinear orbit ramp function
(Wright et al., 2004). Next, we use these Green's functions to invert the profiles of the three InSAR tracks (Figure S3
in Supporting Information S1) simultaneously for the fault slip distribution and the ramp signal of the InSAR data.
The optimal slip of each model is determined from the optimal smoothing factor by selecting the inflection point of
the L‐shaped trade‐off curves between data fit and model roughness (Bürgmann et al., 2005). We apply the same
inversion constraints (e.g., the smoothing factor) for all the models and any variations between determined slip
distributions thus depend solely on the variations of elastic properties specified in the weak body. Finally, we
impose these slip distributions back into the original models and forward simulate the surface horizontal and
vertical displacements. We evaluate the model performance by calculating the root‐mean‐square misfit (RMS,
formula 1).

RMS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

∑
n

j=1
(d j

obs − d j
mod)

2
√
√
√

(1)

where n is the total number of GNSS sites, and d j
obs and d j

mod are the GNSS observed displacement and model‐
predicted displacement at the jth site, respectively. By performing the above workflow, we systematically assess
the impacts of the weak bodies on horizontal and vertical displacements and investigate the geodetic signatures of
the MHT as a weak layer.

3. Results and Discussion
3.1. Seismically Low‐Velocity and Anisotropic MHT Layer Constrained From Receiver Functions

A double peak in A1 is visible at two representative stations (Figure S1 in Supporting Information S1), somewhat
earlier at station NP035 closer to the Main Frontal Thrust (Figure 2a). The timing of the double peak corresponds
to depths of arrivals previously interpreted as the MHT (Duputel et al., 2016; Nábělek et al., 2009; Schulte‐
Pelkum et al., 2005). There is no large amplitude A1 signal at zero delay time, unlike what would be expected
in the presence of a dipping interface between isotropic layers (Schulte‐Pelkum & Mahan, 2014). A shallowly
dipping interface also does not generate the polarity flips in the radial component observed in the data (Figures
S1a and S1f and Text S3 in Supporting Information S1). These factors point to anisotropy rather than interface dip
as the cause for the A1 arrivals.

Polarity flips are ∼E‐W (90° and 270°) for the earlier and later arrival at both stations (Figure S1 in Supporting
Information S1), interpreted as ∼E‐W oriented orogen‐parallel foliation (Brownlee et al., 2017). They would
match N‐dipping fast foliation planes with a slow symmetry axis; an alternative option is a fast axis symmetry
aligned lineation plunging to N lying within a N‐dipping foliation plane (Schulte‐Pelkum et al., 2020). Both
geometries are consistent with top‐to‐the‐south shear in the MHT layer. In upper crustal materials, a slow
symmetry axis is more likely (Brownlee et al., 2017). Nevertheless, some other stations show some possible
signals from upper crust materials (Text S3 in Supporting Information S1).

Figure 2a shows the largest A1 arrival from a depth range of 5–25 km at each station in the HICLIMB, HIMNT,
and NAMASTE networks in the vicinity of the Gorkha rupture area. Large amplitudes are seen in the downdip
(northern) vicinity of surface fault traces. The phase at each A1 maximum points in the direction of the maximum
positive amplitude, with the polarity flips 90° from it in either direction. The latter corresponds to the strike of
dipping subsurface foliation at a contrast (Brownlee et al., 2017). The majority of strikes point subparallel to the
surface faults and trend of the orogen.

Geophysical Research Letters 10.1029/2024GL110222

LI ET AL. 5 of 13

 19448007, 2024, 16, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L110222, W
iley O

nline Library on [26/08/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Figure 2. Map view and profile view of receiver functions results. (a) Largest A1 amplitude between 5 and 25 km depth at
each seismic station. Black bars represent backazimuths of receiver function polarity flips at depth indicated by color,
interpreted as strikes of dipping subsurface foliation. Some stations are labeled in blue for orientation. Gray outline marks the
Gorkha rupture limit from Mencin et al. (2016). White square is Kathmandu. (b) Station‐averaged receiver function traces for
the dense line of stations near 85°E scaled to depth. (Top panel) Azimuth‐averaged radial component receiver function A0,
plotted under each station after stacking in azimuthal bins and averaging over bins. Amplitude color scale is percent
horizontal to vertical component absolute amplitude of the time‐domain receiver function. Triangles mark station locations
and elevations with vertical exaggeration. Numbers above triangles are station codes (preceded by H0). Red and cyan tick
marks are fault crossings and southern (grS) and northern (grN) Gorkha rupture extents labeled in subsequent panels. Bold
MHT label marks the left end of the red‐over‐blue signature interpreted as MHT by Duputel et al. (2016). Magenta arrows
trace possible MHT signature across profile. Orange arrows outline Moho arrival. (Middle panel) First azimuthal harmonic
amplitude A1. Yellow features show high A1 amplitude. KKl ‐ Kathmandu Klippe; STD ‐ South Tibetan Detachment fault;
GCT ‐ Great Counter Thrust. (Bottom panel) Product of A0 and A1, highlighting negative and positive A0 arrivals that are
accompanied by a large A1 amplitude. MHT signature is amplified relative to other arrivals. Note that depth is relative to
surface in order to show the entire waveform.
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To determine which features show truly azimuthally invariant or variable components, we plot profiles of the
radial component azimuthal bin average R0 as a proxy for azimuthally invariant A0, as well as the 360°‐periodic
A1 solution, in Figure 2b. The negative‐over‐positive signature persists in the A0 profile (top panel of Figure 2b),
suggesting that there is indeed an isotropic subhorizontal low velocity layer associated with the MHT at ∼25–
80 km profile distance, which encompasses nearly all of the Gorkha mainshock rupture and a section south of it,
consistent with the <10 km thick low‐velocity zone inferred by Duputel et al. (2016). High amplitudes in A1 are
seen in the same area (middle panel of Figure 2b) and overlap some of the A0 MHT signal, especially at depths
similar to the upper interface with negative arrivals in A0 (bottom panel of Figure 2b).

3.2. Geodetic Signatures of High Compliance and Strain Anisotropy of the MHT

Before geodetically investigating the MHT channel, we conduct sensitivity tests of MHT geometry (Figure 1b,
case C) on predicting surface deformation. The results suggest that the geometry variation is likely insufficient to
jointly explain the GNSS data in horizontal and vertical directions under our 2D approximation of the collision
system (Text S4 in Supporting Information S1). We then assume a fault geometry widely used in previous
geodetic modeling studies of the high‐quality coseismic and postseismic deformation of the 2015 Gorkha
earthquake and focus on exploring the mechanical properties of MHT, considering our and previous seismic
imaging results (e.g., Duputel et al., 2016; Schulte‐Pelkum et al., 2005; Figure 2). In addition to the MHT channel,
we also investigate the effects of the elastic properties of upper and lower plates on surface deformation and their
contributions on fitting the near and far field GNSS data (Text S4 in Supporting Information S1).

Involving such a weak layer of the MHT in the finite‐element models leads to a systematic variation of the
optimally inverted fault slip (Figure S14 in Supporting Information S1) with the same optimal smoothing factor
(Figure S15 in Supporting Information S1). A clear trade‐off between the µ and the maximum slip is found. That
is, a lower µ results in a higher maximum slip. Text S4 in Supporting Information S1 describes more on the results
of the inverted fault slip. It suggests that the layer, if present, provides a first‐order control on the magnitude and
pattern of geodetically determined fault slip, despite the vertical GNSS and InSAR displacements being relatively
insensitive to the weak layer (Figure 3c and Figure S16 in Supporting Information S1).

Our isotropic model results confirm that the InSAR model with a uniform elastic structure (i.e., the REF model) fits
the vertical GNSS data well (Figure 3c), indicating the consistency between InSAR and vertical GNSS observa-
tions. However, it predicts systematically lower horizontal displacements than the GNSS observations (Figure 3b).
Importantly, inclusion of the weak channel in our models clearly improves the fit of horizontal GNSS data,
particularly for the four stations immediately above the main rupture zone, without deteriorating the vertical GNSS
data fit (Figures 3b and 3c). The optimal elastic parameters of the weak layer inferred from the GNSS data fit to our
simple models (µ of 4 GPa and ν of 0.45) (Figure 3a) are highly compliant and equivalent to VP = 4.69 km/s,
VP
VS

= 3.32 when assuming a density of 2,000 kg/m3. VP
VS

ratios that can exceed 3.0 and ν ratios of up to 0.45 have been
proposed based on seismic observations of the low velocity zone atop the slab in subduction zones (Audet &
Bürgmann, 2014; Audet et al., 2009; Hansen et al., 2012; compilation in Tewksbury‐Christle & Behr, 2021). Since
high VP

VS
values are related to high porosity (Arnold et al., 1996), our results indicate that the weak layer may not only

be weak in terms of strength but also have high porosity and pore pressure (Peacock et al., 2011). ν and VP
VS

ratios we
estimate from geodetic modeling fall within the high range of values determined seismically for slab low‐velocity
layers, which tend to range between 2–3 for VP

VS
and 0.27–0.45 for ν. X. Q. Wang et al. (2012) demonstrate through

experimental and modeling work that the combination of anisotropy and high pore fluid pressure can significantly
raise VP

VS
, a plausible scenario in our case given the observed seismic anisotropy. Deformation within a layer tends to

be localized, while seismic waves sense bulk elastic moduli, which may also explain why values estimated from
deformation result a slightly weaker layer than what seismic velocities suggest.

Although InSAR and GNSS data both require a lower rigidity (<30 GPa) of the weak layer than its surrounding
bodies, the optimal range of rigidity for fitting the InSAR (>∼12 GPa) is significantly higher than that for the
(horizontal) GNSS data (∼4 GPa) (Figure 3d). We interpret this discrepancy as possible evidence of mechanical
anisotropy of the weak layer, that is, it has a higher strength in the vertical orientation than the horizontal. We
acknowledge that this interpretation does not involve running anisotropic deformation models due to technical
limitations. These geodetic findings are consistent with the seismic imaging in a geologic perspective.
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4. Further Discussion
4.1. Implications for Earthquake Cycle and Dynamics of Plate Margins

Broadly, earthquake‐cycle (i.e., coseismic, postseismic, and interseismic) deformation (e.g., Li & Chen, 2023)
have been extensively modeled to infer Earth bulk rheological structure and properties, such as layering in the
Earth (Hearn & Bürgmann, 2005; Simons et al., 2002), 3D heterogeneity of elastic properties (Li & Barn-
hart, 2020; Puel et al., 2024; Tung & Masterlark, 2016; K. Wang & Fialko, 2018; Williams & Wallace, 2015), and
lateral viscoelastic structural variations at subduction zones (Hsu et al., 2011; Li & Chen, 2022, 2023; Luo &
Wang, 2021; Pollitz, 1996). Although fault slip is thought to be dominantly accommodated by a thin (tens of
centimeters) fault core (Ben‐Zion & Sammis, 2003), a compliant fault zone that is much thicker (kilometer scale)
may constitute the plate boundary interface from field observations of exhumed ancient subduction faults (Agard
et al., 2018; Bachmann et al., 2009; Oncken et al., 2022) and recently from seismological observations of a
modern active subduction fault (Chalumeau et al., 2024). For strike‐slip fault cases, compliant structure has been
extensively studied with geodetic constraints (Barbot et al., 2008; Chen & Freymueller, 2002; Materna &
Bürgmann, 2016; Xu et al., 2023). However, for megathrust faults at subduction/collision zones, most geodetic
earthquake‐cycle models assume the fault interface as a zero‐thickness boundary and ignore the thickness of the
weak zone for simplicity.

Our geodetic modeling results show that ignoring this structure, supported by seismological observations, sys-
tematically underestimates the geodetically determined coseismic slip of the fault and yields a different slip
pattern (Figure S14 in Supporting Information S1). The cause of higher slip from the weak‐layer models is that the
deformation is more strongly confined to the vicinity of the layer, with less displacement transferred to the surface
(Figures S19 and S20 in Supporting Information S1). Therefore, models with a weak zone require more slip along
the fault than the models without such a weak zone to produce the same amount of deformation on the surface.

Figure 3. High compliance and strain anisotropy of the MHT inferred from geodetical modeling of GNSS and InSAR data. (a) Overall misfit of the horizontal GNSS data
of all the isotropic weak‐layer inverse models. (b) and (c) Four specific examples (denoted in (a) with circles of the same color codes) of the weak‐layer models fitting
the horizontal and vertical GNSS observations (black dots with error bars—the latter are small and hence lie within the dots). In the legend, R and P represent rigidity and
Poisson's ratio, respectively, and numbers denote the two parameter values for each model. (d) Root‐mean‐square misfit of horizontal GNSS and InSAR (including three
different looking angles) data of all weak‐layer models plotted as a function of the weak‐layer rigidity. Lower rigidity of weak‐layer models is preferred in the horizontal
direction (∼4 GPa) than in the vertical direction (>12 GPa).
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Our forward simulations demonstrate that 3D models without a weak layer also underpredict the horizontal
displacements (Text S4 in Supporting Information S1) and hence potentially obtain less fault slip and require
more spatially varying fault geometry. Similarly, when omitting a weak zone, estimation of accumulated slip
deficit during the interseismic phase and afterslip during the postseismic phase are also lower. Revisiting previous
studies that did not consider a weak zone in terms of the release and accumulation of the slip deficit budget along
the fault over earthquake cycles and associated assessment of earthquake hazards may be appropriate.

We demonstrate that mechanical anisotropy of a weak layer can be a solution to the discrepancy in optimal elastic
properties from InSAR versus GNSS data (Figure 3d) without the need for added geometric complexity as
required in previous studies. Such strain anisotropy is not a hitherto well recognized source of the non‐uniqueness
of earthquake source determination in previous studies. Strain anisotropy may lead to a dependence of determined
fault slip in isotropic models on the data availability in horizontal and/or vertical components (Li & Chen, 2022).
Consequently, our findings highlight the importance of geodetically monitoring both horizontal and vertical
earthquake‐cycle deformation for a better understanding of kinematics and dynamics at both continental collision
and subduction zones.

4.2. Geologic Origins of MHT Anisotropy

Previous interpretations of seismic images suggested a low‐velocity channel associated with the MHT, interpreted
as the subducting sediment layer (Duputel et al., 2016; Nábělek et al., 2009), which motivated our weak channel
models. Our finding of elastic anisotropy preferred by coseismic geodetic modeling was unexpected but aligns
with azimuthal variations in receiver function conversions that also require anisotropy. We interpret the geodetic
and seismic results in the following manner. Geodetic modeling prefers an MHT layer with higher rigidity in the
vertical than in the horizontal. The receiver function azimuthal patterns require a contrast in foliation, where the
foliation dips to the north or south, depending on whether the contrast is at the top or at the bottom of the more
highly anisotropic layer and whether the anisotropy is best approximated by a fast or slow symmetry axis (Levin
& Park, 1998; Schulte‐Pelkum et al., 2020). In a top‐to‐the‐south shear setting such as the MHT, foliation in a
sheared layer is expected to dip north (Figure 4). The subducting plate is expected to contain sheet silicates with
foliation planes that contain the seismically fast and elastically strong plane (Figure 4). To fulfill the geodetic
condition of higher vertical than horizontal strength, the foliation planes would have to dip steeper than 45°.
Although foliation with significant strain should align parallel to the gently dipping MHT, S‐C fabrics can
generate a dominant steeply dipping fast plane of anisotropy, at a high angle to the shear and tilted down to the
north in this setting of top‐to‐the‐south shear. An alternative possibility is strain localization on narrow MHT‐

Figure 4. Conceptual interpretive sketch inferred from seismic imaging and geodetic modeling. Top surface shows
topography for an area from the western boundary of the map in Figure 1a to just east of the HICLIMB dense line (cubes are
stations), viewed from the East. Red surface lines are (from south to north) MFT, MBT, MCT (Lavé & Avouac, 2000), with
fault cross sections symbolized by curved black lines. Pink shading indicates the Gorkha rupture outline from Mencin
et al. (2016). Black circles show a conceptual zoom on sheet silicate fabric in the MHT layer with north dipping foliation
planes (gray lines) that are elastically strong and seismically fast (blue arrows). In the perpendicular orientation, the layer is
elastically weak and seismically slow (red arrows). For viscous deformation, layers parallel to foliation form weak planes
(orange arrow). In the near field (MFT to the northern extent of Gorkha rupture), the upper plate accretionary wedge has
similar elastic properties (short blue lines), possibly due to thrust faulting and folding. In the far field to the north, the
geodetic solutions prefer mechanical weakness limited to the MHT channel.
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parallel interfaces surrounded by broader high‐angle fabric (Fossen, 2016). Such a geometry matches both the
geodetic and seismic observations.

5. Conclusions
Seismic imaging of the MHT suggests a low‐velocity channel associated with the plate interface. A channel with
low seismic wave velocity is likely also mechanically weak. Such a feature is not typically incorporated in
coseismic deformation modeling to date. At the same time, receiver functions show strong azimuthal variations
that require anisotropy contrasts near the plate interface. When modeling of the coseismic deformation signal
from the Gorkha GNSS and InSAR data, we find that including the weak layer improves particularly the fit of
horizontal displacements over a homogeneous model. Both geodetic modeling and seismic imaging suggest a
weak layer that is weaker in the horizontal orientation and stronger in the vertical orientation. We propose that
such a weak layer together with laterally varying fault slip and geometry in a 3D context should be further
explored in collision and subduction zones.

Data Availability Statement
Seismic data were accessed via the Incorporated Research Institutions for Seismology's Data Center funded
through the Seismological Facilities for the Advancement of Geoscience (SAGE) Award of the National Science
Foundation under Cooperative Support Agreement EAR‐1851048 for the networks (Karplus et al., 2020;
Nábělek, 2002; Sheehan et al., 2001). All geodetic data used in this work have been previously published
(Galetzka et al., 2015; Hayes et al., 2015; Lindsey et al., 2015; McNamara et al., 2017; Wu et al., 2016; Yadav
et al., 2017) and can be accessed at these publications, https://topex.ucsd.edu/nepal/ and http://geodesy.unr.edu.
The used GNSS and InSAR data are also available at Li et al. (2024). All numerical simulations are performed
using the PyLith software, which is available at Aagaard et al. (2019).
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