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Abstract On 25 April 2015, an M,, 7.8 earthquake occurred on the Main Himalaya Thrust fault with a dip angle of ~ 7° about
77 km northwest of Kathmandu, Nepal. This Nepal Gorkha event is the largest one on the Himalayan thrust belt since 1950.
Here we use the compressive sensing method in the frequency domain to track the seismic radiation and rupture process of this
event using teleseismic P waves recorded by array stations in North America. We also compute the distribution of static shear
stress changes on the fault plane from a coseismic slip model. Our results indicate a dominant east-southeastward unilateral
rupture process from the epicenter with an average rupture speed of ~3 km s™!. Coseismic radiation of this earthquake shows clear
frequency-dependent features. The lower frequency (0.05-0.3 Hz) radiation mainly originates from large coseismic slip regions
with negative coseismic shear stress changes. In comparison, higher frequency (0.3-0.6 Hz) radiation appears to be from the
down-dip part around the margin of large slip areas, which has been loaded and presents positive coseismic shear stress changes. We
propose an asperity model to interpret this Nepal earthquake sequence and compare the frequency-dependent coseismic radiation
with that in subduction zones. Such frequency-dependent radiation indicates the depth-varying frictional properties on the plate
interface of the Nepal section in the main Himalaya thrust system, similar to previous findings in oceanic subduction zones.
Our findings provide further evidence of the spatial correlation between changes of static stress status on the fault plane and
the observed frequency-dependent coseismic radiation during large earthquakes. Our results show that the frequency-dependent
coseismic radiation is not only found for megathrust earthquakes in the oceanic subduction environment, but also holds true for
thrust events in the continental collision zone.
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Depth varying friction
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1. Introduction epicenter located ~77 km northwest of Nepal capital, Kath-
mandu. This earthquake is the largest earthquake since the
1950 M~8.4 Assam ecarthquake along the entire Himalayan
orogenic belt. In Nepal, the last biggest earthquake is the
* Corresponding author (email: hjyao@ustc.edu.cn) 1934 Nepal—Bihar M, 8.1 earthquake (Figure 1) There are
T Corresponding author (email: hyang@cuhk.edu.hk) 3 large aftershocks (M, 6.7, 6.8 and 7.3) until May 12, 2015.

On April 25, 2015, an M,, 7.8 earthquake struck Nepal, whose
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(a) GPS velocity field showing the surface motion of the Tibetan Plateau relative to the stable Eurasia, as a result of India-Eurasian collision (data

from Zhang et al., 2004). Several major active faults are shown as thick red lines: Main Frontal Thrust (MFT), Jiali Fault (JLF), Karakorum Fault (KRKF),
Xianshuihe Fault (XSF), Kunlun Fault (KF) and Altyn Tagh Fault (ATF). Bold black lines indicate some major sutures: Indus-Tsangpo Suture (ITS), Bangong-
Nujiang Suture (BNS), Jinsha-River Suture (JRS). Thin red lines show small faults in the Tibetan Plateau. Polygons with color fillings indicate estimated rupture
extents of some historic large earthquakes in the central Himalayan arc (from Bilham and Ambraseys, 2005). (b) Seismotectonic map near the 2015 M,, 7.8
Nepal Gorkha earthquake region. Beach balls (color for focal depths) show mechanisms of historical events as well as the M, 7.8 Nepal event and three largest
aftershocks. Data is from the GCMT catalog (http://www.globalcmt.org/). The blue shaded regions show the projected rupture areas for the 1505 M,, 8.2 event
and 1934 M,, 8.1 event (Bilham and Ambraseys, 2005). Approximate rupture region of the 2015 Nepal earthquake series is shown as the red-filling polygon.

The mainshock and the strong aftershocks have killed approx-
imate 9000 people and caused severe property losses to Nepal
and its neighboring countries. The 2015 earthquake shows
a low-angle north-dipping thrust mechanism as determined
by various agencies. Finite fault slip inversions reveal nearly
WNW-ESE unilateral rupture characteristics, with a peak slip
of 5-7 m (Avouac et al., 2015; Galetzka et al., 2015; Grandin
etal.,2015; Lindsey et al., 2015; Wang and Fialko, 2015; Yue
etal., 2016). The overall rupture area of the mainshock spans
~140 km in length and ~70 km in downdip width on the fault
interface, but there is no obvious surface rupture, consistent
with all published slip inversion models.

Except for the finite fault slip inversion method, the widely
used backprojection method is also applied to study the co-
seismic radiation process during this large earthquake. Back-
projection method is first applied to study the 2004 Suma-
tra M, 9.2 earthquake, which has extremely long duration

and large rupture area (Ishii et al., 2005). Various groups
present their backprojection results of the 2015 Nepal main-
shock (Avouac et al., 2015; Fan and Shearer, 2015; Grandin
et al., 2015; Yagi and Okuwaki, 2015; Zhang et al., 2016;
Meng et al., 2016; Qin and Yao, 2017). Most of these studies
focus on the high-frequency backprojection (e.g. >0.5 Hz)
and present a similar pattern in which most of the high-fre-
quency coseismic radiations are originated from the downdip
boundary of large slip areas. Recently, these coseismic radi-
ation results are combined with the coseismic slip inversion
results (using low-frequency waveform data) and yield more
detailed understanding of this earthquake such as multistage
rupture processes (Fan and Shearer, 2015) and heterogeneous
stress and structural distribution along the rupture propaga-
tion direction (Qin and Yao, 2017).

To better understand the rupture process of this event, we
investigate frequency-dependent seismic radiation of the
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mainshock using the compressive sensing (CS) method (Yao
et al., 2011, 2013; Yin and Yao, 2016). The frequency-de-
pendent properties of coseismic radiation have been observed
for a few subduction zone megathrust earthquakes (Wang
and Mori, 2011; Yao et al., 2011, 2013; Lay et al., 2012;
Sufri et al., 2012; Yin et al., 2016). Such frequency-depen-
dent radiation has been attributed to systematic variations
of megathrust properties at depth (Lay et al., 2012; Lay,
2015; Ye et al., 2016). More recently, such frequency-depen-
dent radiation has been linked with coseismic shear stress
changes during the 2015 M,, 8.3 Illapel, Chile earthquake, in
which the low-frequency radiation correlates well with the
stress-decreasing (releasing) regions while high-frequency
radiation sources are mainly within the stress-increasing
(loading) regions (Yin et al., 2016). These studies greatly
improve our understanding of the rupture process of great
earthquakes in subduction zones.

However, it is not well understood whether such depth-
varying frictional properties on seismogenic faults hold true
in continental regions. Uchide et al. (2013) find that the high-
frequency radiation of the 2010 El Mayor-Cucapah, Mex-
ico earthquake is adjacent to the high slip patches, but the
low-frequency radiation has not been discussed due to the
limitation in spatial resolution of the time-domain backpro-
jection method. The 2015 Nepal event provides us an oppor-
tunity to investigate the depth-varying/frequency-dependent
rupture processes of large earthquakes in the continental col-
lision environment and to further understand the physics of
coseismic radiation within different frequency bands.

In this study, we locate coseismic radiation sources of the
2015 Nepal earthquake in different frequency bands using
the CS method. In addition, we compute the shear-stress
changes on the fault plane using the slip model from Avouac
et al. (2015). We compare our coseismic radiation distribu-
tion with the coseismic slip model from finite fault inversion
(Avouac etal., 2015), the shear-stress changes (negative static
stress drop distribution), and the distribution of available en-
ergy calculated from the slip model. Combining these sys-
tematic comparisons with previous geophysical studies in this
region, we discuss the correlation between frequency-depen-
dent coseismic radiation and the frictional properties of the
subducted Indian plate beneath the Himalayas. In the end we
discuss seismotectonics in this region and propose one possi-
ble seismogenic mechanism of this earthquake.

2. Tectonic settings

The source region of the 2015 Nepal earthquake locates in the
central Himalayan thrust belt under a strong convergent en-
vironment where the Indian plate collides with and plunges
beneath the Eurasian plate with a convergence rate of 3644
mm/yr in the N20°E direction relative to the stable Eurasian
plate (e.g. DeMets et al., 1994; Yin and Harrison, 2000;
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Molnar and Stock, 2009). Nearly 50% of the convergence
(~20 mm yr") is absorbed at the southern edge of the Tibetan
Plateau (Bilham et al., 1997; Larson et al., 1999; Zhang et
al., 2004; Bettinelli et al., 2006), leading to accumulated slip
of 2 m per century on average in the Himalayas. Most of the
slip accumulates as elastic strain on the plate interface of the
Main Himalayan Thrust (MHT) in the upper-to-middle crust,
which was then periodically (~500 years) released by many
large devastating earthquakes along the Himalayas (Bilham
and Ambraseys, 2005; Feldl and Bilham, 2006).

The Himalayan thrust belt is manifested by complex multi-
fault interaction, steep topographic gradient, and high stress
accumulation (Bollinger et al., 2004) due to the plate locking
beneath the lesser Himalaya (Ader et al., 2012). It is not rare
for large earthquakes to occur in such stress environment, es-
pecially for thrust earthquakes (Figure 1). According to the
distribution of historical great earthquakes in this region (Bil-
ham et al., 2001; Bilham and Ambraseys, 2005; Feldl and
Bilham, 2006), the 2015 mainshock locates between the rup-
ture areas of the 1505 M., 8.2 event and the 1934 M,, 8.1 event
(Figure 1b), a seismic gap with high shear stress accumula-
tion rate (Ader et al., 2012) since the 1833 M,, 7.7 earthquake
(Grandin et al., 2015; Bollinger et al., 2016). The 1934 great
earthquake (M, 8.1) only ruptured the southeastern end of the
rupture area of the 2015 event (Bollinger et al., 2016). Bilham
et al. (2001) have estimated the potential slip along the south
edge of the plateau and point out high seismic risk around the
2015 mainshock region.

3. Data and methods

3.1 Waveform data

In this study, we choose teleseismic P wave data of the 2015
M,, 7.8 earthquake from seismic array stations located in
Alaska and Northwestern Canada (Figure 2a and b). All data
are collected from the Data Management Center of Incorpo-
rated Research Institutions for Seismology (IRIS). Since the
high frequency contents are relatively weak compared with
the low frequency contents (Figure 2c), we first align the
waveforms in two frequency bands of 0.05-2 Hz and 0.2—4
Hz, respectively, using the first 8 seconds of the P waves
by the waveform cross-correlation method described in Yao
et al. (2011). Such alignment can help suppress effects of
3-D structural heterogeneity on travel times along ray paths.
Then the aligned waveforms in the 0.05-2 Hz and 0.2-4
Hz frequency bands (Figure 3a and b) are used to invert for
source distribution of coseismic radiation within the 0.05-0.3
Hz (LF) and 0.3-0.6 Hz (HF) frequency bands, respectively,
using a sliding window scheme (Yao et al., 2011; Yin and
Yao, 2016). To better capture the waveform information, we
choose the time window length to be 14 s and 6 s for the LF
and HF CS results, respectively. The sliding time step is set
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Figure 2 (a) Map showing locations of the 2015 Nepal event epicenter (green star) and seismic stations in North America (red triangles: stations used for
high-frequency results; blue triangles: extra stations used for low frequency results). (b) Enlarged map showing the distribution of the stations in (a). (c) The
normalized stacked spectral power of the teleseismic waveforms recorded by the stations in (a) and (b). Background shading highlights the corresponding
frequency ranges of low frequency (LF) and high frequency (HF) defined in this study.

to be 2 s. More details of data preprocessing are similar to
those in our previous studies (Yin and Yao, 2016).

3.2 CS methodology

We apply the CS method to locate sparse seismic radiation
sources during earthquake rupture. The CS method is first de-
veloped from the signal processing and applied mathematics
community (e.g., Donoho, 2006), and has been used to de-
rive the coseismic radiation during great earthquakes in sub-
duction zones (Yao et al., 2011, 2013; Yin et al., 2016). Com-
pared with the widely used finite fault slip inversion methods,
most of which use the low-frequency data and cannot easily
resolve the details in high frequencies, the CS method is car-
ried out in the frequency domain based on sparsity-constraint
inversion, and is able to directly give spatial and temporal dis-
tribution of coseismic radiation at high and intermediate fre-
quencies (e.g., 0.05—1 Hz) projected on the focal plane with-
out prior assumptions on fault geometry and certain rupture
parameters (Yao et al., 2011; Yin and Yao, 2016).

The CS method can be summarized as solving the follow-
ing optimization problem:

X () = argmin(|B(w) — A(@)X ()|, + N [X(o)]), (1)

where X(w) is the source radiation distribution vector at the
angular frequency of w. A(w) is the transmission matrix,

B(w) is the observed data spectral vector for all N stations
within each sliding time window, and r is the damping factor
(=0.4 in this study) (see Yin and Yao, 2016 for details). After
we estimated coseismic sources X (w) at each frequency us-
ing the Disciplined Convex Programming (http://cvxr.com),
we remove unreliable results with large data fitting errors
(IB(w) — A(w)X (w)|,/ |A(w0)X (w)||, >30% for LF results,
and >40% for the HF results), which are due to the incoherent
waveforms within corresponding time windows, in particular
after 50 s (Figure 3a and b). Finally, the results at different
frequencies are smoothed using a Gaussian function (Yao et
al., 2011) with the smoothing radius of 15 km and are then
averaged to give the final spatial and temporal distribution
of seismic radiation in two different frequency bands of
0.05-0.3 Hz (LF) and 0.3-0.6 Hz (HF) (Figure 3c and d).

3.3 Shear stress change calculation

Moreover, we calculate static coseismic shear stress drop
distribution of this event based on the slip inversion results
(Avouac et al., 2015). The static shear stress drop is one of
the fundamental parameters related to earthquake rupture
dynamics (Allmann and Shearer, 2009; Noda et al., 2013). It
can be estimated from the seismic moment and fault geome-
try/dimensions (e.g. Kanamori and Anderson, 1975; Parsons
et al., 1988) or analytically calculated from the coseismic
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slip distribution based on half-space solutions (e.g. Okada,
1992). Here we calculate the static shear stress drop from
slip distribution using the finite-element software-Pylith
(Aagaard et al., 2013), which can incorporate heterogeneous
material properties. Our model domain is set as large as
400 kmx300 kmx100 km to avoid numerical boundary
effects. The boundary conditions are set as fixed normal
to the boundary surface and free slip in other directions,
following our previous approach (Yin et al., 2016). Other
structural information, such as density p, Lame constant 4,
shear modulus u, and Poisson’s ratio v are derived from a
1D layered regional model (see Table 1 and Galetzka et al.,
2015).

3.4 CS resolution tests

Before applying the CS method to the real data, we design
a series of resolution tests to guarantee its capability to get
robust results for this event. First we set the spike-source se-
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ries using the stacked waveform of the first 10 seconds of the
mainshock in three different rupture directions (see Figure 4;
along-strike: green; perpendicular to strike: blue; oblique:
red) to test the ability of the CS method with different source
distributions. The recovered sources are nicely distributed
along different directions except some minor smearing effects
in the LF band between two nearby sources (Figure 4a). This
is due to the sliding time window truncation of the waveform
with longer wavelength, but it does not affect the overall pat-
terns of the radiation sources during the earthquake rupture
in different directions.

In the second test, we investigate the influences on the
CS results from depth phases (e.g. pP, sP) using synthetic
waveforms generated from the first 20-second waveform of
a nearby M,, 6.8 aftershock on April 26, 2015 (Figure 5c and
d), which can be approximated as a point source compared
with the mainshock. Another reason why we choose this
aftershock is that this event presents striking similarities
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Figure 3 Bandpass filtered P waveforms after alignment for the stations used in this study in the low frequency band of 0.05-2 Hz (a) and the high frequency
band of 0.2—4 Hz (b). (c¢) and (d) show the spatiotemporal distribution of coseismic radiation sources of the Nepal M,, 7.8 event from CS in the low frequency
band of 0.05-0.3 Hz (circles) and high frequency band of 0.3—-0.6 Hz (squares), respectively. The size and color of symbols indicate the relative power and
source time of seismic radiation, respectively. Background image shows the normalized total radiation power in each frequency band and green contours
indicate the slip distribution (cm, also shown in Figure 7) from Avouac et al. (2015). The purple cross indicates the epicenter of the mainshock. The purple

diamond denotes the position of Kathmandu.

Table 1 Parameter-settings of the 1-D layered model for the shear stress change calculation
Thickness P velocity S velocity Density Lame constant Shear modulus Poisson’s ratio
dZ (km) Vp (km s™) Vs (km s71) p (kg m™) 2 (GPa) 4 (GPa) v
4.00 5.5 3.20 2.53 24.7 25.9 0.24
12.00 5.85 3.40 2.64 29.3 30.5 0.25
4.00 6.00 3.50 2.69 309 33.0 0.24
6.50 6.45 3.70 2.83 40.2 38.7 0.25
10.00 6.65 3.85 2.90 423 43.0 0.25
5.00 7.20 4.15 3.07 53.4 52.9 0.25
14.00 7.50 4.20 3.17 66.5 55.9 0.27
- 7.90 4.30 3.30 83.9 61.0 0.29
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Figure 4 Results of synthetic resolution tests for rupture along different directions (along-strike: green; perpendicular to strike: blue; oblique: red). Stars
represent the synthetic spike sources. (a) Recovered CS results in the low frequency band (0.05-0.3) Hz (circles); (b) recovered CS results in the high frequency
band (0.3-0.6) Hz (squares). Here each test in (a) or (b) is conducted separately but the results are plotted on the same figure. The color of all symbols indicates

the source time of the synthetic or the recovered sources.
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Figure 5 Results of synthetic resolution tests using the waveforms of the M,, 6.8 aftershock. (a) Recovered CS results in the low frequency band (0.05-0.3)
Hz (circles); (b) recovered CS results in the high frequency band (0.3—-0.6) Hz (squares). Stars represent the synthetic sources. The background image as well
as the contours indicate the normalized total radiation power in each frequency band. The color of all symbols indicates the source time of the synthetic sources
or the recovered sources. (c) and (d) show the synthetic waveforms at each station and their stacked waveforms (black) in the low and high frequency bands,

respectively.

during the onset phase (first 20-25 s) of the waveforms with
the mainshock (Denolle et al., 2015). The recovery of these
synthetic sources is quite good in both LF and HF bands, de-
spite there are small artifacts resulted from the truncation of
waveforms as well as from the depth phases (Figure 5a and
b). We also find that, because this M,, 7.8 Nepal event has a
relatively shallow focal depth (<15 km), the influences from
depth phases on the CS results seem less severe than the 2015
Illapel, Chile earthquake (Yin et al., 2016).

4. Results

Our CS results indicate a unilateral rupture process in both

low and high frequency bands for the 2015 M,, 7.8 Nepal
earthquake (Figure 3¢ and d). In the LF band (0.05-0.3 Hz),
most coseismic radiation occurs about 50 km and 100 km
southeast of the epicenter at ~25 s and ~40 s, respectively
(Figures 3c and 6a). For the HF band (0.3-0.6 Hz), energy
radiation distributes around three clusters: close to hypocen-
ter within the 5-15 s, 50 km east within 20-30 s, and 100 km
within 35-45 s east of the epicenter, respectively (Figures 3d
and 6b). Our results show that the main rupture process has
a duration of ~50 s, which can also be seen from similarities
of the aligned waveforms considering the propagation direc-
tivity. We can also estimate the average rupture speed by ap-
proximating the rupture front from the LF results (Figure 6a).
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Figure 6 Along-strike rupture speed estimation from (a) the low frequency sources of seismic radiation and (b) the high frequency sources of seismic radiation
(red circles; from Figure 3), compared with the slip inversion results (Avouac et al., 2015). Blue and green squares represent the starting and ending times of
the slip on each subfault in the slip model with respect to the hypocentral time, respectively. Gray curves with yellow shading show the scaled radiated energy
(to their maxima, respectively) within different frequency bands. X-axis represents the time of seismic radiation and slip. Left y-axis is the distance along strike

from the epicenter and right y-axis shows the scaled energy.

The rupture propagates at ~3 km s™', well consistent with the
speed estimation from the slip inversion results (Avouac et al.,
2015). However, it is hard to give a very stable estimation
on the rupture speed from HF results due to the clustering
pattern of HF results (Figure 6b). Using the well-determined
HF subevents from backprojection analysis, the along strike
rupture speed is about 2.8 km s (Qin and Yao, 2017).

Furthermore, we calculate and compare the distribution of
shear stress change (negative static coseismic stress drop, see
Figure 7a and c) with the coseismic radiation. The overall
pattern of shear stress change distribution is similar to the
slip distribution. Most of the negative regions are constrained
within the large slip region (>2 m) (red region in Figure 7a and
¢), where accumulated elastic stress has been released during
the earthquake rupture. In contrast, the positive regions (blue
region in Figure 7a and ¢) correspond to regions with little slip
and at the boundary of large slip, indicating that these regions
have been loaded. Note that the peaks of the coseismic shear
stress change are not exactly corresponding to the peaks of
coseismic slip but are located at the region where the slip
gradient is largest (e.g. Yang et al., 2012a; Yin et al., 2016;
Heetal., 2016). This pattern is also consistent with the elastic
stress-strain relation in the analytical solution.

Combining all these comparable results, there shows an
obvious pattern of the distribution of coseismic radiation
sources in different frequency bands. The LF radiation
mainly overlaps within the large slip area (slip > 1 m; from
Avouac et al., 2015; Figure 3c), well corresponding to the
negative coseismic shear stress change region (Figure 7a).
Although the slip model indicates two peaks with slip more
than 4 m, our LF coseismic radiation sources do not directly

overlap with the slip peaks but are located at their boundaries,
where the peaks of stress drops are.

On the other hand, HF radiation is mainly originated
from down-dip area around the margin of the large slip area
(Avouac et al., 2015; Figure 3d). Compared with the stress
change distribution, most of these HF radiation sources are
located in the positive stress change or the transition region
between positive and negative stress changes (Figure 7c).
The positive stress change indicates that these regions have
been loaded during the rupture, thus our results show the
correspondence between HF radiation sources and coseismic
loading. The differences between LF and HF results indicate
frequency-dependent rupture characteristics along the dip
direction in the continent-continent collisional environment.

5. Discussion

5.1 Coseismic energy radiation of the Nepal earthquake

In order to exclude the potential bias in our comparison with
the slip model from Avouac et al. (2015), we also compare
our results with other published slip models (e.g. Galetzka et
al., 2015; Grandin et al., 2015; Lindsey et al., 2015; Wang
and Fialko, 2015; Yue et al., 2016). All of these models show
strikingly similar slip distributions except the slight differ-
ence in the maximum slip. All models indicate that the main-
shock rupture extends 140 km along strike and 70 km along
dip. The further downdip rupture propagation feature (with
smaller slip of ~2-3 m) is located between our two HF en-
ergy clusters at 20-30 s and 35-45 s (Figure 3¢ and d). More
intriguingly, most of these models present the two peaks of
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Figure 7 Comparisons between low frequency seismic radiation results (circles) with coseismic shear stress change (a) and distribution of available energy
(b). (c) and (d) are for high frequency seismic radiation results (squares). Black stars show the epicenters of the M, 7.8 mainshock and the largest aftershock
(M, 7.2). Contours represent the coseismic slip distribution of the mainshock from Avouac et al. (2015).

large slip distribution (>5 m for these results) in almost the
same locations (e.g. Galetzka et al., 2015; Grandin et al.,
2015; Lindsey et al., 2015; Yue et al., 2016). The similar-
ity among these slip models further confirms the reliability of
comparisons between our observed frequency-dependent ra-
diation and the slip distribution patterns.

The frequency-dependent coseismic radiation has been ob-
served for a few megathrust earthquakes in the subduction
zones, e.g. the 2004 Sumatra M,, 9.2, the 2005 Sumatra M,
8.6, the 2010 Maule M,, 8.8, the 2011 Tohoku M, 9.0, and
the 2015 Illapel M., 8.3 earthquakes (Wang and Mori, 2011;
Lay et al., 2012; Yao et al., 2011, 2013; Yin et al., 2016).
Our results show that the frequency-dependent coseismic ra-
diation not only exists in oceanic subduction zones, but also
in the continent-continent collisional environment. Such fea-
ture has been attributed to depth-varying frictional properties
on the megathrust, in which the LF coseismic radiation cor-
responds to the large slip region while the HF energy is emit-
ted from isolated patches downdip to the large asperity (Lay
et al., 2012). Furthermore, coseismic shear stress changes
computed from slip distributions of the 2015 Illapel earth-
quake have shown that the LF radiation is mainly associated
with regions with negative shear stress changes and the HF
energy mainly from deeper portion of the slab with positive
shear stress changes (Yin et al., 2016). Our results of the
2015 M, 7.8 Nepal earthquake have also shown systematic
correspondence between coseismic radiation in different fre-
quency bands and the coseismic stress changes, suggesting

that the HF radiations are emitted from the down-dip small
asperities. These small patches are loaded due to the rupture
of shallower large slip regions. In the Nepal section of the Hi-
malaya thrust belt, our results have shown the similar pattern
(Figure 7a and c) to that of the 2015 Illapel earthquake and
thus provide another evidence for the relation between stress
status and coseismic radiation energy, in addition to megath-
rust earthquakes. Furthermore, these results provide us an
improved interpretation of frequency-dependence in subduc-
tion zones (Lay et al., 2012; Yao et al., 2013).

In order to further understand the physical mechanism on
the frequency-dependent coseismic radiation, we calculate
the available energy distribution using the slip distribution
and stress drop. The available energy density Em equals to
the released elastic energy minus frictional energy, i.e., the
summation of radiated seismic Er and fracture energy E¢
(Kanamori and Rivera, 2006):

1 1
(Epo), = (By+ Ep), = E(To —7,),D,4= 75ATi D; 4, (2)

where the subscript i means the itk subfault in the slip model.
The parameters 7o and 7, are the shear stress before and after
an earthquake. D;, At; and A are the slip, shear stress change
and area of the ith subfault, respectively. For regions with
large slip, the distribution of available energy is similar to the
coseismic stress drop (Figure 7). In contrast, the calculated
energy is close to zero for regions with little coseismic slip,
although coseismic stress changes are nonzero.

Based on the earthquake energy partitioning in the slip-
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weakening model (Ida, 1972; Andrews, 1976), the seismic
moment M, released during an earthquake can be divided into
3 parts: the frictional energy, radiated energy Ex and fracture
energy E¢. The fracture energy is the sum of all kinds of ener-
gies associated with faulting, and is closely related to the crit-
ical slip-weakening distance (D.). The value of D. has been
mostly regarded as a constant in numerical simulations (e.g.
Andrews, 1976; Mai et al., 2006; Yang et al., 2013; Weng
et al., 2015, 2016), but has also been suggested proportional
to the final slip (e.g. Tinti et al., 2005). More recently, the
D. value has been suggested to decrease with depth in sub-
duction zones (Yang and Weng, 2016). From the coseismic
slip model, we can get the available energy distribution Erm,
which includes Er and E¢. Because the fracture energy Eg is
hard to estimate from seismic observations, we cannot com-
pletely separate the radiated energy from En. However, the
radiated energy is positively related to the Eq in either cases
of D, value (constant or proportional to final slip) based on the
representative slip weakening model (Andrews, 1976), so we
can use distribution of available energy to constrain the radi-
ated energy distribution, especially the LF radiation from our
results (Figures 3c, 7a and 7b).

The LF radiation bursts are well correlated with regions of
large available energy (Figure 7b). Most of the energy is re-
leased during 20-30 s and 35-45 s (Figure 6), consistent with
the results from spectral analysis of teleseismic waves (De-
nolle et al., 2015). These different kinds of observations pro-
vide us important clues to infer and understand the dynamic
features of large earthquakes from the CS method. In com-
parison, our HF radiation sources are mostly located at re-
gions where the available energy is close to zero because of
little slip or near-zero stress change. Since these regions are
mostly associated with positive shear stress changes (Figure
7¢), our results suggest that the HF coseismic radiations may
originate from small-scale asperities, which are loaded to fail-
ure during the mainshock and emitting HF signals (e.g. Yin
et al., 2016).

5.2 Frequency-dependent seismic radiation in the Nepal
segment of MHT

Combining our results with the slip inversion model (Avouac
et al., 2015), inferred stress change/available energy distri-
bution (Figure 7), and the aftershock distribution, the 2015
Nepal earthquake sequence appears to be well consistent with
the seismic asperity model (Figure 8). Both of our LF results
(Figure 3c) and the shear stress change distribution (Figure
7a) inferred from slip model (mainly based on LF data) illus-
trate the existence of a large asperity along the strike direction
of the MHT, which has been ruptured during the mainshock
and released most of the accumulated elastic energy (Figure
7b and d). This large asperity represents stress accumulation
in depth that is also shown by the locking distribution of the
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MHT from the surface to the depth of 15 to 20 km (Mugnier
et al., 2011; Ader et al., 2012).

Our results clearly show frequency-dependent variations
of rupture characteristics in the Nepal segment of the Hi-
malayan continental thrust belt (Figures 3, 6, and 8), similar
to the findings of a few great earthquakes in subduction zones
(Yao et al., 2011, 2013; Lay et al., 2012; Yin et al., 2016).
For megathrust earthquakes, HF radiation appears to be sys-
tematically deeper than LF radiation, which is interpreted to
occur mainly in the conditionally stable region at depths of
30-45 km on the subduction interface (Lay et al., 2012; Yao
et al., 2013; Yin et al., 2016). This depth corresponds to the
onset of plasticity of feldspar in basalt of the oceanic plate
at about 450°C (Scholz, 1998) or intersection of continental
Moho with the megathrust (Oleskevich et al., 1999). How-
ever, beneath the Himalayas, this transition depth becomes
much shallower, 15-20 km corresponding to the onset of plas-
ticity of quartz for continental crust at about 300°C (Scholz,
1998). For the 2015 Nepal event, the clusters of HF radiation
appear in the down-dip region compared to the LF radiation.
As we use teleseismic P waves, our results do not have depth
resolution of seismic radiation sources. However, if we as-
sume the sources are generated from the MHT fault interface,
the HF radiation appears to originate mainly from the deeper
boundary of large coseismic slip regions at around 15-20 km
depth, at which previous studies indicate a transition from ve-
locity weakening to stable sliding (Cattin and Avouac, 2000;
Avouac, 2003). The transition in frictional properties might
generate small-scale asperities (Figure 8), which are loaded
to failure during the mainshock, producing HF radiation.

In addition, in some subduction zones such as Japan or
Sumatra, it has been documented that fault patches breaking
in M7-8 events are capable of failing again in giant M9
earthquakes that rupture multiple segments (Sieh et al.,
2008). The 1344 or 1408 earthquake might have ruptured
the 2015 mainshock area and the neighboring section in the
west (Bollinger et al., 2016). However, in the Himalaya arc
overlapping rupture areas of different large earthquakes (M>
8) seem not quite common since 1500 (Figure 1) (Bilham et
al., 2001; Bilham and Ambraseys, 2005; Feldl and Bilham,
2006). Although it might be limited by the short observa-
tional history, such segmented rupture behaviors may reflect
differences of tectonic settings and seismogenic mechanisms
between oceanic subduction zones and continental collision
zones despite that similar frequency-dependent coseismic
radiations are observed.

5.3 Correlation among frequency-dependent radiation,
frictional properties, and other geophysical observations

The 2015 Nepal earthquake locates in the Nepal segment with
complex tectonic interactions. Beneath the Himalayan thrust
belt, the MHT can be divided into 3 different down-dip
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Figure 8 Integrated results and the schematic asperity distribution for this earthquake sequence. (a) Black dots show the aftershocks until May 12, 2015, and
green circles represent the mainshock and three largest aftershocks of M, 6.6, 6.7 and 7.3. Background image shows the coseismic shear stress change with
coseismic slip contours in cm. Two purple arrows show the track of low frequency (LF) and high frequency (HF) radiation, respectively, and the black arrow
indicates the profile shown in Figure 9. The purple diamond denotes the location of Kathmandu. (b) Schematic distribution of seismic asperities inferred from
our results, slip inversion results, and aftershock distribution (yellow and red). The mainshock rupture area is shown in green. The dashed dark green region
shows the region with large negative shear stress change. The bold dashed line indicates the approximate western end of rupture area of the 1934 M,, 8.1 event

(Bilham and Ambraseys, 2005).

regimes: the brittle failure regime in the upper-mid crust (<15
km) beneath the Outer Himalaya and the Lesser Himalaya,
the brittle-ductile transitional regime at the depth of about
15-20 km beneath the Higher Himalaya, and the creep regime
(>20 km) beneath the Tethys Himalaya (Figure 9).

The Outer and Lesser Himalaya regions have a low inter-
seismic uplift rate (Jackson and Bilham, 1994) and low hor-
izontal velocity relative to the Indian plate from GPS obser-
vations (Bilham et al., 1997; Jouanne et al., 1999; Larson et
al., 1999). The high interseismic coupling (ISC) distribution
(Aderetal., 2012), occurrence of great historical earthquakes,
and large coseismic slip and stress release for the 2015 Nepal
event (Figure 7) indicate that the shallower part of the MHT
fault interface (above about 15 km depth) shows the typical
stick-slip behavior, i.e., accumulation of large elastic strain
during the interseismic period and then release of the accu-
mulated strain and shear stress through large coseismic slip
and LF radiation (Figure 9).

At depths of 10-30 km beneath the Higher Himalaya there
exists a region with highly clustered micro-seismicity (Fig-
ure 9), which are almost continuously distributed along the
strike of the Himalayan arc (Pandey et al., 1995, 1999). Fur-

thermore, results from magnetotelluric sounding (Lemonnier
et al., 1999; Unsworth et al., 2005; Patro and Harinarayana,
2009) indicate that there exists an obvious high-conductiv-
ity structure at about 15-20 km depth. This high conduc-
tivity structure, well corresponding to the thermal structure
(Henry et al., 1997; Royden et al., 1997; Cattin and Avouac,
2000), has been interpreted as the presence of fluids released
by metamorphic reactions (Avouac, 2003). Receiver function
imaging from HI-CLIMB experiment (Nab¢lek et al., 2009)
suggested a discontinuous interface with sharp velocity de-
crease around the focal depth of this Nepal event (~21 km; He
et al., 2015), implying the existence of fluids. Based on the
results from ambient noise tomography near this region, both
the shear wave velocity images and radial anisotropy indi-
cate clear structural differences around the hypocenter region
(Guo et al., 2009, 2012). All of these structural differences
in this transitional zone might be responsible for the forma-
tion of small scale asperities accompanied with stress accu-
mulation from plate convergence. These small asperities are
loaded to failure, thus radiating HF energy as shown in our
CS results (Figure 3).

The deeper part of MHT (>20 km depth and beneath Tethys
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Figure 9  Schematic cross-section view of the Himalayan thrust fault system across the epicenter (location shown in Figure 8) showing the downdip variations
of fault frictional properties and possible seismogenic mechanism of this event. The fault geometry is inferred from Pandey et al. (1995) and Bollinger et al.
(2004). The yellow area indicates the region with high micro seismicity (Pandey et al., 1995, 1999). The red dashed line gives the approximate upper boundary
of the high conductivity structure from MT observations (Lemonnier et al., 1999). The gray arrow indicates the direction of the Indian plate subduction. The
x-axis gives the distance along the profile of the MFT and the y-axis shows the surface topography (upper part) and the depth (lower part).

Himalaya) is characterized by the ductile shear zone with
aseismic slip, high inelastic deformation rate, and compara-
tively higher temperature > 350°C (Cattin and Avouac, 2000;
Ader et al., 2012), at which quartzo-feldspathic rocks trans-
form from frictional sliding to stable creep in laboratory ex-
periments (Blanpied et al., 1995; Marone, 1998).

The effect of the stress transfer between these three portions
can be illustrated using a simplified spring-and-slider model
as shown by Avouac (2003). Combine all of these observa-
tions and our coseismic radiation results, we propose one pos-
sible seismogenic mechanism of the 2015 M,, 7.8 Nepal event
(Figure 9): sufficient stress and strain have been accumulated
during the interseismic cycle as the result of convergence be-
tween the Indian plate and the Tibetan Plateau, which forms
arelatively uniform and large scale asperity on the brittle part
of the MHT. Dehydration process may occur at the depth of
~15-20 km (see Figure 9) and aqueous fluids are trapped in
the lower end of the brittle part of MHT, which then results
in increased pore pressure and decreased mechanic strength
of the fault. This process could contribute to the initiation of
the rupture that finally developed into the devastating event
on April 25, 2015.

However, all the present observations suggest that the 2015
event has not caused noticeable surface ruptures, therefore
resulting in much smaller surface damages compared to the
2008 M,, 7.9 Wenchuan earthquake in the margin of south-
eastern Tibetan Plateau. From the slip inversion results and
aftershock distribution (Figure 8), it appears that shallower
part of the MHT fault interface beneath the outer Himalayan
(between MFT and MBT) is still locked and could poten-
tially evolve into another devastating earthquake in the fu-
ture. Stopping of the rupture to the shallow MHT may be
attributed to the geometrical and/or frictional heterogeneities,
as shown in numerical simulations (Yang et al., 2012b, 2013).

Indeed, the Gorkha earthquake rupture has been suggested to
be bounded by steeper ramps on the fault segment (Hubbard
etal., 2016). In addition, the western Nepal section of the Hi-
malayan thrust has been quiet for more than 500 years since
the great 1505 M,, 8.2 earthquake. Considering 300-500 yr
recurrence interval of about magnitude 8 earthquake in the
Himalayan thrust belt (Liu et al., 2015), the western Nepal
section of the Himalayan thrust may be near the end of earth-
quake cycle. Loading of the coseismic slip of the 2015 Nepal
earthquake may further increase the seismic potential of west-
ern Nepal (Avouac et al., 2015).

6. Conclusion

We apply the compressive sensing method to track seismic
radiation and rupture process during mainshock of the 2015
Nepal Gorhka M,, 7.8 earthquake. The rupture process is uni-
lateral, propagating from the epicenter to southeast with a rel-
atively stable rupture speed of about 3 km s™'. In addition,
the coseismic radiation of the 2015 Nepal earthquake shows
distinct frequency-dependent feature: low-frequency radia-
tion is in the shallow part and high-frequency radiation orig-
inates from the deeper portion of the ruptured plane. We cal-
culate the coseismic shear stress changes and find that the fre-
quency-dependent coseismic radiation sources are closely re-
lated to the stress variation status and frictional properties on
the fault plane. We propose a seismic asperity model to inter-
pret the 2015 Nepal earthquake sequence and compare its fre-
quency-dependent coseismic radiation with that in megath-
rust events. Together with previous studies of this area, the
seismogenic mechanism of this earthquake is related to the
depth-varying frictional properties of the plate interface of
the main Himalayan thrust system. Rupture initiation is likely
due to dehydration-induced weakening of the fault interface
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as integrated with other geophysical observations in this re-
gion. As inferred from the coseismic slip patterns and after-
shock distribution, the shallower part of the MHT fault be-
neath the outer Himalayan is still locked and may evolve into
another devastating earthquake in the future.
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