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On 25 April 2015 an Mw 7.8 earthquake occurred in Nepal and caused about 9000 casualties. This earth-
quake ruptured part of the Main Himalaya Thrust fault, which is due to the convergence of the subducting
Indian plate to the overriding Eurasian plate, and showed thrust mechanism with a very small fault dip
angle (about 7–10�). We apply teleseismic multiple-array back projection analysis to study the rupture
process of this earthquake and find 6 clear high frequency radiation sources (subevents). Our results illus-
trate a simple unilateral eastward rupture of �160 km with relative stable rupture speed of �2.8 km/s
and a duration of 56 s. The entire rupture processes can be divided into 3 stages. The high frequency radi-
ation appears to be mainly located at the edge of the large slip area, but the subevents have different
characteristics in the western and eastern rupture areas. For this 2015 Nepal earthquake, the scales of
asperities appear to be mainly controlled by depth, which dominates the overall patterns of slip and high
frequency radiation. We finally propose a multiple-scale asperity model with stress and structural
heterogeneities along the rupture direction to explain the distribution of high frequency subevents,
co-seismic slip, and aftershocks.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The Tibetan Plateau is one of the most tectonically active areas
in the world and it has been a research hotspot in the earth
sciences for a long time. The collision of the Indian plate and Eur-
asian plate since 50 Myr ago is a consequence of the subduction of
the Indian plate beneath Eurasia (Molnar and Tapponnier, 1975).
Subsequently, The Indian plate continued to converge north-
northeastward at a rate of �36–40 mm/yr (Shen et al., 2000;
Tapponnier et al., 2001; Wang et al., 2001). A fraction of conver-
gence has been absorbed by crust shortening and thickening asso-
ciated with the activation of the Main Himalaya Thrust fault (MHT)
and a series of secondary faults including the Main Frontal Thrust
fault (MFT), the Main Boundary Thrust (MBT), the Main Central
Thrust (MCT), the southern Tibetan detachment (STD) (Fig. 1a).
GPS observations and analyses illustrated a wide locking zone in
the MHT along the collision zone of the Himalayan thrust belt
(Ader et al., 2012). The continuous loading of stress on the locking
zone caused a large number of earthquakes inside this thrust zone,
including many devastating ones in the past. Around the region of
this Nepal Mw 7.8 earthquake, three mega earthquakes occurred in
the past �600 years, the 1505 Mw � 8.5 Lo Mustang earthquake
(Bollinger et al., 2014), the 1934 Mw � 8.1 Nepal-Bihar earthquake
(Ambraseys and Douglas, 2004), and the 1833 Mw � 7.6 Nepal
earthquake (Bilham, 1995) (Fig. 1a). Because of the high plate con-
vergence rate and rare occurrence of large earthquakes during the
past decades, it was suggested that the risk of mega earthquakes
should be alerted in the Nepal region (Bilham and Ambraseys,
2005; Bollinger et al., 2014).

The 25 April 2015 Mw 7.8 Gorkha Nepal earthquake is in con-
trol by the same thrust mechanism as the previous large events
around this area, which occurred within the central Himalayan
thrust belt (Fig 1a). The epicenter of this earthquake is about
77 km northwest of Kathmandu, Nepal, and its rupture area is
located in the gap between the rupture zone of the 1934 and
1505 mega earthquake, however, partly overlapping with the
1833 Nepal earthquake rupture region. It releases part of the stress
and strain accumulated by the convergence of the plates. The Glo-
bal Centroid Moment Tensor (GCMT) (Ekström et al., 2012) and the
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Fig. 1. (a) Topography and distribution of large earthquakes around the Nepal area. The purple cross gives the 2015 Gorhka Nepal earthquake epicenter (from USGS, http://
earthquake.usgs.gov/earthquakes/eventpage/us20002926#general_summary) and the yellow diamond gives the location of Kathmandu. Blue, red, and yellow dots are the
aftershocks from 04/25/2015 to 05/30/2015. Among them, yellow dots are the large aftershocks with the moment tensor shown as the beach balls (from USGS), blue dots are
the large aftershocks (Mw > 3.5) between the main shock and the Mw 7.3 aftershock on 05/12/2015, and red dots are the large aftershocks (Mw > 3.5) after the Mw 7.3
aftershock. The bold black lines are the main faults as mentioned in the main text. The brown ellipses describe the estimated rupture area of the 1505 Mw � 8.2, 1833
Mw � 8.1, and 1934 Mw � 7.6 events. The inset shows the location (red box) of the top figure. (b) Schematic vertical profile along AA0 in (a) that shows the epicenter location
(purple cross) and approximate rupture area (red line) of this Nepal earthquake. The fault geometry is approximately inferred from Pandey et al. (1995) and Bollinger et al.
(2014). The topography data are from Amante and Eakins (2009). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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settings of local geological structure favor a nodal plane with the
strike of 293� and dip of 7�, and the finite-fault model from
the United States Geological Survey (USGS) used a similar fault
geometry (strike of 290� and dip of 7�) (http://earthquake.usgs.
gov/earthquakes/eventpage/us20002926#scientific_tensor:us_us_
20002926_mww). This implies that the Nepal earthquake occurred
on the MHT, and the dominant rupture area is beneath the lower
part of Lesser Himalaya (Fig. 1).

There are a number of studies published about the finite fault
slip model and high frequency radiation of this Nepal earthquake
(Avouac et al., 2015; Fan and Shearer, 2015; Galetzka et al.,
2015; Grandin et al., 2015; Meng et al., 2016; Wang and Mori,
2016; Yagi and Okuwaki, 2015; Zhang et al., 2016). They all share
similar results that the large slip area is located to the east of the
epicenter, north of Kathmandu, the high frequency radiation
appears at the northern edge of a large slip area, and the rupture
speed is around 3 km/s. However, there are still some differences
on the detailed distribution of fault slip and locations of high fre-
quency seismic radiation. Fan and Shearer (2015), Wang and
Mori (2016), Yagi and Okuwaki (2015), and Zhang et al. (2016)
reported some changes in rupture speed in the beginning and ter-
minating part of the rupture while others do not. Avouac et al.
(2015) focused on the unzipping of the locking zone of the MHT,
while Grandin et al. (2015) emphasized the influence of structural
architecture on the rupture behavior. Most of these studies agree
that the area south of the rupture region or the shallow part of
the MHT is still locked and the risk of earthquake hazards should
be still alerted.

In this study we use teleseismic multiple-array back projection
analysis to investigate the high-frequency seismic radiation and
subevents distribution of the 2015 Nepal event. By comparing with
the slip models and the distribution of the aftershocks, we propose
a multi-asperity model with heterogeneous stress and structural
anomaly distribution on the fault plane for this event after integra-
tion with regional geological and geophysical data.

2. Data and methods

The back projection method is widely used to investigate co-
seismic radiation of large earthquakes since the work by Ishii
et al. (2005). This method assumes that the initial part of P waves
is emitted from the epicenter and the later P wave trains are gen-
erated from the later rupture processes. The relative time shift of
similar wave trains can be calculated by the multi-channel cross-
correlation method (Vandecar and Crosson, 1990) and the adaptive
stacking method (Rawlinson and Kennett, 2004; Yao et al., 2012),
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Fig. 2. The station distribution used in this study. The red triangles are the
European (EU) stations, the blue triangles for the North American (NA) stations, and
the orange triangles for the Australian (AU) stations. The dash lines are in 45�
interval for azimuth and the dash circles are in 30� interval for epicentral distance.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. The aligned waveforms in the frequency band 0.5–4 Hz from the NA (a), EU
(b), and AU (c) array stations, respectively. The amplitude of each trace is
normalized by the maximum amplitude within the time window 20 s before and
80 s after the P wave arrival for each array. The black wiggle is the linear stacked
waveform of the aligned traces for each array. The two vertical lines in (a–c)
indicate the first 10 s P wave window used for waveform alignment using cross-
correlation.

Fig. 4. Time-dependent and spatially averaged power (normalized) for each array
(blue: NA, red: EU, orange: AU) and summed over all arrays (black). The summed
power of all three arrays (black) illustrates 6 clear energy pulses as separated by the
vertical lines. The last pulse can be only seen by the AU array, which may be due to
radiation directivity. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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and the location of the subevent is mainly determined by the rel-
ative time shifts observed at different stations (Yao et al., 2012).

We use data recorded at broadband seismometers from
the Data Management Center (DMC) of Incorporated Research
Institutions for Seismology (IRIS), including 101 stations from
North America (NA), 74 from Europe (EU), and 29 from Australia
(AU). The station distribution is shown in Fig. 2. For the AU and
NA arrays, most of the stations are in the epicenter distance range
of 60–90�. For the EU array, the epicenter distance is mainly within
40–80�. The azimuth coverage of the AU and NA arrays is around
40� and it’s around 75� for the EU array. The data are first filtered
to the frequency band of 0.05–4 Hz and then aligned by the initial
10 s of P waves, which were emitted from the hypocenter, using
the cross-correlation method to eliminate the influence of 3D Earth
structures on travel times (Ishii et al., 2005; Yao et al., 2012). We
only keep the traces with correlation coefficients above 0.85
between each trace and their reference stack for the initial 10 s
of P waves for later back projection analysis (Yao et al., 2012).
The IASP91 model (Kennett and Engdahl, 1991) is used as the ref-
erence velocity model for the initial waveform alignment as well as
for computing travel times from source grids to stations. After
alignment, the data are then bandpass filtered to the target fre-
quency band 0.5–4 Hz and normalized with their maximum ampli-
tude. Due to waveform alignment, the results of back projection
locations of energy bursts (subevents) are all relative to the
epicenter.

The waveforms of the target frequency band from different
arrays are shown in Fig. 3, which show clear differences of wave-
form amplitudes in the first 60 s. For the EU array, the first remark-
able energy burst does not arise until 25 s, later than the NA and
AU arrays. Meanwhile, the EU array appears to have the least sep-
arated pulse in the envelope and this feature is also seen in the
result that will be discussed later.

We follow the process of Ishii et al. (2007), Yao et al. (2012), and
Kiser and Ishii (2012) for the classical back projection analysis. The
whole process can be summarized as
Vijðh;u; tÞ �������!Back Projection
Siðx; y; tÞ ð1Þ

where Vij is the velocity waveform of the jth station in the ith array,
ðh;uÞ give the location of the station, and t is time. Si is the raw
stacked waveform, which is the slant stack of Vijðh;u; tÞ, and ðx; yÞ
are the grid coordinates in the source area. Since the use of the tele-
seismic P waves, we don’t have depth resolution due to nearly ver-
tical outgoing rays from the source region. Therefore, ðx; yÞ are
normally the horizontal grid coordinates at the focal depth. Instead
of using the linear stacking scheme, here the nth-root stacking
method (n = 3 here) (Rost and Thomas, 2002) is utilized in order
to enhance the spatial and temporal resolution.

To guarantee the stability of the result, temporal smoothing
process is usually applied to the raw stacked waveform Siðx; y; tÞ
using a sliding window averaging approach in order to obtain the
smooth time-averaged back projection power Piðx; y; tÞ (e.g. Yao
et al., 2012). Then the summed power of multiple arrays is given by

Pðx; y; tÞ ¼
X3

i¼1

AiPiðx; y; tÞ ð2Þ

where Ai is the normalization factor. We define the time-dependent
and spatially averaged power QðtÞ or QiðtÞ as summation of Pðx; y; tÞ
(for the summed power of all arrays) or Piðx; y; tÞ (for each array)
over all spatial grids ðx; yÞ.
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3. Results

Fig. 4 shows the time-dependent and spatially averaged power
for each array (QiðtÞ) and summed over all arrays (QðtÞÞ, which
gives six distinguishable pulses. Based on this, we divide the entire
source radiation into 6 phases (time windows) shown as Fig. 5. The
spatial- and time-averaged stack power of each array or summed
over three arrays is given in Fig. 5, which illustrates 6 clear main
energy bursts (subevents) within the time windows 0–8 s, 8–
18 s, 8–28 s, 28–38 s, 38–47 s, and 47–56 s. The left three columns
(except the bottom row) of Fig. 5 give the time-averaged power in
different phases from each array, while the rightmost column of
Fig. 5 gives the summed power from all 3 arrays. We perform
Fig. 5. Time-averaged power from back projection analysis of different arrays (left 3 colum
Each plot shows the stacked power within the corresponding time window (or phase) as
maximum power of the 4th phase (28–38 s). The power in the 7th row (0–56 s) is also n
shows the strike (293�) of this Nepal event. The bold blue line gives the contour of 90% va
in this figure legend, the reader is referred to the web version of this article.)
synthetic resolution tests using waveforms from an aftershock
and demonstrate that the location errors of subevents are less than
10 km from our back projection analysis (see the online
supplementary material).

The strongest energy radiation all appears in the 4th phase (28–
38 s) from different array data. The location of the peak power
moves basically along the strike line towards the southeast direc-
tion, which clearly demonstrates a unilateral rupture pattern of
this earthquake. For the NA results, the energy bursts in the 2nd,
3rd, and 4th phases are strong and clear. The power of the energy
burst in the 1st window is not large but the existence of this sube-
vent is obvious. There are large-area and low-amplitude energy
bursts in the 5th and 6th phases (38–56 s) of the NA results
ns) or summed over 3 arrays (4th column) within different time windows (phases).
indicated by the text left of each row. The power of each phase is normalized by the
ormalized. The purple cross marks the epicenter location and the dashed blue line
lue of the peak power of each window. (For interpretation of the references to colour



Table 1
Subevent peak energy time, location, and relative power obtained from the summed back projection power of each phase (see last column in Fig. 5).

Subevent index 1 2 3 4 5 6

Time (s) 5.8 12.1 23.3 32.0 40.0 49.0
Longitude (�) 84.7079 84.8610 85.2693 85.4735 85.7287 86.0350
Latitude (�) 28.1473 28.0573 28.0123 27.9673 27.8323 27.6973
Normalized power 0.10 0.35 0.64 1.00 0.41 0.38
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(Fig 5), which appear more north than the locations of energy burst
from the other two arrays in the same phase. The energy bursts in
these last two phases seen by the NA array are not artifacts due to
the array orientation as indicated by the results using the compres-
sive sensing method (Yin et al., 2015).

For the EU array, the first two phases show very weak power
and do not exist clear separation of each phase, which is consistent
with the waveforms; the power in the 4th and 5th phases is strong.
The results of the AU array hold the largest number of strong
energy bursts (Figs. 4 and 5), especially the unique pulse with very
large power in the 6th phase (47–56 s). If this subevent is an arti-
fact, there is usually a stronger energy burst with similar shape and
earlier time before this subevent. However, this is not observed
here. This 6th subevent may be caused by radiation directivity that
is well received by the AU array but not the other two arrays. How-
ever, its relative location to the hypocenter may be affected by
local heterogeneity in the source region (Meng et al., 2016).

The different energy radiation patterns in different directions
illustrate the necessity of handling data together from arrays in dif-
ferent orientations. The last row of Fig. 5 shows the summed power
from the 3 different arrays. The summed results give a rupture
length of �160 km along strike. In comparison, the NA results
show distinct seismic radiation north of the results from the EU
and AU arrays in the last two phases (38–47 s and 47–56 s). This
apparent difference may be caused by structural heterogeneity in
the source region that is far away from the hypocenter. The EU
and AU results are similar in shape and direction probably due to
the reason that these two arrays are nearly on the opposite side
with respect to the epicenter (Fig. 2). From the summed power,
we pick the maximum energy point (referred as subevent) in each
phase in Fig. 5. Table 1 gives the location, peak energy time, and
relative energy of each subevent corresponding to each phase.

We project the subevent location to the strike direction (Fig. 6).
Then the rupture speed can be estimated in the distance-time dia-
gram. The subevent distribution is approximately on a straight line,
which illustrates an average rupture speed of �2.8 km/s. The rup-
ture direction and speed from our results are similar to the results
Fig. 6. Along strike and temporal distribution of subevents for rupture speed
estimation. The circle indicates the time and distance of the subevents along strike.
The area of each circle is proportional to the power of the corresponding subevent.
The bold black lines mark the start and end time of the subevents and the dashed
green lines are reference lines for rupture speed, from 1 km/s to 5 km/s with an
interval of 1 km/s. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
from other studies (e.g. Avouac et al., 2015; Liu and Ge, 2015; Meng
et al., 2016; Wang and Mori, 2016; Yagi and Okuwaki, 2015; Zhang
et al., 2016). The results of high frequency radiation are generally
similar to previous studies (e.g. Avouac et al., 2015; Fan and
Shearer, 2015; Grandin et al., 2015; Yagi and Okuwaki, 2015).
However, our results have revealed most distinguishable high fre-
quency subevents.

4. Discussion

4.1. Multiple-stage rupture processes

Our results from multiple-array back projection reveal 6-phase
high-frequency energy radiation during the co-seismic unilateral
rupture processes. Combining our results with the slip model from
Avouac et al. (2015) and aftershocks distribution, we can divide the
rupture processes into 3 stages (Fig. 7):

Stage 1: the 1st and 2nd phases (time windows 0–8 s and 8–
18 s), which are the beginning of the rupture with weak high-
frequency radiation, few aftershocks, and small co-seismic slip.
Stage 2: the 3rd and 4th phases (time windows 18–28 s and 28–
38 s), which is the main part of the rupture. Most accumulated
stress and strain during the interseismic cycle are probably
released in this stage. It is associated with strong high-
frequency radiation, few aftershocks, and large co-seismic slip.
Stage 3: the 5th and 6th phases (time windows 38–47 s and 47–
56 s), which is the termination stage of the rupture with weak
high-frequency radiation, many aftershocks, and small co-
seismic slip.

A multiple-scale asperity model can explain most of the obser-
vation as follows. The western part of the rupture area (Zone I in
Fig. 7a) has a small number of large asperities, and it has been
mostly fractured during the main shock, denoted by large co-
seismic slip and few aftershocks. The initiation of the rupture
was accompanied with weak high-frequency radiation and the
main part of the rupture was accompanied with strong seismic
radiation. The middle part (Zone II in Fig. 7a) probably has a large
number of small asperities, denoted by small co-seismic slip and
many aftershocks. The 5th and 6th pulses (subevents) denote the
termination of the rupture. These two pulses are much weaker in
energy radiation and can be seen only by specific arrays (the EU
and AU here). Recent Pg traveltime tomography results (Pei et al.,
2016) show that Zone I has fast upper crust P-wave velocities while
Zone 2 shows apparent low velocity anomalies (Fig. 7a). And the
5th subevent is just located at the boundary between high and
low velocity anomalies.

The aftershocks can be divided into two categories: the first-
category aftershocks (blue dots in Figs. 1 and 7) are aftershocks
that occurred between the Mw 7.8 main shock and the Mw 7.3
earthquake (Fig. 1), while the second-category aftershocks (red
dots in Figs. 1 and 7) are aftershocks after the Mw 7.3 earthquake.
The 5th pulse is in the region of the dense first-category after-
shocks and the 6th pulse is possibly generated at the boundary
between the first- and second-category aftershocks. This implies
that the western part of the small-scale asperities (Zone II) was
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Fig. 7. (a) Rupture stages and schematic multiple-scale asperity model (three shaded regions) inferred from the distribution of high-frequency subevents (square, color for
time), co-seismic slip (contour lines with unit in cm, from Avouac et al. (2015)), and aftershocks (dots, same as in Fig. 1). The thin black line is the national border line. The
three shaded regions are the schematic representation of the three rupture zones. The dashed orange line gives the estimated western rupture limit of the 1934 event. The
dashed black line is the schematic boundary between different rupture stages. The purple cross and dashed blue lines are the epicenter and strike direction of the Nepal event
as in Fig. 1, respectively. The green dashed line marks the sharp transition from high P-wave velocity (west) to low velocity (east) in the upper crust inferred from Pg
traveltime tomography (Pei et al., 2016). (b) Along-strike normalized slip accumulation and the number of aftershocks for two different categories as defined in the main text.
The values are computed in a 10 km distance interval. The subevents are shown as green squares, which are mainly on the margin of high slip area or transitional zone. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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probably fractured during the main shock while the eastern part
(Zone III) didn’t fracture until the Mw 7.3 earthquake occurred
17 days later, which was due to the changes of stress state in the
surrounding zone of the main shock area (Wang et al., 2015).

In combination with the approximate slip area of the 1934
earthquake (Ambraseys and Douglas, 2004), it can be inferred that
the Mw 7.3 aftershock area (Zone III) is in a state of relative weak
stress accumulation. Some of the accumulated stress has been
released by the 1934 earthquake. This stress heterogeneity may
dominate the termination of the Nepal main shock. This Nepal Gor-
kha earthquake area (Zone I) is in a high stress state and Zone II is
the transition zone of stress state. The rupture stopped at the
boundary of Zone II and Zone III, marked by the last subevent in
our results. Nevertheless, the fracture of Zone I and II increases
the stress of Zone III (Wang et al., 2015), and finally initiated the
Mw 7.3 earthquake 17 days later as well as many aftershocks in
Zone III.

4.2. Relationship of co-seismic radiation, slip, aftershocks, and
structure scales

Our results are generally consistent with the anti-correlation
between areas of large co-seismic slip and strong high-frequency
radiation investigated in previous earthquake studies (Allmann
and Shearer, 2007; Uchide et al., 2013). Here we refer ‘‘structure”
as an area with certain geometry and very similar physical
property (e.g., frictional coefficient, rigidity). Generally speaking,
larger scale structure tends to have lower natural frequency. The
spectra of real earthquakes and theory of earthquake sources
reveal that larger magnitude earthquakes tend to have lower
corner frequencies (Aki and Richards, 2002). Dynamic simulation
of earthquake rupture illustrates that variations both in frictional
coefficients and fault geometries can cause high frequency
radiation (Hu et al., 2014). These imply that with stable rupture
speed, low frequency seismic radiation are dominantly generated
by rupture of large-scale structures and high frequency energy
bursts are generated by small-scale structures.

In order to analyze high frequency seismic radiation, the wave-
forms are usually bandpass filtered to a relatively high frequency
band, e.g., 0.5–4 Hz in our study, 0.5–2 Hz in Avouac et al.
(2015), and 0.2–3 Hz in Fan and Shearer (2015) for this Nepal
event. While in the slip inversion studies for this Nepal earthquake,
the frequency band is relatively low, e.g., 0.01–1 Hz in Avouac et al.
(2015) and 0.001–0.36 Hz in Yagi and Okuwaki (2015), and the
waveform fitting is typically dominated by lower frequency con-
tents of the observed waveforms for large earthquakes. Because
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frequency bands used in back projection and slip inversion are
quite different, the corresponding patterns of seismic radiation
and slip are usually not overlapping with each other. It has been
also observed that high frequency radiation tends to originate at
the edge of high-slip areas, for instance, for the 1998 Iwate (Mj
6.1) (Nakahara et al., 2002), the 2000 Tottori (Mw 6.6) (Suzuki
and Iwata, 2009), the 2004 Parkfield (Mw 6.0) (Allmann and
Shearer, 2007), and the 2010 El Mayor-Cucapah (Mw 7.2)
(Uchide et al., 2013) earthquakes. The different distributions of
high slip areas and high frequency radiation imply the differences
in distributions of corresponding scale structures. The original
structure scale dominates the distributions of slip and high fre-
quency radiation patterns.

The rupture characteristics of the Mw 7.8 Nepal earthquake
agrees well with the statement mentioned above. The high slip
areas are adjacent to the high frequency radiation locations. The
two regions with high slip are corresponding to two large-scale
structures, and the high-frequency subevents are related to the
adjacent smaller scale structures. The 1st subevent is the beginning
of the rupture, the 2nd to the 5th subevents are approximately
located at the northern margin of the large slip area, the 5th sube-
vent is also in the sharp transitional region from high to low veloc-
ity anomalies, and the 6th subevent corresponds to the
termination of the rupture. The distribution of co-seismic slip
and aftershocks illustrates some spatial complementarity (Fig. 7),
and the high-frequency subevents are either at the margin of large
slip areas or in the region with small slip and dense aftershocks.
For this Nepal earthquake, there may exist small-scale structural
heterogeneities north of the large slip patches, for example, a ramp
in fault geometry (Elliott et al., 2016) or frictional coefficient vari-
ation due to brittle-ductile transition at depths (Scholz, 1998). The
along-strike sharp changes of upper crust structures, that is, from
high velocity (or rigidity) in the west to low velocity (or rigidity)
in the east, probably dominate the later stage of mainshock rupture
and finally lead to the termination of the rupture.

Interestingly, high frequency radiation in the up-dip region
(south of the large slip area) is not observed, similar to the obser-
vations of large subduction zone ruptures (e.g. Lay et al., 2012; Yao
et al., 2013) in which high-frequency radiation is mainly located in
the down-dip area of the subducting slab, although the mecha-
nisms are possibly different due to differences in tectonic environ-
ments. The large slip area of this Nepal event corresponds to the
previous interseismic locking zone (Ader et al., 2012; Avouac
et al., 2015) while the high frequency radiation appears in the tran-
sition area of the locking zone and creeping zone, similar to the
oceanic subduction environment (e.g. Lay et al., 2012; Yao et al.,
2013), although the occurrence of this transition appears to be
much shallower in the continental subduction regions (�15–
20 km) than in the oceanic subduction regions (�30–45 km) due
to differences in mineral contents in the crust (Scholz, 1998). The
scales of asperities are mainly controlled by depth, which domi-
nates the overall patterns of slip and high frequency radiation,
while fault plane property and stress and structural hetero-
geneities along strike influence rupture behaviors in different
stages for the Nepal event.

Therefore, the earthquake rupture process can be summarized
as follows. The earthquake was initiated from a fracture of small-
scale structure on the west side of a large-scale asperity and
propagated to the east with an average speed of �2.8 km/s. Some
asperities in smaller scales on the north were fractured during
the main rupture, leading to apparent high frequency radiation.
The east side, which has low P-wave velocity anomaly in the upper
crust, consists of a group of small-scale asperities with relatively
weaker stress accumulation. The rupture was inhibited when
propagating into this zone and finally stopped at the margin of
the 1934 event rupture region, also generating high frequency
radiation at the rupture end. The fracture of Zone I increased the
stress in Zone III, and triggered the Mw 7.3 earthquake and many
other aftershocks. The observed patterns of high frequency radia-
tion, slip distribution, and aftershock distribution are consistent
with our model of multi-stage rupture processes of this Nepal
earthquake sequence.

5. Conclusions

We utilized back projection analysis from 3 arrays of different
directions to investigate high-frequency radiation patterns of the
2015 Nepal Gorkha earthquake. The co-seismic rupture can be
divided into 6 phases each with a distinct high-frequency energy
burst (subevent). The results illustrate a simple unilateral rupture
of �160 km from west to east with an average rupture speed of
�2.8 km/s and a rupture duration of 56 s. The high-frequency radi-
ation subevents are mainly located at the edge of a large slip area,
however, with different features in the western, middle, and east-
ern rupture regions. The scales of asperities are mainly controlled
by depth, which dominates the overall patterns of slip and high fre-
quency radiation. A multiple-scale asperity model with stress and
structural heterogeneities along the rupture direction can well
explain the distributions of high frequency subevents, co-seismic
slip, and aftershocks.
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