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Three-Dimensional Fault Structure Inferred from a Refined
Aftershock Catalog for the 2015 Gorkha Earthquake, Nepal
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Abstract.

In this paper, we created a well-resolved aftershock catalog for the 2015 Gorkha earth-
quake in Nepal by processing 11 months of continuous data using an automatic onset
and hypocenter determination procedure. Aftershocks were detected by the NAMASTE
temporary seismic network that is densely distributed covering the rupture area and be-
came fully operational about 50 days after the mainshock. The catalog was refined us-
ing a joint hypocenter determination technique, and an optimal one-dimensional (1D)
velocity model with station correction factors determined simultaneously. We found around
15,000 aftershocks with the magnitude of completeness of M2. Our catalog shows that
there are two large aftershock clusters along the north side of the Gorkha-Pokhara an-
ticlinorium and smaller shallow aftershock clusters in the south. The patterns of after-
shock distribution in the northern and southern clusters reflect the complex geometry
of the Main Himalayan Thrust. The aftershocks are located both on the slip surface and
through the entire hanging wall. The 1D velocity structure obtained from this study is
almost constant at a P-wave velocity (Vp) of 6.0 km/s for a depth of 0-20 km, similar

to Vp of the shallow continental crust.

Introduction

On April 25, 2015, an earthquake (Mw 7.8) in central
Nepal (later referred to as the Gorkha earthquake) caused
significant damage, including 8979 fatalities. This was the
largest earthquake that occurred after the installation of
the national seismic network in Nepal. The earthquake rup-
tured the Main Himalayan Thrust (MHT), the plate bound-
ary between India and the Tibetan Plateau [Galetzka et al.,
2015; Avouac et al., 2015].

The aftershock activity was studied immediately after the
earthquake. Adhikari et al. [2015] manually processed the
seismic data of the permanent national seismic network in
Nepal and presented a temporal and spatial distribution of
the early aftershocks. Baillard et al. [2017] processed the
same data with automatic onset and hypocenter determi-
nation procedures and created an aftershock catalog for the
three months following the earthquake. Bai et al. [2016]
used a seismic array near the China-Nepal border and lo-
cated early aftershocks using the double-difference earth-
quake relocation technique. Aftershock activities were also
studied using global seismic data [e.g. Letort et al., 2016;
Wang et al., 2017]

Although the horizontal distribution is roughly consistent
among these studies, the hypocenter depths exhibit a larger
uncertainty, making it difficult to clarify the relationship
between the aftershocks and the fault structure. The main-
shock rupture surface is located on the MHT décollement
based on the hypocenter depth and moment tensor mecha-
nism [Adhikari et al., 2015; McNamara et al., 2017; Baillard
et al., 2017]. However, the aftershocks may be shallower
[Bai et al., 2016; Baillard et al., 2017], deeper [McNamara
et al., 2017], or on the boundary [Letort et al., 2016; Wang
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et al., 2017] of the MHT shear zone. Aftershocks identified
using far-field data are strongly influenced by the velocity
structure, and the data are limited to large earthquakes.
Variations in the local subsurface structure also result in
estimation errors.

Another uncertainty is the three-dimensional (3D) struc-
ture of the MHT. Nepal lies on the collision zone between
the Indian Plate and the Eurasian Plate, and the Indian
lithosphere underthrusts beneath the Himalayas along the
MHT. Three major north-dipping faults formed because of
this collision—the Main Frontal Thrust (MFT), the Main
Boundary Thrust (MBT), and the Main Central Fault
(MCT)—from the south to the north. Figure 1 shows the
geological map of Nepal modified after Dahal [2006]. The
north-south (NS) section, in the direction of motion of the
Indian Plate, has been thoroughly studied using microseis-
micity [e.g. Pandey et al., 1995, 1999] and geophysical tools
such as receiver function [e.g. Tilmann et al., 2003; Nébelek
et al., 2009]. Although it is believed that the variation in
the east—west (EW) direction is largely homogeneous, the
structure is not well studied.

In order to improve the 3D spatial resolution of the af-
tershock activity, we used the temporary seismic network,
called NAMASTE [Karplus et al., 2015; Pant et al., 2016;
Mendoza et al., 2016; Ghosh et al., 2017; Karplus et al.,
2017; Bai et al., 2019; Mendoza et al., 2019]. 47 near-source
stations were deployed; in comparison, the permanent seis-
mic network has only seven stations in the same area. This
dataset enables us to resolve and locate aftershocks down to
magnitude 2.0. Based on this well-resolved aftershock cata-
log, we will discuss the relationship between the aftershocks
and the 3D fault structure in central Nepal.

Data

About 50 days after the Gorkha earthquake a tempo-
rary seismic network called NAMASTE was deployed in the
epicentral area of the mainshock to record the aftershocks
[Karplus et al., 2015; Pant et al., 2016; Mendoza et al., 2016;
Ghosh et al., 2017; Karplus et al., 2017; Bai et al., 2019;
Mendoza et al., 2019]. This network included broadband
seismometers, short-period seismometers, and accelerome-
ters. For our research, we used 42 broadband and short-
period records covering the period from June 25, 2015, to
May 14, 2016. The average spacing of the stations was
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about 20 km. The three component continuous waveforms
were downloaded from the IRIS Data Management Center
website.

Methods

Phase Detection by the TP% Method

Seismic waveforms were processed by first correcting the
instrumental response and removing the DC offset. Then,
we applied a fourth-order one-pass band-pass filter with a
corner frequency of 2-10 Hz. Phase arrivals were detected
using the T?% method [Hildyard et al., 2008; Hildyard and
Rietbrock, 2010]. This method identified seismic phase ar-
rivals by observing the change in frequency of the wave-
forms. After applying the TP* method, the arrival time was
refined by following the methods of Yamada [2017]. Figure
S1 shows an example of the automatic phase detection.

Once a phase arrival was detected, the refined arrival
time and the maximum vertical velocity 5 s after the P-wave
onset were computed. They were used for the hypocenter
determination. The ratio between the maximum horizon-
tal amplitude and the maximum vertical amplitude (H/V)
in 1 s was used to classify P- and S-waves. If H/V < 0.5
or H/V > 2, the phase was classified as a P-wave or S-
wave, respectively. Otherwise, the phase was treated as an
indeterminate type of wave, and the automatic determina-
tion algorithm (explained in the next subsection) identified
the phase that best fits the travel-time curve. Note that
this picking program was tuned to detect P-wave arrival, so
there were more P-wave observations than S-wave observa-
tions.

Automatic Hypocenter Determination

We implemented an automatic hypocenter determination
method using Bayesian estimation [Tamaribuchi, 2018] to
create an earthquake catalog. The program read a set of ar-
rival times and maximum vertical amplitudes and created
a subset of observations that were matched to a possible
earthquake location. The closest 10 stations from the first
trigger station were defined as a trigger group. Once three
or more stations in the group were triggered within the the-
oretical travel-time limit, the hypocenter calculation began.

In order to determine the location, virtual hypocenters
(i.e., particles) were distributed in 3D space. The weight of
each particle (i.e., the likelihood that the particle represents
the actual hypocenter) was computed by taking the inverse
of the difference between the observed and the theoretical
values. We assumed that this error followed the normal dis-
tribution. Therefore, if the location was correct, the error
between the observation and the theoretical value would be
small and the weight would be large.

We then used an importance sampling algorithm to re-
fine the hypocenter location [Wu et al., 2014]. A resampling
process was performed so that the particle distribution re-
flected the probability density function of the hypocenter
location. When the likelihood calculation and resampling
were repeated, virtual hypocenters gradually converged on
the true hypocenter. The program stopped the iteration
process when the virtual hypocenter with the maximum
weight did not change after three successive iterations. It
produced a final hypocenter location only if all the follow-
ing conditions were satisfied: 1) the longitude and latitude
errors were both less than 10 min (about 18 km), 2) the
origin time error was less than 2.0 s, 3) the depth error was
less than 100 km, and 4) 5 or more phases were used for the
location determination.

After determining the hypocenters, we calculated the
magnitude using the Nepalese attenuation model that was
proposed by Baillard et al. [2017]. We selected the five clos-
est stations for each event and fixed the time window from
the theoretical P-wave arrival time to three times the differ-
ence between the arrivals of the theoretical S- and P-waves.
We used the following equation to obtain the magnitude
[Baillard et al., 2017]:

M =0.91log 10(A) + 1.2log 10(R) + 0.0003R — 0.9, (1)

where A was the maximum amplitude of the vertical dis-
placement in that time window (nanometers) and R was
the distance from hypocenter to station in kilometers. The
median value of the five stations is chosen as the event mag-
nitude.

Refinement of the Phase Detection

In order to improve the accuracy in the depth direction,
we searched the P- and S-wave arrivals at around the the-
oretical arrival times based on the catalog we constructed.
We used the phase detection method with the variance ratio
[Tamaribuchi, 2018].

First, we applied a band-pass filter with a corner fre-
quency of 5-10 Hz for the three component waveforms to
reduce noise from tidal or distant events. We used wave-
forms for which either the P- or S-phase was detected by the
T?? method. The two horizontal waveforms were rotated to
radial and transverse directions. We used the vertical and
radial components to detect P- and S-phases respectively.
Next, we computed the variance ratio rq» of the filtered
waveforms for a few seconds before and after the theoreti-
cal arrival time. The 7,4, was defined as:

t+N—-1 t—1
rear(®) = Y (@i —F®)*/ Y (@-3t-N)?, (2

where x; was the filtered waveform data at the time step i,
T(t) was the average of the data, i.e., Zf:\hl z;/N, and N
was the length of the data. We used the number of samples
in one second for N. If the variance ratio exceeds 9 in the
few seconds time window, we computed the time recording
the peak of 7,4, and used it as an arrival time.

Finally, we refined the P-wave arrival time by the autore-
gressive Akaike Information Criterion (AR-AIC) method
[Takanami and Kitagawa, 1988, 1991]. In the AR-AIC
method, a few second data before and after the estimated
arrival time were treated as stationary noise and signal, re-
spectively, and modeled as an AR process. The time series
of the AIC value was expected to be the minimum at the
phase arrival time. We applied this process only for the
P-wave arrival, since the method did not work well for the
S-wave.

After this phase detection process using variance ratio,
the number of the S-wave picking increased from 61,266
to 87,621, and that of the P-wave slightly changed from
133,088 to 138,436.

Joint Hypocenter Determination

We wused the VELEST program to perform the
joint hypocenter determination (JHD) [Kissling et al.,
1994, 1995]. VELEST was a FORTRANTY7 routine that si-
multaneously determines the location of a group of events,
the 1D velocity model, and station corrections that account
for lateral velocity variations.

First, we selected relatively well-located earthquakes
from our catalog. The selected events were the earthquakes
where the number of picks is >20 and the azimuthal gap
of the stations is <240 (see Result Section on these crite-
ria). We defined these 3,304 events as well-located earth-
quakes. The waveform alignment of these events were vi-
sually inspected and we confirmed that they were all real
earthquakes.

The initial velocity model was, as described by Pandey
et al. [1995], a three-layer model with boundaries at 23 and
55 km depths. We subdivided this model into layers with
a 2 km interval for 0-10 km, and a 5 km interval for 10-60
km. We chose station NA280 as the reference station (i.e.,
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no station correction) since it was near the center of the
aftershock distribution.

After performing the joint hypocenter determination, the
program was run in single event mode to relocate all earth-
quakes with a fixed velocity model and station corrections.
In total, 14,721 events were detected for the 11 month pe-
riod.

Results

Spatiotemporal Distribution of Aftershocks

Figure 2 shows the temporal and spatial distribution of
aftershocks. Large clusters are present along the northern
side of the Gorkha-Pokhara anticlinorium (GPA), divided
by the seismic gap north of Kathmandu. The eastern clus-
ter is very dense and spans about 100 km parallel to the
MBT fault line. The western cluster is sparse and scat-
ters in the EW direction. Smaller clusters exist about 20
km west of Kathmandu and about 40 km east—southeast of
Kathmandu. These clusters are much shallower than the
large clusters.

Figure 2a shows the temporal variation of the aftershock
sequence. Since our catalog data starts after June 25, 2015,
we used a catalog created by Baillard et al. [2017] for earlier
dates. Only well-located events (with epicentral errors of <7
km and depth errors of <10 km) in the Baillard et al. [2017]
are used. Compared with the previous study, our catalog
has more earthquakes and shallower events. The seismicity
west of Kathmandu decays faster whereas the eastern seis-
micity around the largest aftershock is still active after 1
year.

In order to investigate the depth variation, the NS and
EW cross sections are shown in Figure 3. Aftershocks within
+5 km from each section line are shown in the figure. The
cross sections show that the aftershocks are distributed in
the shallow area, between 0 and 20 km. In the NS section
(Sections A1 and A2), the depth of the aftershocks becomes
deeper from the south to the north, which is consistent with
the dip direction of the MHT. For example, there are two
clusters in Section A2: the southern cluster is about 5 km
shallower than the northern cluster. Another feature is that
most of the aftershocks are distributed in the hanging wall
between the ground surface and MHT fault boundary. The
depth variation in the EW section (Sections B1) is not as
obvious as the NS section. It seems the depth is about
constant in this direction. There is a gap with few events
between 80 and 100 km from the west end.

We plot the histograms of the magnitude of the cat-
alog in Figure 4a. The magnitude distribution follows
the Gutenberg-Richter law, and the minimum magnitude
of complete recording (magnitude of completeness) is esti-
mated about M2 from Figure 4a, which is smaller than in
previous studies (M4.0 for Adhikari et al. [2015] and M2.5
for Baillard et al. [2017]).

Estimated 1D Velocity Model

VELEST program simultaneously determines the loca-
tion of earthquakes, the 1D velocity model, and station cor-
rections. Figure 5 and Table 1 show the optimal velocity
model and station corrections. Additionally, we have per-
formed this joint hypocenter determination with a different
initial model (JMA2001, Ueno et al. [2002]), but the results
are similar. The P-wave velocity (Vp) at depths <20 km
is almost constant, and estimated to be 6.0 km/s. This is
slightly larger than Vp obtained in a previous study; 5.6
km/s in Pandey et al. [1995], 5.7 km/s in Monsalve et al.
[2006] for eastern Nepal, and 5.8 km/s in Negi et al. [2017]
for west of Nepal. This value is similar to Vp of the shallow
continental crust [Christensen and Mooney, 1995]. From 20
km depth, Vp gradually increased as the depth increased,
to 60 km depth, and we did not observe any strong veloc-
ity contrasts. However, we may not have enough resolution
at depths >20 km because of the limited number of deep
earthquakes in our dataset.

Station corrections have spatial variations, and values are
larger in the south (see Figure 5b). This southern part of
Nepal is a lowland area formed by Himalayan rivers, called
Terai. The surface structure consists of alluvial deposits,
so we would expect to see a slower Vp at shallow depth.
Larger values for station corrections are likely to reflect this
low-velocity structure. Note that the numbers of P-wave ob-
servations at stations NA080, NA090, NA330, and NA400
are smaller (less than 100 picks), so they may have poor res-
olution and show a different pattern from the surrounding
stations.

Uncertainty of the Phase Detection

We have evaluated the error of the automatic phase de-
tection method by using the waveforms of the 31 well-
located earthquakes on July 1, 2015. Figure S2 shows the
waveforms for radial and vertical components as a function
of the epicenter distance. They show a good alignment for
both P- and S-phases, so these events are not noises, and
the locations are mostly correct.

We manually pick the P-wave arrival of the 584 wave-
forms and the S-wave arrival of the 337 waveforms. The
histogram of the residuals between the manual and auto-
matic detections is shown in the Figures 6a and 6b. The
rms (root mean square) error of the P-phases is 0.14 s. The
waveforms at the distant stations have multiple phases at
around the S-wave arrival, so it is difficult to detect the cor-
rect S-wave arrival time. Therefore, average rms error of
the S-phases is as large as 0.77 s. If we remove the stations
at the epicenter distance larger than 80 km, the rms error
decreases to 0.35 s. The error of the automatic method is
considered acceptable compared to the uncertainty of the
velocity structure and local site conditions, which is on the
order of a second.

Figure 6¢ shows the error between the observed and es-
timated arrival times after the relocation, as a function of
the epicenter distance. The rms error for the P-phase is 0.38
s, and that for the S-phase is 1.03 s. The P-phase error is
about constant for any distance, but S-phase error increases
as a function of the distance. As shown in Figure S2, the
S-wave arrivals at the distant station have an emergent on-
set, which makes it difficult to detect S-phases accurately.
Note that the phase arrival times at the stations close to
the epicenter are more sensitive to the depth of the event.
For this dataset, the rms error of the S-phase at the stations
within 30 km from the epicenter is only 0.45. Therefore, we
think our phase detection has reasonable accuracy.

Uncertainty of the Aftershock Catalog

Figure 7 shows histograms of the rms, the hypocenter
location error in the X (longitude), Y (latitude), and Z
(depth) directions before the relocation by VELEST. The
average rms is 0.66 s, and the depth error is larger than
the horizontal error. The error in the X direction is slightly
smaller than that in the Y direction, due to the network
geometry. In order to evaluate the effect of the number of
phase detections, we plot the relationship between the num-
ber of phase detections and the above uncertainty param-
eters in Figure 8. The rms residuals increase as a function
of the number of phase detections, whereas the uncertainty
of the location decreases as the number of phase detections
increases. As the number of phase detections increases, in
general, the distance from the hypocenter to the station
increases. The uncertainty of the velocity structure accu-
mulates for distant stations, which results in the larger rms.

If we select earthquakes determined by 20 picks or more,
we are able to filter out most of the earthquakes with hori-
zontal errors larger than 3.5 km. In order to remove earth-
quakes far from the network, we used earthquakes with an
azimuthal gap of stations less than 240 degree. By apply-
ing this condition on the network geometry, we are able
to filter out the earthquakes with relatively large errors in
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Figure 8 (gray circles above the line of y=20). Therefore,
we define these earthquakes, i.e. earthquakes with 20 or
more phase detections and azimuthal gap of the stations
less than 240 degree, as well-located earthquakes. Figures
2 and 3 show the well-located earthquakes with larger sym-
bols. They largely represent the distribution of the whole
aftershock catalog.

The seismic network that we use in this study covers the
fault rupture area with about 20 km spacing. With this
station spacing, it may be difficult to resolve the shallow
depth earthquakes. Waveforms with both P-wave and S-
wave phase detections contribute for a good depth control.
In our dataset, about 60% of the phase detected waveforms
have both P-wave and S-wave observations. Figure S3 shows
the theoretical arrival times for different source depth. The
arrival times at the closer distance shows a larger difference,
and the apparent velocity is faster for the deeper earth-
quake. Suppose we have a station at the epicenter distance
10 km, the difference of the S-P arrival time for the depth
5 km and 15 km is 0.8 s. We think this difference can be
resolved, even if we have an uncertainty in the automatic
phase detection.

Change of Earthquake Distribution by the Relocation

We have performed a two-step hypocenter relocation us-
ing the VELEST program. Figure 9 shows the histograms
of the rms error before and after the relocation. By adding
the station correction factor and optimizing the 1D velocity
structure, the average rms error of the well-located earth-
quakes decreased from 0.66 to 0.46 s. The average rms error
of the whole catalog also was reduced from 0.44 to 0.31 s.

Figure 10 shows the earthquake locations before and af-
ter the relocation. The horizontal differences are very small
inside the seismic network, whereas the earthquakes out-
side of the network move away from the network by a few
tens of km after the relocation. This is because the inverted
velocity model was faster than the initial model.

Figure 11 shows the depth of the earthquakes before and
after the relocation. In order to clarify the effect of the ve-
locity structure and station correction, the catalog with the
initial velocity model and station correction, and the catalog
with the optimal velocity model and no station correction,
are also shown in the Figure.

The optimal velocity structure is faster than the initial
velocity structure. Therefore, to make the apparent veloc-
ity slower (i.e., make the theoretical arrival times later), the
depths of the earthquakes tend to be shallow (see Figures
11a and 11c).

The station corrections are positive at the stations in
Terai, where the epicenter distance is large in general.
Therefore, if we consider the station correction, the the-
oretical arrival times at the distant station become later,
and the apparent velocity becomes slower. This is similar
to change the velocity model slower. Therefore, the depth of
the earthquakes becomes deeper (see Figures 11a and 11b).

If we consider both the optimal velocity model and sta-
tion correction, the depth of the well-located earthquakes
does not change so much (see Figures 11a and 11d). How-
ever, the distribution of other earthquakes, shown as gray
circles in Figure 11, is scattered in the shallow depth before
the relocation, and became more confined after.

Discussion

Comparison with the previous catalog

There is a similar pattern for the distribution of af-
tershocks in the previous aftershock studies [e.g. Adhikari
et al., 2015; Baillard et al., 2017], but our study has greater
spatial resolution due to the data from the dense seismic
network made available to us. Our catalog has smaller mag-
nitude of completeness than that in the previous study and
more aftershocks than those of the same period [e.g. Bail-
lard et al., 2017], as shown in Figure 2a. Our catalog and

Baillard et al. [2017] have an overlapped period for about
one month. Figure S4 shows the 669 earthquakes with the
difference of the origin time less than 3 s and the difference
of the horizontal location less than 20 km. The horizontal
differences are very small inside the seismic network, and
larger at the border between China and Nepal. In the sec-
tion profile, our catalog shows more tightly clustered depth
estimates than Baillard et al. [2017]. The depth change in
the dip direction of the MHT was not clearly observed in
the previous study.

The spatial resolution was improved owing to the joint
hypocenter determination. The average rms error decreased
from 0.66 s to 0.46 s, and the estimated station corrections
were consistent with the subsurface geological structure. Al-
though our catalog lacks the first two months of aftershocks,
it is a well-resolved catalog resulting from the many near-
source seismic stations in the fault rupture area.

Aftershocks and 3D structure model

In order to examine the relationship between the after-
shocks and the 3D fault structure, a 3D MHT structure
model [Hubbard et al., 2016] has been included in Figures
2b and 3. This model was developed from the geological
cross section of central Nepal and extended laterally using
the MFT, MBT, and GPA surface traces as a proxy [Hub-
bard et al., 2016]. There are two ramp structures parallel
to the MBT and GPA near Kathmandu, and the middle
décollement is also bounded by two ramps.

Comparison of the cross sections and the aftershock
data shows that most aftershocks are confined between the
ground surface and the MHT shear zone. The aftershock
depths not only match the slip surface, but are also scat-
tered throughout the entire hanging wall. The bottom of the
aftershock distribution is consistent with the MHT model.

Figure 12 shows the aftershock distribution and main-
shock source model [Kobayashi et al., 2016]. According to
Hubbard et al. [2016], the location of the large slip is con-
sistent with the location of the middle décollement between
the two ramp structures. Our aftershock distribution image
shows that there are fewer events in the large slip area and
more events on the two ramp structures surrounding the
large slip area. This is consistent with the observation of
other large earthquakes [e.g. Das and Henry, 2003; Shearer
et al., 2003; Yukutake and lio, 2017]. The western after-
shocks were much more densely distributed than the eastern
aftershocks, and the very dense area seems to be parallel to
the GPA. Interestingly, the large clusters of earthquakes at
the northern side of the GPA is located above the deeper
ramp in the model, and the small cluster south of the GPA
is located above the shallower ramp.

Comparison with the previous seismicity before the
Gorkha earthquake shows that the large clusters at the
northern side of the GPA exist before the Gorkha earth-
quake [Ader et al., 2012; Stevens and Avouac, 2015]. The
locations are consistent with areas with a large gradient of
coupling (the downdip edge of the locked MHT fault zone)
where stress buildup is at a maximum [Stevens and Avouac,
2015; Avouac et al., 2015]. There is almost no seismicity
south of the GPA prior to the Gorkha earthquake [Ader
et al., 2012; Stevens and Avouac, 2015]. The Gorkha earth-
quake ruptured the lower edge (northern end) of the locked
MHT, which, we assume, has activated the southern clus-
ters. We propose that these smaller clusters south of the
GPA are generated by the stress heterogeneities resulting
from the shallower ramp structure.

Conclusions

In this paper, we created a well-resolved aftershock cat-
alog covering the time period up to 11 months after the
2015 Gorkha earthquake by processing data from the NA-
MASTE temporary seismic network that was deployed in a
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near-source region. We identified about 15000 events, with
the magnitude of completeness of M2.

Our catalog shows two major clusters north of the GPA
and smaller clusters in the south. The southern clusters are
shallower than those of the northern clusters, which is con-
sistent with the dip direction of the MHT. Most aftershocks
are confined between the ground surface and the MHT shear
zone, and their distribution may reflect structural complex-
ity along the MHT.

Our aftershock distribution shows that there are fewer
events in the large slip area, and the clusters occurred on
the two ramp structures in the 3D MHT model surround-
ing the large slip area. This may suggest a larger stress
accumulation on the ramp structures. Compared with the
previous seismicity before the Gorkha earthquake, there is
almost no seismicity south of GPA. The Gorkha earthquake
ruptures the lower edge of the locked MHT, which may have
activated the southern clusters.

We obtain a 1D velocity structure and station correc-
tion factors using a joint hypocenter determination. The
P-wave velocity at depths of <20 km was almost constant
at 6.0 km/s, which is similar to Vp of the shallow continen-
tal crust.

Data and Resources

We use the seismic waveform data obtained by the group
of the Department of Mining and Geology in Nepal, the Uni-
versity of California at Riverside, the University of Texas at
El Paso, Stanford University, and Oregon State University.
The seismic data is available on the IRIS Data Manage-
ment Center website at https://wuw.fdsn.org/networks/
detail/XQ_2015/. (last accessed July 2019). Some plots
were made using the Generic Mapping Tools version 4.5.7
[Wessel and Smith, 1991]. The supplemental material con-
tains four figures (Figures S1 to S4) and the aftershock cat-
alog (Table S1).
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Table 1. Initial and optimal models for the P-wave and S-wave velocity structure in km/s.

Depth (km) Vp(ini) Vp(opt) Vs(ini) Vs(opt)
0-2 5.56 6.01 3.18 3.56
2-4 5.56 6.01 3.18 3.56
4-6 5.56 6.01 3.18 3.56
6-8 5.56 6.01 3.18 3.56
8-10 5.56 6.01 3.18 3.56
10-15 5.56 6.01 3.18 3.56
15-20 5.56 6.01 3.18 3.56
20-23 5.56 6.01 3.18 3.56
23-25 6.70 6.69 3.71 3.79
25-30 6.70 6.75 3.7 3.82
30-35 6.70 6.80 3.71 3.83
35-40 6.70 6.92 3.7 3.96
40-45 6.70 6.93 3.7 4.00
45-50 6.70 7.1 3.71 4.12
50-55 6.70 7.22 3.71 4.15
55-60 8.10 8.23 4.63 4.67

60- 8.10 8.23 4.63 4.69
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Figure 1. Geology in Nepal modified after Dahal [2006].
(a) Geological map and aftershock area shown in shaded
region. Large and small stars show the location of the
mainshock and the largest aftershock on May 12, respec-
tively. (b) Schematic NS cross section.
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Figure 2: Spatiotemporal variation of our catalog. Larger symbol represents the well-located earthquakes. Large
and small stars show the location of the mainshock and the largest aftershock on May 12, respectively. (a) Time
sequence of the aftershocks. The numbers on the vertical axis represent the year (15 or 16) and the month. The
shaded period lacks some data (less than 25 stations). The catalog of Baillard et al. [2017] is used before June
25, 2015. (b) Map view of the aftershock distribution. Major fault systems and the 3D MHT model are added
[Hubbard et al., 2016]. The solid triangles show the locations of the temporary seismic stations. Thick gray
lines show the boundary of the countries. The top right figure shows the map of Nepal and the location of the
mainshock.

(a)

BTMCT MCT %1 MCT
v | . v
%ﬁq

VSR
Tl
, B

28" 1

Depth (km)

T T T T T
0 20 40 60 80 100 120 140 160 180 200
Distance (km)

Figure 3. Profiles of the aftershocks. (a) Dashed lines
show the locations of cross sections. Other symbols are
in the same format as Figure 2b. (b)-(d) NS and EW sec-
tions of the aftershocks. Circles with an errorbar show
the well-located earthquakes and lighter circles show all
the other earthquakes. The solid and open inverted trian-
gles show the locations of MBT and MCT, respectively.
The 3D MHT model [Hubbard et al., 2016] is represented
by the dashed line.
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Figure 4. Histogram of the (a) magnitude, (b) num-
ber of picks used for location determination, and (c) az-
imuthal gap of the stations.
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Figure 5. Results of joint hypocenter determination.
(a) Initial and optimal 1D velocity models for Vp and Vs.
Gray bars show the depth distribution of all earthquakes
after the relocation. (b) Station correction factors at the
aftershock stations. The circles and triangles show the
positive and negative delay time in seconds, respectively.
The background color shows the altitude. The stars mark
the locations of the mainshock and the largest aftershock
on May 12.
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Figure 6. Histograms of the residuals for (a) auto-
matic and manual P-wave arrival times, (b) automatic
and manual S-wave arrival times, and (c) observed and
estimated arrival times for P- and S-phases as a function
of the epicenter distance.
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Figure 7. Histograms of the rms, the hypocenter lo-
cation error in the X (longitude), Y (latitude), and Z
(depth) directions before the relocation by the VELEST.
Dark color shows the well-located earthquakes and gray
color shows all earthquakes.
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Figure 8. Relationship between the number of P- and
S-phase detections vs the rms, the hypocenter location
error in the X (longitude), Y (latitude), and Z (depth)
directions before the relocation by the VELEST. Black
circles show the well-located earthquakes and gray circles
show all the other earthquakes.
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Figure 9. Histograms of the rms error before (gray) and
after (black) the joint hypocenter determination. The
solid and dashed lines show the histograms for the whole
and well-located catalogs, respectively. Cross symbols
show the average rms errors for the well-located catalog.
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Figure 10. Comparison of the well-located earthquake
locations before and after the relocation shown in small
circles. The bars on the map frame show the range (20
km) of earthquakes included in the cross sections.The
solid triangles show the locations of the temporary seis-
mic stations. Large and small stars show the location
of the mainshock and the largest aftershock on May 12,
respectively.
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Figure 11. Comparison of the earthquake locations with
(a) initial velocity model and no station correction (be-
fore the relocation) (b) initial velocity model and sta-
tion correction (c) optimal velocity model and no station
correction, and (d) optimal velocity model and station
correction. The format is the same as the Figure 3d.
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Figure 12. Aftershock locations and slip model of the
mainshock [Kobayashi et al., 2016]. Gray contour shows
the slip in meters, and the small circles show the fre-
quency distribution of the aftershocks. It is the number
of hypocenters within a radius of 3 km of each earth-
quake. Major fault systems and the 3D MHT model (in
gray contours) are added. Large and small stars show
the location of the mainshock and the largest aftershock
on May 12, respectively.



