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SUMMARY

We present the first 3 months of aftershock activity following the 2015 April 25 Gorkha
earthquake M,, 7.8 recorded on the Nepalese Seismic network. We deployed an automatic
procedure composed of three main stages: (1) coarse determination of the P and S onsets;
(2) phase association to declare events and (3) iterative addition and refinement of onsets using
the Kurtosis characteristic function. In total 9188 events could be located in the Kathmandu
region with the majority having small location errors (<4.5, 9 and 10 km in the X-, ¥- and
Z-directions, respectively). Additionally, we propose a new attenuation law to estimate local
magnitudes in the region. This new seismic catalogue reveals a detailed insight into the Gorkha
aftershock sequence and its relation to the main shock rupture models and tectonic structures in
the region. Most aftershocks fall within the Main Himalayan Thrust (MHT) shear zone or in its
hangingwall. Significant temporal and lateral variations of aftershocks location are observed
among them: (1) three distinct stages, highlighting subsequent jump-offs at the easternmost
termination, (2) the existence of a seismic gap north of Kathmandu which matches with a
low slip zone in the rupture area of the main shock, (3) the confinement of seismic activity
in the trace of the May 12 M,, 7.3 earthquake within the MHT and its hangingwall through a
30 x 30 km? region and (4) a shallow westward-dipping structure east of the Kathmandu klippe.
These new observations with the inferred tectonic structures at depth suggest a tectonic control
of part of the aftershock activity by the lateral breaks along the MHT and by the geometry of
the duplex above the thrust.

Key words: Asia; Computational seismology; Earthquake source observations; Seismicity
and tectonics; Crustal structure.

1 INTRODUCTION

On2015 April 25,at 06:11:26 UTC, the Gorkha earthquake (7.8 M,,)
struck the main thrust interface between the Indian and Eurasian
plates beneath Nepal. The epicentre was located ~75 km WNW of
the capital city Kathmandu, with a hypocentral depth of ~15 km.
The main shock partially ruptured a ~120 km x 80 km patch of the
shallow dipping Main Himalayan Thrust (MHT; e.g. Avouac ef al.
2015; Galetzka et al. 2015; Grandin et al. 2015; Elliott e al. 2016).
The MHT marks the plate boundary between India and the Tibetan
Plateau and accommodates most of the Himalayan shortening (e.g.
Bettinelli e al. 2006). The rupture propagated eastwards for about
45-50 s with an average rupture speed of 2.8-3.3 km s~! and a
maximum slip of ~7 m (Avouac et al. 2015; Grandin et al. 2015).
The main shock and the thousands of aftershocks occurring at mid-

crustal depths (Adhikari et al. 2015; Bai et al. 2016) resulted in
significant structures damages and fatalities (8800+) in Kathmandu
and its nearby region.

On 2015 May 12 (17 days after the main shock), at 07:05:19
UTC, an M,, 7.3 aftershock occurred at the eastern termination
of the Gorkha rupture, with a hypocentral depth of ~19 km. This
earthquake ruptured a ~30 x 30 km? patch of the MHT with a
maximum slip of ~4 m (Grandin et al. 2015). The easternmost
extent of the patch corresponds to the limit of the 1934 M 8.2
Bihar—Nepal earthquake rupture (Sapkota ez al. 2013).

Although multiple studies on the Gorkha earthquake and its af-
tershock sequence have been published so far none of them contain
a complete and robust earthquake catalogue covering the 3 months
of local seismic monitoring following the Gorkha earthquake on
2015 April 25. Such a catalogue is essential to better understand the
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Figure 1. Map of the National Seismological Center of Nepal (NSC) network and Everest station (EVN, triangles). Orange triangles indicate instruments that
were unusable until 2015 June 1. Blue triangles indicate instruments with high noise level. Red star indicates the position of the April 25 main shock (7.8 My,).
The rectangle indicates the region of interest in this study. MFT: Main Frontal Thrust; MBT: Main Boundary Thrust and MCT: Main Central Thrust.

main shock rupture process and its relationship with the surrounding
tectonic structures.

Here, we apply for the first time a fully automated procedure,
that is, automatic onset determination (Baillard et al. 2014, 2015;
Hibert et al. 2014), phase association, location and onset refine-
ment, to the 3 months of continuous seismic data from the National
Seismological Center of Nepal (NSC). Such automatic procedures
become essential to digest and process the always greater amount
of data recorded around the world. Moreover, automatic procedures
offer great reliability and consistency over time as they do not de-
pend on human analyst criteria (Freedman 1966; Zeiler & Velasco
2009). Nowadays, the ability of automatic procedures to detect
and determine precisely one single onset has been widely proved
(Nippress et al. 2010; Bear & Kradolfer 1987; Kiiperkoch et al.
2010). In this paper, we rather put emphasis on the ability of the
procedure to iteratively improve the location solution by adding
more and more phases to the solution, decreasing considerably lo-
cation errors (e.g. Rietbrock ez al. 2012). Using this procedure, we
determine in this paper a new revisited automatic catalogue for the
Gorkha earthquake aftershocks, evaluating its reliability regarding
other published catalogues, and define new attenuation parameters
for the local magnitude computation.

Based on this catalogue, we present in detail the spatiotemporal
distribution of the seismic activity. We also discuss the seismic
activity in relation with the position of the MHT, the earthquake
rupture models and the major tectonic structures in the region.

2 DATA PRESENTATION

We focus our analysis on approximately 3 months of data from the
2015 April 25 Gorkha main shock to the 2015 July 31 recorded
at the NSC network (Fig. 1). During this period, the permanent
seismological network was operational in central and eastern Nepal
and consisted of 13 short-period vertical component seismometers
(ZM500 f. = 1 Hz) complemented by one three-component seis-
mometer (PKIN). All instruments are recording with one low-gain
and one high-gain channel. Out of these 13 instruments, three were
unusable from 2015April 28 to June 1 (TAPN, RAMN and ODAN)

and two were barely usable due to high noise level (PYUN and
JIRN). To increase the NSC network coverage in the northeastern
region, we added the Everest three-component broad-band seis-
mometer (I0.EVN IRIS) to our data set. EVN station started to be
operational on 2015 April 27, that is, two days after the main shock.

3 METHODOLOGY

3.1 Automatic onset determination and location of events

The automatic location of events follows a two-step procedure:
(1) detection and preliminary location of events on continuous
streams, and (2) onset refinement of onsets around theoretical arrival
times and relocation of events.

In the first stage, we need to determine potential onsets on con-
tinuous data streams and the detection and preliminary location is
performed through the Seiscomp3 suite (Weber et al. 2007). We
apply to each stream a classical short-term average over long-term
average (STA/LTA) filter to roughly detect all potential P onsets
(Allen 1982). These first P detections are refined using the Akaike’s
Information Criterion filter (Akaike 2011). Once the P onsets are
determined, the same approach is applied to determine S onsets,
adding a priori information that the S onset should be contained in
a 20 s window following the P onset, in order to consider onsets
only generated by local and regional events. Each potential onset
needs to pass a signal over noise ratio (SNR) test to be considered.
At that point, we have at our disposal a set of P and S onsets for
each stream.

In the next step, we associate onsets to actual seismic events. It
is of major importance to remove falsely identified arrivals gen-
erated by noise and to distinguish between seismic events whose
respective phase arrivals are close to each other and consistent with
a potential earthquake source. The phase association process used
in Seiscomp3 is based on a clustering algorithm (Weber et al. 2007)
and particularly well adapted when dealing with seismic crisis, as
for the Gorkha’s aftershock sequence. Once a potential onset is reg-
istered in the system, it looks for potential neighbourhood onsets
that fulfill a user-defined time criterion, computed given an apparent
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Figure 2. Scheme explaining the automatic refinement procedure. (a) Example of extracted events with a priori origin time (solid green line) and associated
theoretical arrival times for P and S phases (dashed green line). Solid red lines indicate onset times before refinement procedure. (b) and (c) show zooms around
P and S arrival times associated to trace DANN-SLZ. The Kurtosis characteristic function (CF) is drawn below traces. Minima of the CF indicate the newly

refined automatic onsets drawn as dashed black lines.

phase velocity. Once a consistent cluster of onsets is defined, a first
location is made and all subsequent phase arrivals are compared to
their theoretical arrival times. If the difference between the theoret-
ical and automatic arrival times is sufficiently small, the new phase
is associated to that event and so on. At this point, we have a set of
events with preliminary locations and associated automatic phases.
We call this catalogue the detection catalogue which is composed
of 14 158 events.

In the second stage, we refine the onset times of the detected
phases to improve the location accuracy. This refinement includes
both a more accurate onset time determination, using the Kurto-
sis method (Saragiotis et al. 2002; Baillard et al. 2014, 2015;
Hibert et al. 2014) and the detection of onsets that have been ignored

or mistakenly dismissed during the phase association process. The
workflow used in this refinement process includes three main steps:
(1) we compute the theoretical arrival times of P and S waves at
each station for one given event using the velocity model of Pandey
et al. (1995, 1999). (2) We define time windows around these theo-
retical arrival times on which we apply the Kurtosis filter developed
in Baillard et al. (2014) to determine accurately the arrival times
of P and S waves (Fig. 2). The weight of each onset is meant to
follow the hypo71 nomenclature and is based on the Kurtosis char-
acteristic function, for example, clear onsets with high Kurtosis will
be declared as high-quality onsets (noted 0) which mean maximum
weight in the inversion. (3) We remove falsely identified phases
using a Jackknife resampling analysis (Efron 1982). Our analysis
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Table 1. Statistics of the pre- and post-refinement catalogues. The total number of events includes
only events that have observations on five stations or more. The bold numbers indicate the median

number of phases per event.

Pre-refinement catalogue

Post-refinement catalogue

Total number of events

Total number of picks

Median location error (km)

N~ > «»'v

42917 (6)
23 686 (3)

9188 (+31 per cent)
54136 (7) (426 per cent)
50726 (6) (4114 per cent)

33 (—75 per cent)
7.4 (—64 per cent)
10 (—69 per cent)

consists in computing the location of an event by removing one
onset at a time from the initial set of onsets. Each time an onset is
removed, the location residual is computed. We remove the onsets
that drastically worsen the residual value, that is, residuals that lie
above three standard deviations from the median residual.

Steps (1)—(3) are repeated iteratively (the number of successive
iterations is a user-defined parameter) to obtain the final location of
the events. Typically, for one event of our data set the computation
time is less than 5 s per event.

Table 1 summarizes the result of the two-stage automatic pro-
cedure described above and compares the pre- and post-refinement
catalogues. To insure a consistent comparison, these catalogues are
a selection of the detection catalogue, where events have observa-
tions on at least five stations and are located inside the network
(83°E—88°E/26.5°N-28.5°N).

3.2 Error estimates and comparison to the manual
catalogue

To check the reliability of the automatic post-refinement catalogue,
we analysed the standard location errors given by hypo71 of 9188
events (Fig. 3). The errors are rather low, especially horizontally,
with errors <4.5 and <9 km in the X- and Y-directions, respectively,
for 68 per cent of the events. The fact that the error is larger in the
Y-direction comes from the west—east elongation of the network.
Errors associated with depths are <10 km for 68 per cent of the
events. This error is related to the interstation distance (~50 km)
and to the west—east extent of the network reaching ~500 km.

Another way to check the reliability of the automatic procedure
is to compare the automatically obtained locations to the manual
locations published by Adhikari et al. (2015). Events listed in the
manual catalogue were obtained by determining the onsets of ar-
rivals by an analyst and spans the period of 45 days after the April 25
main shock, until June 8. For the same period, the manual catalogue
is composed of 4401 events, whereas the new catalogue contains
7426 events. Therefore, the detection rate has thus been increased
by a factor 1.7 without altering the location quality.

Events from the manual catalogue were initially located using
classical inversion and were relocated using ISC locator (Bondar &
Storchak 2011). The manual catalogue contains 554 events with
NSC local magnitudes >4. When comparing the automatic cata-
logue and the manual catalogue, we identified 270 common events
out of 554 (48 per cent). A large part of the missing events in the
automatic catalogue occurred for two hours after the April 25 main
shock and the May 12 aftershock (7.3 M,,). By removing the events
occurring during these two days, we could extract 200 common
events out of 334 (60 per cent). We reviewed manually the missing
events, the reasons why the automatic procedure failed to locate
these events are (1) the very low SNR for some events, (2) the
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Figure 3. Location error estimates of the post-refinement catalogue (9188
events). Top to bottom figures indicate errors in the X-, Y- and Z-directions.
Note the larger epicentre errors in the Y-direction due to the W—E extended
shape of the network.

repeated clipping of both our low- and high-gain traces during the
strongest shocks, (3) the presence of nested events that are con-
siderably reducing the efficiency of the automatic procedure (see
Fig. S1, Supporting Information to see the influence of closeby
events on the detection capacity of the automatic procedure) and
(4) the different methodologies used for the inversion of the first
arrivals.

Considering the 270 common events, the difference in locations
between the manual and the automatic catalogues is small (Fig. 4).
The difference is generally less than 2 and 6 km in the horizontal
and vertical directions, respectively.
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Figure 4. Location comparison between the manual and the automatic catalogues for the 270 common events of My > 4. (a) Map view of manual (blue
circles) and automatic locations (green circles). (b) Cross-section showing locations projected onto an N110° profile. (¢) Histograms showing absolute location

differences between the two catalogues.

The small location uncertainties of the automatic catalogue and
its consistency with the manual catalogue demonstrate the reliability
of our newly improved automatic procedure.

3.3 Magnitude calculation

It has been noted before the Gorkha earthquake that the local mag-
nitude (M) reported by NSC is significantly larger than the my,
M; and M,, (Rajaure et al. 2011). To rectify this and help with
comparison in the future, we propose a new M on the m, The mag-
nitude calculation is performed automatically. The calculation is
performed on (2 to 15 Hz) bandpass filtered seismograms and based
on the zero-to-peak maximum amplitude of the S wave (Havskov &
Ottemoller 1999). We look for the maximum amplitude in a time
window around the theoretical arrival time of the S wave. To reject
anomalous amplitude measurements, we make the assumption that
for the same event, each station should have more or less the same
magnitude considering a simple attenuation law. Potential magni-
tudes that do not fall into the range median M + 0.8 M| are rejected.
The final magnitude for a single event is obtained by averaging the
remaining magnitudes. Magnitudes are computed for all events of
our post-refinement catalogue.

We used our amplitude measurements to find a new attenuation
law for the central Nepal region as the current one is not adapted to
the region. The formula we use to calculate local magnitude is:

My =a xlog,yA+ b xlog,yD+cxD+d

where A is the zero-peak amplitude in nanometres, D is the dis-
tance from hypocentre to station in kilometres and a, b, ¢ and
d are constants we want to determine (Havskov & Ottemoller
1999). To achieve this, we compared local magnitudes obtained
automatically to m, magnitudes coming from the National Earth-
quake Information Center (NEIC) catalogue. For the 3 months
observation period, we found 137 common events for which the
magnitude could be compared (Fig. 5). The m, range of events
that are compared is between 3.4 and 5.5. No events with m;, >
5.5 could be compared because of the clipping of the seismo-
grams for the range of epicentral distances considered. First, we
determine a linear regression equation relating M| to my. Sec-
ond, we correct the M| values assuming, that M, is equal to
my, for the range of magnitudes we are studying and for shallow
events (Kanamori 1983; Ristau 2009) and calculate the associated
regression equation.
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Figure 5. Local magnitude calibration using 137 common events taken from
the NEIC catalogue and ours. Grey circles indicate M versus my, events
relation before calibration. Dashed black line shows the linear regression
equation found. Red circles indicate My versus my, events after calibration.

After calibration of the local magnitudes M s With respect to
the m;, magnitudes, we constrain the four constants (a, b, ¢ and d) of
the local magnitude equation adopting a grid-search approach, that
is, computing the local magnitudes M /., for each set of parame-
ters. The range of parameters tested are as follows: a = (0.5 1.5),
b = (0.5 1.5), ¢ = (0 0.006) and d = (—2.5 0.5). The total num-
ber of combinations tested is 20*. Finding the minimum residual

(a) Apr May

400 i o i P i LAy it EUETRUE NETNE R

(root-mean-square error), |Myops — Myl = 0.175 leads to the
following local magnitude equation for central Nepal:

My =0.9 x log,,4 + 1.2 x log,,D 4+ 0.0003 x D —0.9.

4 RESULTS

We previously demonstrated the robustness of our catalogue regard-
ing location errors and detection rate. However, as stated before,
some events are missing in our catalogue due to clipping, nested
early aftershocks and low SNR of the traces after important shocks,
which lower the detection rate.

To construct the most complete seismic catalogue for the time
span following these large earthquakes, we integrated 76 events of
the ISC locator catalogue into our automatic catalogue. In practice,
these 76 events replaced 2 hr of data from our catalogue just af-
ter the three main shocks (M, > 6): 7.8 M, 2015 April 25 06:11
(now referred as E1); 6.7 M,, 2015 April 26 07:09 (E2) and 7.3 M,,
2015 May 12 07:05 (E3). When possible, we manually repicked 38
events of the 76 events declared in the ISC locator catalogue to im-
prove the locations. This procedure increases the number of events
in the catalogue from 9188 to 9234. Fig. 6 shows the detection rate,
the distribution of magnitudes in time and the cumulative seismic
moment My(log My = 1.5M,, 4+ 16.1, after Kanamori (1983), when
no M, is available we assume M,, = M| in the formula). The mini-
mum magnitude of completeness of the catalogue (M) is estimated
to be around 2.5 in M| (Fig. 7; see Section 5) and the b-value is
estimated to be around 0.92 £ 0.05. The magnitude of complete-
ness of the catalogue is one order lower than the one estimated by
Adhikari et al. (2015; Mc ~ 4). The b-value we found (b = 0.92)
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Figure 6. Magnitudes and time distribution of the 9234 events of the local catalogue. (a) Daily seismic rate, note the decrease of seismicity right after E3
earthquake. (b) Distribution of events with time. Magnitudes > 6 are taken from the USGS catalogue. Solid black line indicates the cumulative seismic moment

M of the local catalogue.
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is higher than the one found by Adhikari et al. (2015) and Mc-
Namara ef al. (2016; b = 0.80) but is closer to the global average
(b = 1.0). The differences in M shows the capacity of the auto-
matic procedure to detect a more complete range of earthquakes
with My > Mc. The higher b-value we obtained might be related
to the integration of small earthquake swarms that lack of major
earthquakes.

The final earthquake catalogue is shown on Fig. 8. The profile
plots integrate the presumed geometries of the MHT inferred from
the inversion of the Gorkha earthquake (Grandin et al. 2015; Elliott
et al. 2016) and receiver-function analysis (Duputel ef al. 2016). All
three geometries are relatively similar with small dipping angles in
the flat portion of the MHT (between 1° and 8°) and azimuthal
directions of ~15°N. One can note that the flat portion of the MHT
geometry taken from Duputel er al. (2016) persists at shallower
depth towards north. These observations are also consistent with
the geometry proposed by Hubbard et al. (2016) where the rupture
of the Gorkha earthquake is bounded by the flat portion of the MHT.

4.1 Spatiotemporal variation of seismicity and eastward
termination

Most of the seismicity occurring within the first 3 months following
the Gorkha earthquake (E1) is confined into a narrow region 200 km
long and 70 km wide. The temporal distribution of seismicity pro-
jected onto profile 5 as a function of distance (Fig. 9) indicates that
the microseismicity is distributed almost homogeneously along the
section and is sustained continuously over time. There is no clear
overall migration of seismicity in the east—west direction, except at
the easternmost part. Three stages in time can be observed in the
evolution of the aftershock sequence (Fig. 10). First, when taking
a closer look at the aftershock sequence occurring the day of El
we see a clear stop of the activity 140 km eastward from E1. In the
period between time E2 and E3, we observe a progressive migration
of activity towards the east (Figs 9 and 10) with an offset of about
10 km of the seismic termination of activity. Then, finally, E3 and
its sequence mark a clear and sudden migration of the seismic ac-
tivity with a jump-off in respect of the termination of almost 25 km.
Eastwards of this termination, the lack of seismicity is striking and
is sustained until the end of July. This termination of seismicity
affects all range of depths and is not confined to the MHT shear
zone.
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Events located less than £6 km (~ half of the depth uncertainty)
from the MHT and events located between the surface and 6 km
above the MHT are considered hereafter as interplate and hanging-
wall earthquakes, respectively. The seismicity is equally distributed
between interplate (3963) and hangingwall (3981) seismicity, which
represents ~43 per cent of the overall seismicity for both types of
events.

4.2 Relation to the April 25 and May 12 rupture models

We vertically projected the seismicity onto the presumed MHT
geometry (Grandin et al. 2015; Elliott ez al. 2016) for the seismicity
occurring before and after earthquake E3. We then computed density
maps for these two periods of time. We define the density as the
number of events that falls into a 5 x 5 km map bin. Density maps
are then compared to slip models of E1 and E3 from Grandin ef al.
(2015; Fig. 11).

Density maps associated with the two periods of seismicity show
overall the same clusters of activity. For the first period of activity
El < T < E3, we show that the dense seismic activity contours
quite well the slip model of E1, especially for the two clusters to the
NW and the cluster south of station KKN (later referred as cluster
B). However, we see that the long strip of dense activity to the
east is not solely restrained to the border of the E1 rupture model
but overlaps the portion where large slip was inferred, bearing in
mind the possible bias induced by the smoothing of the slip model
(Fig. 11a). Although part of that activity can be considered to occur
in the hangingwall, an important part of it is probably located on
or near the presumed MHT itself. This observation might suggest
that locked asperities subsist after E1 rupture and are later released
through earthquakes.

For the second period of activity 7> E3, in addition to the clusters
described above, we note the high density of activity in the vicinity
of the E3 rupture. Again, the seismicity is almost equally divided
between hangingwall and MHT seismicity.

To better highlight the seismic activity that might be directly
associated to E3, we subtracted the density map before E3 from
the density map after E3 (Fig. 11c). The resulting density map
does not reveal aftershocks solely triggered by E3 but indicates
rather the spatial distribution of the seismic activity after E3. This
activity is confined to a narrow region (30 x 30 km?) that fits well
to the dimension of the E3 rupture model (Grandin et al. 2015).
The northern and eastern borders of this region coincide with the
location of the MCT (Figs 8 and 11).

We also computed a- and b-values for subsets of events associated
to the E1 and E3 earthquakes (Fig. S2, Supporting Information). For
the two subsets of events we selected events that occurred within
the 17 d after E1 and E3. For the latter subset, we only selected
events that were located inside a region delimited by the E3 rupture
model. We then computed the Gutenberg—Richter parameters for
each subset. To allow comparison, we normalized the number of
events for the two subsets by the size of the ruptured area (~7800
km? for E1 and ~990 km? for E3). We show that b-values are
similar for the two subsets (~0.8) but a-values for subset E3 (~2.0)
is significantly higher than the one obtained for subset E1 (~1.2).

4.3 Cluster studies

Two remarkable clusters of seismicity emerge from the whole af-
tershock sequence: Cluster A, located to the north close to the
Nepal/China border and cluster B, located 20 km westward from
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Figure 8. Map and profile views of the Gorkha aftershock sequence. Earthquakes E1, E2 and E3 are represented by stars. Numbers/letters indicate profiles
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cross-sections views highlights a subset of well-located events (2692 events with epicentral errors <7 km and depth errors <10 km) from the rest of the
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of El and E3 earthquakes (Grandin ef al. 2015).
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Figure 9. Time distribution of events as a function of distance from E1 along profile 5 (see Fig. 8). Day 0 corresponds to E1 origin time. Right-hand panel is
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Figure 10. Three stages time evolution of seismicity. Events are projected onto profile 5 (see Fig. 8). Seismicity during period E1 < T < E2 (yellow); E2 < T
< E3 (green) and T > E3 (red). Grey circles show locations of events that are less well constrained. Z1 indicates the seismic activity gap. Dashed and dotted
vertical lines illustrate migration of the easternmost seismic termination. The black arrow highlights the 18° west dipping of events. The dashed horizontal line
is our interpretation of the downdip limit of seismicity occurring on the MHT.
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same as in Fig. 1.

Kathmandu (see labels A and B in Fig. 8). We focus here on the spa-
tiotemporal distributions of these clusters in the following (Fig. 12).

Cluster A is mostly located outside the seismic network consid-
ered, even though epicentres are relatively well constrained, their
depth remains uncertain. The apparent south dipping alignment of

seismicity (Fig. 12a) is more likely an artefact of location rather than
the image of a true structure. The most striking features concerning
cluster A are its continuous extent and its N10°W direction similar
to the strike of the 5.7 My (5.3 M,,) Nyalam normal-fault earthquake
that occurred the same day as E1 (Fig. 8). Depth resolution prevents
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Figure 12. Spatiotemporal distributions of seismic clusters. (a) Top: SN cross-section (profile A, Fig. 8) showing location of events of cluster A. Middle:
time distribution of events associated to cluster A. Bottom: zoom on the drawn rectangle. (b) Top: W=E cross-section (profile B, Fig. 8) showing location of
events of cluster B. Middle and bottom same as (a) but for cluster B. Colour scale same as in Fig. 10.

us to look for a correlation between dip of the main earthquake fault
plane and a possible alignment of hypocentres. The seismic activity
shows no clear spatial migration. The cluster activity started with
the M,, 5.3 event and decreases progressively with time suggesting
a possible aftershock sequence of this event. No sudden reactivation
or stopping of its activity are observed during the monitoring time.

Cluster B is better constrained than cluster A as it is located
inside our network. When projecting the hypocentres ontoa N110°E
trending profile one can distinguish two subclusters located around
10 km depth. Taking into account depth uncertainties, cluster B
seems to be mainly located onto the presumed MHT. As for cluster
A, the seismic activity started just after the main shock and does not
show any clear spatial migration. Time evolution of the events in
this cluster appears more complex than for cluster A. First, we note
a recurrence time of ~20 d for events M;, > 4 (Fig. 11b). Second,
one of this M| > 4 earthquake occurs right after E3 and is followed
by a sudden decrease of the recorded seismic rate.

5 DISCUSSION

5.1 Magnitude of completeness

We emphasize that the attenuation parameters found to build our
magnitude law is 1-D. It is certain that the large lateral structural and
rheological heterogeneities observed in the region of Kathmandu
(e.g. Stocklin 1980) modify the seismic waveforms recorded, es-
pecially amplitudes. Comparing our local magnitudes, based on

amplitudes, to coda magnitudes would undoubtedly constrain the
attenuation law parameters proposed in this study.

However, considering that the local magnitudes of the catalogue
are well constrained, one could discuss whether or not the magnitude
of completeness Mc = 2.5 is consistent with the geometry and the
sites quality of the NSC network and is not related to the sensitivity
of our automatic procedure.

Wiemer & Wyss (2000) investigated the correlation between den-
sity of seismic stations and M for two onshore networks. They
showed that M varies between 2.3 and 2.5 when interstations dis-
tance varies between 50 and 70 km (Californian network). Other
factors such as ambient noise level at sites might influence Mc. In
our case, the interstation distance is around 50 km suggesting an
Mc around 2.3, close to our computed value of 2.5. Thus, the M¢
value of our local catalogue is mainly influenced by the geometry
of the network and seems uncorrelated with the sensitivity of the
automatic procedure.

5.2 Comparison of depth estimations

The largest aftershocks comprised in our new seismic catalogue
were previously studied using different location methodologies, giv-
ing us the opportunity to quantify hypocentres differences.

First, we compared our depth estimates to those obtained by
Letort ef al. (2016) using time delays between teleseismic P and
depth phases with the cepstral method developed by Letort et al.
(2015). Among the 60 events of the aftershock sequence studied by
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Figure 13. Conceptual model showing the interaction between the geometry of the MHT, the tectonic structures, the ruptures models and the seismicity. Scale
exageration is 2:1 in the vertical direction. The MHT presents an overall gently dip towards the east (from 15 to 18 km depth) and is affected by the presence
of a ramp. The ramp exhibits a tear fault that corresponds to a slip low in the Gorkha rupture model. Both Gorkha and Kodari ruptures extents are controlled
by the location of the ramp. Stress Coulomb changes associated to the Kodari earthquake generate earthquakes in the hangingwall on out of sequence and roof
thrusts in the Himalayan duplex. The Lamosangu antiform (shades of grey) probably dips to the west which is highlighted by an alignment of earthquakes.

Letort et al. (2016) only 25 were sufficiently well located (errors
<7 km in X-, Y- and Z-directions) to be properly compared. The
difference between the depths is represented on Fig. S3 in the Sup-
porting Information and shows a mean of 2.5 £ 5.7 km. The depths
obtained using the cepstral method and the depths of our catalogue
are consistent with each other considering their respective uncer-
tainties. From our locations, we suggest a deeper downdip limit of
the seismicity occurring on the MHT, progressively increasing from
15 km depth to 18 km depth eastward (Fig. 10).

We also compared locations to those obtained by McNamara
et al. (2016) using the hypocentroidal decomposition (HD) method
of Jordan & Sverdrup (1981). The set of 672 events relocated using
the HD method is on average 5—10 km deeper than the events of our
new and Adhikari ef al. (2015) catalogues. This difference is larger
than the depth uncertainty associated to the best located events in our
catalogue where the average uncertainty on the depths is 6 km. The
deeper depths determined by McNamara et al. (2016) fall 5-10 km
below the presumed MHT and are interpreted by the authors as
belonging to a subducted channel below the MHT. However, accord-
ing to the local depths we determined, and given their uncertainties,
most of the seismicity (especially in the eastern and central region)
falls onto, or above, the MHT interface, whose depth is constrained
by rupture models and receiver function analysis (Schulte-Pelkum
et al. 2005; Nabelek ef al. 2009; Duputel et al. 2016). While our
catalogue indicates that events tend to deepen eastward, they still
remain close to the presumed MHT. Such deep events in McNamara
et al. (2016) catalogue might be associated to the velocity model
used for inversion. Although their Vp» model is close to the one
used in our study (5.7 km s~! to be compared to 5.6 km s~! for

the first 23 km, derived from Pandey et al. 1995), their Vs model
is higher (3.6 km s~! to be compared to 3.2 km s~! for the first
23 km). This leads to a Vp/Vs ratio close to 1.6 resulting in deeper
locations.

5.3 Spatial distribution of the aftershocks versus tectonic
structure

Most aftershocks are distributed at the close periphery of the rupture
in regions that sustain a Coulomb stress increase (e.g. Lin & Stein
2004). However, a closer inspection reveals significant lateral het-
erogeneities in terms of aftershock distribution with a complexity
that appears to be difficult to reconcile with the sole stress concen-
trations derived from the current smooth slip models and suggesting
more discontinuities along the fault surface.

As a matter of example, the aftershock sequence is characterized
by a lower seismicity rate along the MHT and in its hangingwall
north of Kathmandu (referred as Z1 on Figs 10 and 11) than in the
surroundings. This gap is about 10 km wide, and falls nearby the
western border of the Kathmandu Klippe materialized by the MCT
trace on Figs 10 and 11. We observe that the location of the seismic
gap correlates well with a patch of low slip in the rupture model of
the Gorkha earthquake.

Hoste-Colomer et al. (2016) studied the interseismic activity in
this region prior to the Gorkha earthquake and relocated a seismic
swarm in this area in the vicinity of the epicentre of the main shock
and aftershocks of the 1997 January 31 Sarshin earthquake (M 5.8,
grey circle on Fig. 11). Interpretation of this swarm led the authors

6102 Arenuer gz uo sesn aibojoig sted SNI Aq ¥1L6S0€/L | | 1/2/602/0sqe-ajoie/B/woo dno-oiwepese/:sdny woij papeojumoq



to suggest the presence of two ‘en-echelon’ stepping strands of
mid-crustal ramps of the MHT separated by a right-lateral tear fault
(Fig. 11).

The seismic gap observed in our data set tends to confirm the
hypothesis of an along-strike tectonic segmentation of the Gorkha
rupture.

The eastern end of the seismic swarm is confined to a narrow
square-shape region (30 x 30 km?) centred on the fault segment
ruptured by the E3 «Kodari» earthquake.

It falls on the northern limb of the main Lesser Himalayan an-
tiform (Figs 11 and 13). The cross-sections through the seismicity
there reveal that the events occur between 18 km and the surface,
and are equally generated in the vicinity of the MHT shear zone and
in its hangingwall. The deeper events, including the Kodari earth-
quake, occurring on the MHT at about 18 km depth suggest that the
critical temperature of 350 °C above which we observe conditionally
stable or stable conditions for quartzo-feldspathic rocks (Blanpied
et al. 1995; Marone 1998) is probably not reached (Herman et al.
2010; Ader et al. 2012).

The northern and eastern ends of the E3 aftershocks fall at the
foot of an embayment within the high topography, materialized by
the trace of the MCT (Fig. 11). The southern and eastern ends of the
seismic cluster approximately fall below regional and local anticli-
nal axes: the main axis of the Okaldhunga window anticlinorium to
the south and the local N-S oriented Tamba Kosi Antiform to the
east (TKA, Fig. 11; e.g. Schelling 1992; Goscombe & Hand 2000;
Robinson & Martin 2014).

This suggests a possible control of the E3 rupture and its after-
shocks by the local geological structures. Indeed, the shape of the
anticlinorium and the geometry of the lesser Himalayas suggest that
the mid-crustal ramp should be on average somewhere between the
hinge of the anticlinorium and the foot of the high topography. If
true, the fault segment ruptured by the E3 earthquake could corre-
spond to a segment of the lower decollement of the MHT, a segment
abutting at the bottom of the ramp (Fig. 13).

Furthermore, the antiformal stack of the lesser Himalayan duplex
could also be partly responsible for the generation of the seismicity,
through out-of-sequence slip on roof thrusts or internal deformation
partly accommodated by bedding-slip (Fig. 13).

The seismic productivity, normalized by the surface, appears
higher in the trace of the Kodari earthquake (a-value = 2.0) than
within the trace of the Gorkha earthquake (a-value = 1.2) as re-
vealed by the Gutenberg—Richter diagrams (Fig. S2, Supporting
Information, see caption for events selection criteria). This obser-
vation is consistent with the presence of a lateral structural hetero-
geneity between the main Gorkha earthquake trace and the Kodari
rupture. Indeed, (1) a seismic rupture abutting at the bottom of
a ramp should abruptly taper. The large slip gradient at the rup-
ture end will generate high Coulomb stress variations responsible
for enhanced seismicity. (2) The northernmost part of the lesser
Himalayan antiform dips at about 40° to the northeast (e.g. Larson
2012). The multiple north-dipping high angles discontinuities in the
lesser Himalayas units, including the roof thrusts of the antiformal
stack might focus the seismicity (southernmost discontinuity is re-
ferred as SL on profile 4; Fig. 8) and limits its propagation toward
south. We propose that the eastern border of seismicity reflects the
presence of the W-E oriented Lamosangu antiform that overlaps
the TKA to the west. Regarding the apparent unit thickness, this
antiform might present a slight dip towards the west (Fig. 13). This
dipping could be revealed by the alignment of seismicity, observed
on the W-E cross-section (profile 4; Fig. 10), whose dip is estimated
to be ~18°.

Automatic analysis of the Gorkha aftershocks 1123

The shape of the northern cluster is in good agreement with the
strike of the M, 5.3 Nyalam normal fault earthquake that occurred
on 2015 April 25. This earthquake focal mechanism (Fig. 8) is
similar with others located along the N-S trending southern Ti-
betan grabens which accommodate W-E extension within the Tibet
Plateau (e.g. Armijo et al. 1986). Li et al. (2016) modeled the
Coulomb stresses generated by the E1 earthquake on both nodal
planes similar to the Nyalam earthquake. Considering the small
static stress Coulomb changes (~10 kPa) and the time delay be-
tween El and the Nyalam earthquake (>10 hr), they suggest pos-
sible secondary processes, such as afterslip, viscous relaxation, or
viscoelastic stress transfer, that could lead to the occurrence of this
event. Cross-correlation onset arrivals and double difference relo-
cation of this cluster would considerably reduce depth uncertainties
and thus allow a better interpretation of the locations in relation to
the Nyalam earthquake nodal planes.

The southern cluster exhibits four events M; > 4 with a recur-
rence time of approximately 20 d. Both locations and waveforms are
different between events indicating they have different focal mecha-
nisms. Performing multiplet analysis would probably help to obtain
composite focal mechanisms (Hardebeck & Shearer 2002) and bet-
ter understand the tectonics processes associated to this seismic
swarm.

The event of M| > 4 that occurs right after E3 is followed by a
sudden decrease of the recorded seismic rate. We suggest that E3
might trigger this M| > 4 event. We note that this event occurred
more than 13 hr after the E3 earthquake, thus, despite the large dis-
tance separating cluster B and E3 (~100 km), we suggest that small
static Coulomb stress variations triggered the earthquake rather than
dynamic stress changes.

6 CONCLUSIONS

The new automatic location procedure introduced in this paper,
applied to 3 months of data from the NSC, allowed us to locate
more than 9188 events following the April 25 Gorkha earthquake
M, 7.8.

First, the automatic procedure revealed its capacity to detect a
large number of events. Comparing our results to the detection
rate of the manual catalogue in the same time period, the auto-
matic approach detected 1.7 times more events (7426 compared to
4401 events for the manual catalogue). Second, events located au-
tomatically shows relatively small location errors given the network
geometry and density. Typically, errors are <4.5 and <9 km in the
east—west and north—south directions and <10 km in depth. This is
comparable to manual locations proposed by Adhikari et al. (2015).
We also emphasize the ability of the automatic procedure to insure
consistency and continuity of the catalogue over long time periods,
as it does not depend on human analysts’ considerations.

The resulting event catalogue allows us to develop a new local
magnitude for the Kathmandu region. This analysis was motivated
by the great disparities systematically observed in previous studies
between local magnitudes estimates (M) and global magnitudes
estimates (M,, or my). Calibration of the M| was performed us-
ing 137 events common to both the automatic catalogue and the
NEIC catalogue. The magnitude of completeness of the automatic
catalogue is 2.5 My, and the b-value around 0.92.

‘We observe that most of the depths of deeper events—presumably
associated with the MHT—match the depth of the MHT shear zone
as determined by Duputel ef al. (2016). We further show that, in
general, the depths of the aftershocks are close to those obtained
by Letort ez al. (2016) using time delays between teleseismic P and

610z Atenuer zz uo Jesn aiBojolg sied SNI Aq ¥71650€/1 | | L/2/602/10esqe-ajo1e/(B/woo"dno-olwsapese;/:sdny wolj peapeojumod



1124 C. Baillard et al.

depth phases, confirming an average deepening of the events from
west to east (from 15 to 18 km).

We propose that the spatiotemporal behaviour of the Gorkha
aftershock sequence can be decomposed in three different periods.
This decomposition reveals that: (1) most of the magnitude >5
earthquakes occurred the day of the main shock; (2) the seismicity is
characterized by a clear termination of activity to the east and (3) this
termination is characterized by subsequent jump-offs towards east,
reaching almost 25 km after the May 12 M,, 7.3 main aftershock.

In general, the areas of denser seismic activity surround the main
shock rupture model, except north of Kathmandu, where an intense
activity is observed close to a maximum slip area suggesting the
rupture of small asperities in the vicinity of the MHT shear zone.

Density maps reveal the existence of a seismic gap (referred as
Z1 in this paper) that spatially correlates to a slip minimum. This
supports the interpretation of a tear fault affecting the MHT (Hoste-
Colomer et al. 2016).

Seismicity associated to the May 12 aftershock is confined to
a narrow region whose limits could be associated to the existence
of anticlinorium in the Okaldhunga window. The 18° west dipping
alignment of seismicity observed could reveal the geometry of the
first-order anticlinorium.
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SUPPORTING INFORMATION
Supplementary data are available at GJIRAS online.

Figure S1. Interevent time delays for events of the manual cata-
logue. Top: time delays for events that were not detected automat-
ically. Bottom: time delays for events that have been also detected
automatically. Events not detected by the automatic procedure tends
to occur right before or right after other events (~2 min) inhibiting
the capacity of the procedure to properly associate phases to events.
Figure S2. Normalized Gutenberg—Richter diagrams. White circles
take into account the whole catalogue on the 3 months period.
Blue circles takes into account events associated to the Gorkha
sequence (west of the Kodari rupture trace) during a 17 d period after
the main shock. Red circles takes into account events associated to
the Kodari sequence (in the vicinity of the Kodari rupture trace)
during a 17 d period after the 2015 May 12 shock. Number of
events per bin is normalized by S, the surface of the rupture model.
S is 7800 km? for the Gorkha model (blue), 990 km? for the Kodari
model (red). S is taken as the sum of the two rupture surfaces when
dealing with the whole catalogue (white). Note the higher a-value
for catalogue associated to the Kodari trace compared to the one
obtained for the Gorkha trace.

Figure S3. Depth differences between Letort e al. (2016) catalogue
and ours for 25 commons events. Note the linear bias with depth.
This might be due to the smaller resolution of the cepstral method
for shallow events.

Table S1. P-wave velocity model used for our study (from Pandey
et al. 1995). The Vs model derives from the Vs model using a Vp/Vs
ratio equal to 1.75.
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