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1 INTRODUCTION

SUMMARY

The depth of 61 aftershocks of the 2015 April 25 Gorkha, Nepal earthquake, that occurred
within the first 20 d following the main shock, is constrained using time delays between
teleseismic P phases and depth phases (pP and sP). The detection and identification of these
phases are automatically processed using the cepstral method developed by Letort ef al., and
are validated with computed radiation patterns from the most probable focal mechanisms. The
events are found to be relatively shallow (13.1 &+ 3.9 km). Because depth estimations could
potentially be biased by the method, velocity model or selected data, we also evaluate the
depth resolution of the events from local catalogues by extracting 138 events with assumed
well-constrained depth estimations. Comparison between the teleseismic depths and the depths
from local and regional catalogues helps decrease epistemic uncertainties, and shows that the
seismicity is clustered in a narrow band between 10 and 15 km depth. Given the geometry
and depth of the major tectonic structures, most aftershocks are probably located in the
immediate vicinity of the Main Himalayan Thrust (MHT) shear zone. The mid-crustal ramp
of the flat/ramp MHT system is not resolved indicating that its height is moderate (less than
5—10 km) in the trace of the sections that ruptured on April 25. However, the seismicity depth
range widens and deepens through an adjacent section to the east, a region that failed on 2015
May 12 during an M,, 7.3 earthquake. This deeper seismicity could reflect a step-down of the
basal detachment of the MHT, a lateral structural variation which probably acted as a barrier
to the dynamic rupture propagation.

Key words: Earthquake source observations; Seismicity and tectonics; Body waves.

was assumed to be constant around 15 km during the inversion of
geodetic and seismological data (Grandin ef al. 2015).

The M7.8 Gorkha earthquake hit Nepal on 2015 April 25 at
06:11:26 UTC (Adhikari ef al. 2015), and devastated a large region
at the foot of the Himalaya range, North of Kathmandu (e.g. Martin
et al. 2015). The main shock partially ruptured a 120-km-long seg-
ment of the shallow dipping Main Himalayan Thrust (MHT), which
marks the plate boundary between India and the Tibetan Plateau
(Avouac et al. 2015; Grandin et al. 2015; Elliott et al. 2016). The
rupture propagated eastward from the epicentre, located 75 km west-
northwest from the capital Kathmandu, and stopped ~50 s later at
a similar distance to the north-northeast of the capital according
to Grandin et al. (2015; Fig. 1). The depth of the rupture process

*Now at: Université de Grenoble Alpes3bis, ISTerre, F-38000 Grenoble,
France.

The main shock was followed by a large number of aftershocks
distributed along the ruptured fault segment at mid-crustal depths
(Adhikari et al. 2015; Bai et al. 2016). Hundreds of events with
magnitude above 4.5 were detected during the first days after the
main shock (Fig. 1) compared to less than 20 during the 5 yr prior
to the earthquake within the same area (according to the catalogue
from the National Seismological Center, NSC). Seventeen days after
the main shock, on May 12, an M,, 7.3 event ruptured the eastern
rim of the main shock rupture (e.g. Lindsey et al. 2015), and was
followed by a dense aftershock sequence. Many of these seismic
events were felt by the millions of inhabitants of the Kathmandu
valley.

Constraining the depths of these early aftershocks is crucial. First,
it should help associate these events to the Main Himalayan shear
zone or to local geological structures, either in its hangingwall or
footwall. Second, understanding the post-seismic behaviour of the

1584 © The Authors 2016. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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Figure 1. Map of the locations of the aftershocks (yellow and orange dots)
sized by magnitudes that occurred in the 20 d following the Gorkha earth-
quake. The two stars show the position of the April 25 (red star) and the May
12 (grey star) main shocks. The red dash lines highlight the approximate
position of the rupture rim of the main shock, derived from Grandin et al.
(2015). The orange dots correspond to aftershocks located at the eastern
rim of the April 25 rupture, this area is mentioned later in the discussion as
the area A. The red, brown and green lines, respectively, indicate the Main
Central Thrust (MCT), the Main Boundary Thrust (MBT) and the Main
Frontal Thrust (MFT) which are the major thrust faults branching on the
Main Himalayan Thrust (MHT) at depth. The green triangles are the loca-
tions of the stations from the Nepalese network, the National Seismological
Center (NSC). The double headed black arrows indicate the positions of the
major anticlines.

fault provides a unique opportunity to constrain possible lateral
variations of the tectonic structures, which may control the main
rupture.

However, in the absence of a dense local seismic network, depth
estimation is often challenging. Trade-offs between depth and origin
time estimations can be found, as well as possible biases related to
crustal velocity heterogeneities. Hence, Bondar et al. (2004) showed
that, except for very short distances (less than 10—20 km), the
traveltime residuals associated to direct phases (Pg, Pn and P) are
relatively insensitive to large event depth variation. Even though the
absolute direct phase arrivals have little impact on depth resolution,
the time delays between the arrivals of surface-reflected phases
(pP, sP, also called depth phases) and the direct P phases contain
useful information on the source depth. Such approach provides
constraints on the event depths but remains difficult for smaller
events (Mp < 5.5) for which these depth phases are generally not
detected.

Here, we select 108 aftershocks with M} > 4.5 (Figs 2a and b),
recorded at teleseismic distance, within a period of 20 d following
the Gorkha main shock, and we detect depth phases (pP and sP)
using the cepstral method described by Letort ef al. (2015). We
mainly use Comprehensive Test-Ban Treaty Organization (CTBTO)
arrays that help global depth phase detections (Storchak ez al. 2011).
Such CTBTO arrays help improve the detection of depth phases
for moderate (4.5 < M < 6.5) magnitude events at teleseismic
distances (Letort ef al. 2014).

After a drastic data selection optimized for the cepstral analy-
sis, we select six arrays/stations (Fig. 2c). We discuss the uncer-
tainties on depth estimations, and we compare our results to pub-
lished depths determined by local seismic networks. This is done
by analysing the local depth estimations based on phase picks ex-
tracted from the Nepalese bulletin (Adhikari et al. 2015) and by
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investigating the effects of the velocity model. We finally discuss
the structural and seismotectonic implications of the results.

2 TELESEISMIC DEPTH ESTIMATION
USING THE CEPSTRAL METHOD

The time delay between the direct P wave and a depth phase (pP
or sP) in a teleseismic record constitutes one of the best ways
to determine hypocentre depths (Engdahl et al. 1998; Bondar &
Storchak 2011). However, these phases are often difficult to identify
for small to moderate magnitude events (M. < 5.5) as they are often
mixed with other phases in the P-coda (Bondar & Storchak 2011).
For most events of the Gorkha aftershock sequence, depth phase
picking is a particularly challenging exercise (Fig. S1, Support-
ing Information). Indeed, these events occurred in a complex area
with important topographic effects and significant heterogeneities
in the velocity structure due to the geometry of the Himalayan
range (Monsalve et al. 2008; Nabelek et al. 2009). Hence, pP and
sP waves are often arriving at the time of other waves generated
by this complex source environment (Figs 3 and S1, Supporting
Information). To decrease epistemic uncertainties, we refrain from
manually picking these phases (Engdahl et al. 1998), and we prefer
to use an automatic method to detect the main phases arriving a few
seconds after the direct P wave in a teleseismic record, the cepstral
analysis (see Section 2.2).

2.1 Data selection and processing

The 108 aftershocks are selected from the 172 aftershocks with
local magnitude (M) between 4.5 and 6.5 of the Nepalese bul-
letin (Adhikari et al. 2015). They are selected when at least four
direct P-wave arrivals are detected by the teleseismic networks,
considered for this study (mostly CTBTO arrays). Because of the
complexity of the teleseismic records and the relatively low mag-
nitude range (4.5 < M < 6.5) of the events considered (Fig. 2b),
one drastic selection of the stations among the whole set of re-
quested stations (extracted from IRIS via the FDSN network codes,
networks II, IU, Geoscope and from CTBTO) is necessary. Only
six arrays/stations (BRTR, FINNES, TORD, KSRS, GERES for the
CTBTO arrays and LSZ for IRIS) are selected (Fig. 2c). These six
arrays and station have been chosen as a compromise between a
good azimuthal distribution and the quality of the signal-to-noise
ratio (SNR) of the P-coda in the 1—3 Hz passband. Other stations
presenting some very good SNR have been rejected (i.e. stations
ILAR and KDAK) because of potential core-reflected phases (PcP,
pPcP, etc.). The cepstrum analysis is then blindly applied on 1—3 Hz
bandpass filtered vertical components, starting 5 s before the the-
oretical P-wave arrival until 30 s after. When arrays are consid-
ered, all stations of the array are stacked to increase the SNR prior
to the analysis.

2.2 Cepstrum analysis

The cepstral analysis studies the spectral holes in the shape of a
signal spectrum (Letort er al. 2015) and estimates the time de-
lay between direct P wave and dominant reflections in the P-coda
(Fig. 3). Basically, a (power) cepstrum is defined as the norm of
the inverse Fourier transform of the logarithm of the norm of the
Fourier transform of a signal S, (¢) , see eq. (1)

Cepstrumy,, (1) = |TF~" (log (| TF(Sys, (1)]))] - (1)
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Figure 2. Data used for this study. (a) Map of the 108 selected aftershocks occurring in the 20 d following the Gorkha main shock with magnitude larger than
4.5. All events are in red unless their depth is estimated by cepstral analysis (blue). (b) Distribution of the local magnitudes (M) of the 108 selected events
(red) and those for which we estimate a depth at teleseismic distance (blue). (¢) Location of the five CTBTO arrays (blue) and the IRIS station (red) used in the

analysis.
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Figure 3. Figure modified from Letort et al. (2015) for an earthquake at 55 km deep in Guerrero (Mexico), recorded at TRQA (Argentina), at a distance of
67°. Illustration of the cepstral method on a selected teleseismic record (top) and its corresponding result (bottom). A time window (top) is first fixed around
the direct P arrival, incorporating the P-coda composed by different reflected waves (among them pP and sP). We assume that these reflected waves behave
as ‘echoes’ of the direct P wave. The cepstral operator is used to detect these echoes. It uses different frequency bands and time window lengths. The cepstra
functions (bottom) are almost null everywhere, except for peaks at the time delays (quefrencies) between the P and the main echoes, assumed to be pP and/or

sP.

An echo of a phase in a waveform creates a modulation (a co-
sine) of the spectrum in the Fourier domain. This modulation has
a periodicity proportional to the inverse of the delay between the
main phase and its echo. Applying an inverse Fourier transform to
the spectrum gives a peak related to this modulation (thus a peak for
the delay between the two phases). The cepstrum Cepstrumg, () is

hence a function of time delays (quefrencies) that is null everywhere
except for one or more peak(s) corresponding to dominant echo(es)
in the signal (Fig. 3). The method has been tuned to detect small
events in noisy records and to focus on one main echo by reducing
the impact of other arrivals in the cepstrum analysis (Letort ez al.
2015). For earthquakes, the main reflection/echo observed after the
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Figure 4. Depth solutions derived from the cepstral peaks for all selected events using the five teleseismic arrays: (a) BRTR, (b) FINNES, (c) GERES, (d)
TORD, (e) KSRS and (f) the station LSZ, at teleseismic distances. The delays related to the main echoes deduced from the cepstral analysis are converted to
equivalent depth probability peaks assuming these delays are due to P, sP arrivals (peaks in blue) or to P, pP arrivals (peaks in red). The dark dots show the
final depths estimated for each event. Comparison between the black dots and the blue and red peaks informs on the dominant depth phase (either pP or sP) for
each event. (g) Summary of the detections at each station. Stations that mainly detected sP phases from the Nepalese sequence are shown in blue and in red,

when pP phases are dominantly found.

P wave is generally a pP or sP phase depending on the radiation
pattern at the source (Pearce & Rogers 1989). Indeed, reflections at
the free surface are often more energetic than reflections on other
interfaces.

First, if one assumes that the main echo is due to a pP phase, the
unique relationship between P—pP delay (¢), distance station event
and depth, d, given by the ak135 global velocity model: depth =
T,p(t) allows to convert this function into an equivalent function
of depth C,p_g,, (depth), where the peak is related to the depth of
the event (assuming pP detection).

CpP_sta,- (depth) = TpP [CepStrumsta,- (t)] . (2)

Because the region we study is characterized by major topo-
graphic variations, the cepstrum C,p_g,, (depth) is corrected by
subtracting the altitude of the estimated reflection point of the pP
phase (more precisely, averaging the altitude of the topography grid
around 3 km of the reflection point, assuming to be the Fresnel
zone). In a second time, the cepstrum function can be converted
into another equivalent function of depth using the relationship be-
tween P—sP delay and depth (eq. 3)

CsP.sta,' (depth) = T;‘P [CepStrumsta,‘ (t)] . (3)

The two functions are estimated for each station sta;, nor-
malized and summed, and give a final depth probability curve
C(pP+sP)_sta; assuming either pP or sP arrivals:

C(pPJrsP)_sta[ = |CpP_stai + CsP_sta[| * Sigl’l (CpPslai - Csti)~ (4)

The estimated functions are represented in Fig. 4 for each station
and array. In order to keep information on the type of depth phase
(pP or sP) used to derive the depth, C,psp)_sa, 1S given with
positive values when the peaks are mainly related to pP detections
(red peaks in Fig. 4) and with negative values when related to sP
detections (blue peaks in Fig. 4).

Depth candidates associated to a phase detection are then ex-
tracted from C,p,p),, , taking into account uncertainties coming
from the velocity modell, as follows:

IsPhaseg,, (D)
—— 1ifmax (| Cipricrny, ([D = 15D +1.5)) |) > 0.8
— 0 Otherwise . (5)
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Figure 5. (a) Map view showing the final depth estimations from cepstral analysis. Only events (dots) with at least three consistent depth phase detections
among the six station/arrays are represented. The black dash contour represents the approximate position of the rim of the April 25 main shock rupture derived
from Grandin et al. (2015), and the black full line represents the N108° axis and the square the location of the epicentre of the main chock. The area A is the
area described in Fig. 1 at the eastern rim of the rupture. (b) Cross-section of the events pictured in (a), for the projection along the N108° axis, parallel to the
Himalayan range. The colour corresponds to the temporal occurrence of the events after the main shock: the aftershocks of the April 25 main shock are shown
in blue, and the aftershocks after the second May 12 main event are shown in red. Note that the area A in (a) highlights events at the eastern part of the April

25 rupture, and where the aftershocks of the May 12 located.

Finally, the final depth (Df) corresponds to the one that has the
maximum number of phase detections among the six stations, hence,
the maximum of Zsmi IsPhaseg,, (D). We impose a minimum of
three stations to identify a depth phase arrival for the same depth in
order to validate the final cepstrum depth. Using this approach, we
successfully estimate the depth of 61 events out of the 108 selected
(Figs 5a, b and Table S1, Supporting Information).

2.3 Validation of the depth estimations through the
analysis of the detected phases

Uncertainties on depth estimation depend on the reliability of the
velocity model as well as on the efficiency, reliability and proper
identification of the seismic phases (pP or sP). As demonstrated
by Letort ef al. (2015), the cepstrum can efficiently extract echoes
even in noisy records. The cepstrum of the P-coda (without the
direct P wave) can also be subtracted from the whole cepstrum
(P 4 P-coda) to avoid peaks coming from echoes of phases inter-
acting together in the P-coda. Such procedure is used in this study
and gives confirmation that the observed cepstrum peaks are reliably
associated with reflections of the P wave, even in a case of a weak
P-wave arrival (Letort ef al. 2015). We assume such reflections to
be pP/sP phases. However, other reflections of the direct P wave,
in the near-source environment are detected (Fig. 4). The quality of
the depth estimation is based on the detection redundancy from dif-
ferent azimuths, and in particular, on the detection of disassociated

pP and sP arrivals that are related to the azimuthal source radiation.
From eqs (3) and (4), applied to the final depth Df, the type of phase
(pP or sP) detected to constrain the depth can be estimated, see eqs
(6) and (7)

pPdetection = 1 if IsPhasey,, (Df)
= 1and C([)P-HP)Smi (Df) >0 (6)

s Pdetection = 1 if IsPhasey,, (Df)
= l and C(pPJrsP),m‘. (Df) <0. (7)

In Fig. 4, the number of detected pP and sP are summarized. We
find that FINNES predominantly detected sP phases (33 sP against
14 pP). On the other hand, KSRS, and in a weaker proportion for
BRTR and GERES as well as TORD and LSZ, are dominated by pP
detections (30 pP against 8 sP for TORD slightly less for LSZ). This
relative stability of the detection types indicates a similar radiation
pattern for a significant number of the studied sources.

The prediction of the wave radiation pattern for a given focal
mechanism provides estimations on the relative amplitudes of the
depth phases. Focal mechanisms are thus a very useful tool to val-
idate the automatic depth phase detection which controls the depth
estimation. Unfortunately, little information on the fault plane so-
Iutions of the Gorkha aftershocks is available. Only 10 events have
moment tensor solutions in the GCMT catalogue. Even though this
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Figure 6. Simulations for 10 point-source mechanisms for a depth varying between 2 and 25 km with an increment of 1 km. (a)—(j) are the normalized
waveforms simulations for the array FINNES (Finland) for the 10 GCMT mechanisms ((a")—(j’)) for the main aftershocks that are available at the time of
the study. (a”)—(j”) are the simulations for the station TORD (Niger). Note the larger number of generated pP phases (comparing to sP phases) from the
simulations for TORD. For FINNES, simulations show the generation of more sP than pP.

number is small with regards to the number of the studied after-
shocks, the GCMT solutions bring an overview of the possible
mechanisms one can expect for this sequence (Fig. 6a).

Based on the GCMT solutions, simulations are performed for
sources at depth varying between 2 and 25 km (Fig. 6). The 10
GCMT focal mechanisms are investigated for different epicentre
locations of the source (only one source location is represented in
Fig. 6, results are similar for the other source positions). The source
duration is fixed at 0.5 s, and the moment magnitude M,, is con-
sidered to be 5. Synthetics are built using standard ray techniques
following Bouchon (1976), Vallée et al. (2003) and Vallée (2004).
Crust effects are taken into account by the reflectivity method of
Mueller (1985), for both source and receiver. The mantle propa-
gation was deduced from the IASPEI91 traveltime model (Kennett
& Engdahl 1991) with a #* of 0.6 s (Lundquist & Cormier 1980).
Simulations point out stronger sP than pP phases at FINNES while
at TORD, pP are stronger than sP (Figs 6b and c). This corrobo-
rates the observations from the cepstral analysis and leads to in-
creasing confidence in the depth estimations using this approach.
It further indicates that the focal mechanisms for a significant
part of the studied aftershocks are relatively similar to one an-
other. However, careful moment tensor studies of the aftershocks

could help confirm this trend, while in the same time, validate our
depth estimations.

3 RESULTS AND COMPARISON WITH
LOCAL/REGIONAL DEPTH
ESTIMATIONS

3.1 Local depth estimations

The Nepalese Department of Mines and Geology in charge of the
earthquake monitoring in the region detected and located the 2015
Gorkha—Nepal aftershocks using their operational location proce-
dures (Adhikari et al. 2015). However, these preliminary depths
are often fixed during the procedure because of the lack of depth
resolution due to both station coverage and instabilities related to
inappropriate, or too simplistic, velocity model used in the inver-
sion (i.e. here, a 1-D layered velocity model). In order to locate
the events and to study the stability of the locations, Adhikari
et al. (2015) investigated two inversion procedures mixing two in-
version methods (linear and stochastic) and two velocity models.
The first procedure uses a linear inversion, derived from Geiger
(1912) and the Pandey (1985) 1-D velocity model, leading to the
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Figure 7. (a) Comparison of event depths from the local (Adhikari ez al. 2015) and (b) the relocated catalogues (ISC-loc + RSTT model) using P and S regional
phase arrivals reported in the local Nepalese seismic bulletin (Adhikari ez al. 2015), between 2015 April 25 and 2015 May 14. The dashed line corresponds to
the extent of the rupture estimated by Grandin et al. (2015). (c) and (d) Depth distribution from the RSTT-ISCloc relocation for all events from 2015 April 25
to 2015 May 14 and from the event depths constrained from the RSTT-ISCloc relocation, respectively. The average depth varies between (c) and (d). Note in

(c) the presence of default depth used by the ISCloc localization (10 and 35 km).

hereafter named ‘local catalogue’. Depth values can be fixed in
this inversion procedure. The second approach uses the ISClocator
(Bondar & Storchak 2011) and the RSTT velocity model, which is a
3-D model including regional phase traveltime corrections (Myers
et al. 2010), leading to the hereafter named ‘relocated catalogue’.
For the 20 d after the main shock, the average depths from the local
and the relocated catalogue are, respectively, 11.1 £ 5.5 km and
13.5 & 7.3 km. The difference between these two catalogues (2.5
=+ 4 km) could partially be explained by differences in the velocity
models but is also highly impacted by fixed depth values (2, 10, 20
and 30) in the first inversion process (Adhikari et al. 2015).

To better investigate the differences in the earthquake location,
we prefer to focus on the events having the best depth estimations
as the whole data set can be biased by poorly constrained events.
We thus select events from the local catalogue between April 25 and
May 14. Three empirical criteria have been chosen to assess depth
resolution. Every event is required to meet all three criteria before
being selected. A first criterion is the detection of at least one phase
(P or S) reported at a station close to the source (less than 50 km
from the source). This minimum distance is quite large, compared
to other depth resolution criteria based on epicentral distance (vary-
ing generally around 20—30 km, Gomberg et al. 1990; Bondar &
Storchak 2011). A second criterion imposes the presence of at least
six P and six S phases at six different stations at regional distance
with an rms below 0.5 s for the S-wave arrival. This corresponds to

a modification of the Bondar & Storchak (2011) criterion for depth
resolution (i.e. five P- and five S-phase detections). The choice of
six S-phase detections instead of five, and the use of the rms criteria
should help reduce the possible influence of wrong picks. Finally,
a third criterion concerns the azimuthal gap that has to be less than
300°. In a narrow azimuthal coverage, the trade-off between depth,
origin time and location can be important. From 987 events re-
ported in the catalogue, 138 satisfy these three criteria (when using
the RSTT-ISC locator localization procedure).

When comparing the best depth estimations coming from the
two procedures, the difference between the two catalogues (0.8
+ 3.5 km) is now smaller (Fig. 7). However, note the remaining
presence of several default depths used in the local catalogue (i.e. 10
and 30 km). The average depth is now 10 km for the local catalogue
and using the RSTT relocation, the average depth decrease from
13.5 to 10.9 km (Figs 7c and d). Thus, these two studies agree
to point out that the seismicity clusters mainly around 10—15 km
depth and extends deeper in the eastern rim of the rupture (zone A
in Figs 7a and b).

3.2 Regional depth estimation results

We then compare our results to depth estimations obtained at re-
gional/teleseismic distance using an array at the Nepalese/Chinese
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Figure 8. Comparison of depth estimations between different approaches. (a) Locations of the events according to the three catalogues (the relocations using
the RSTT model in blue, the Bai et al. (2016) regional/teleseismic relocation in green, and the teleseismic analysis of the depth phase arrivals in red between
April 25 and May 14). (b) Representation of the depth estimations along the N108° cross-section. (c)—(e) are the associated depth distributions.

border (Bai et al. 2016). Bai et al. (2016) used a relative relocation
procedure and 172 depth phase detections to constrain the depth of
the largest aftershocks. Fig. 8 shows that their average event depth,
within the first 20 d of the seismic crisis, is 12.9 £ 3.5 km. This
value is close to our teleseismic average depth estimation (13.1 km).
The difference between the two catalogues is only 0.1 & 5.0 km for
the 42 common events.

3.3 Comparing teleseismic depth with local and regional
depth estimates

The 61 events, for which teleseismic depths are determined, are
clustered between 10 and 15 km, with an average depth of 13.1 £+
3.9 km (Figs 5 and 8b). Aftershocks appear to be confined between
10 and 20 km within the first 100 km from the main shock epicentre
(Fig. 5b). Deeper events reaching depths up to 25 km are observed
at the eastern end of the rupture, at distance greater than 100 km
from the epicentre. This eastern area (A) corresponds to the location
of the second major earthquake on 2015 May 12.

When comparing the local depths (average 10.9 km) with the
teleseismic depths (average 13.1 km), a bias is observed. The direct
comparison between these average values is difficult because only

four events are common to all catalogues (Table 1). Regarding these
four events, the depth estimation varies from 11—12 to 18—20 km
depending on the catalogues and methods. Indeed, their theoretical
depth phase arrivals computed from the teleseismic depth estima-
tions better explain the observed phase arrivals on the teleseismic
records (Fig. S2, Supporting Information), and provide a higher
confidence level to our teleseismic depth estimations.

Fig. 8(a) illustrates the hypocentral depth distribution for the three
considered catalogues. The differences among these three data sets
appear to be partially biased by the fact that they do not cover
the same events of the crisis. Indeed, most of the events for which
cepstral depths are determined are located in the northern part of
the aftershock area, below the High Himalaya range, while most
of the events with good local depths are inside the Nepal national
network. Given that teleseismic depth phases are difficult to identify
for shallow events (0—6 km depth), our final data set is therefore
composed by a smaller number of such shallow events. This results
in a higher depth average value. In the N108° cross-section (Fig. 8b),
shallow events are only observed in the local catalogue. However,
when disregarding these events, the major part of the seismicity
remains consistent between catalogues. A bias coming from the
velocity model is also possible. A topographic effect could also
create a bias of 1—2 km on the depth estimation as the estimation

610z Atenuer g uo Jesn 31907019 SN3 Aq 85/082¢/+8S 1/€/L0z//esqe-ajoiue/IfB/wod dno-ojwepese//:sdiy woly papeojumoq



1592  J Letort et al.

Table 1. Confrontation of the depths (in kilometres) for aftershocks studied in Adhikari ez al. (2015) and Bai et al. (2016) that meet

all three criteria for cepstral depth determination (this study).

Event Lat (°) Lon (°) Origin Cepstral Local RSTT Regional depth
number time depth depth depth (Bai et al. 2016)
1 27.824 85.802 2015 April 25 21h07 12.2 10 19 18

2 27.795 85.997 2015 April 26 08h40 11.6 25 21.9 14.7

3 27.565 85.738 2015 April 26 22h32 12.3 10 13.6 20.1

4 27.692 85.928 2015 May 02 21h44 11.7 10 13.8 12.4

of the reflection point can be incorrect. Despite these sources of
uncertainties, the depth of the seismic events between 10 and 15 km
is relatively consistent.

4 DISCUSSION

The teleseismic depths determined for the 61 seismic events studied
with the cepstral approach are relatively shallow (13.1 & 3.9 km).
In this study, their locations are compared to other methods and
catalogues. We find them to be consistent on average with the study
of Bai et al. (2016) (i.e. regional average depths at 12.9 km) but
deeper on average than the results coming from the local depth esti-
mation (i.e. around 10—11 km). The comparison between the local
and teleseismic depth estimations is difficult as only four events
are in common in the two data sets (Table 1). This is due to two
main reasons: (1) depth phases generated by shallow events are not
detected at teleseismic distances and (2) most of the teleseismic
events for which depth estimations were determined are located
outside the Nepalese seismic network, mainly to the north of the
rupture. Because of these differences, we find a great advantage to
combine local and teleseismic methods. It indeed allows us to con-
strain a widest range of earthquake types and locations. Globally,
the uncertainties on depth estimations depend on phase picking,
inversion process, phase identification and on the velocity model
considered. These uncertainties are difficult to precisely character-
ize for all methods but they should remain large (above £ 5 km).
The differences in the depth estimations observed for the four com-
mon events in the different catalogues (Table 1) that we assume to
be well constrained, illustrate these uncertainties.

These observations let us ascertain that the aftershocks are clus-
tered in a narrow band at depths ~ 10—15 km (see Figs 8d and 9).
This band could even be narrower than 5 km given the uncertainties
on the depth estimations. This suggests that most of the aftershocks
could be located within the MHT shear zone or slightly above it in
its hangingwall.

Indeed a depth of 10—15 km corresponds typically to the depth
of a low velocity zone (LVZ) resolved below the High Himalayan
range by the analysis of receiver functions (e.g. Schulte-Pelkum
et al. 2005; Nabelek et al. 2009; Caldwell et al. 2013; Duputel
et al. 2016). This LVZ is associated with the MHT shear zone,
which is also inferred there from the geometry of its creeping sec-
tion constrained by the geodetic data available (e.g. Jackson &
Bilham 1994; Grandin et al. 2012; Elliott et al. 2016) and sug-
gested by the location of the mid-crustal seismicity during the in-
terseismic period (e.g. Pandey et al. 1995; Monsalve et al. 2008;
Hayes et al. 2015). Whether part of the seismicity is also generated
in the hangingwall of the MHT shear zone is unclear given both
uncertainties on the depths (1) of the aftershocks and (2) of the
MHT fault.

The uncertainties on the depths also prevent us to resolve the
position and height of the mid-crustal ramp of the flat/ramp thrust

system, which is a ramp involved in the underplating of the Lesser
Himalayan duplex and uplift at the front of the range (e.g. Lavé
& Avouac 2001; Bollinger et al. 2006; Robinson & Martin 2014).
The cross-sections through the aftershocks do not reveal any clear
evidence of such a ramp in the western part of the tectonic system
(Fig. 9a) suggesting that it is smaller than 5 km or located at the
periphery of the aftershock cluster.

In the meantime, the cross-sections through the easternmost clus-
ters of aftershocks (Fig. 9b) reveal that the seismicity to the north is
scattered through a wider range of depths suggesting possible lat-
eral variations of the hypocentral depths. This discrepancy could be
related either to lateral structural variations within the easternmost
70 km projected on the cross-section or to the presence of a seismic
activity in the footwall and/or hangingwall of the thrust system and
need further descriptions.

In order to solve that issue, we have a closer look at the seismic-
ity located at the northeastern end of the rupture, beyond the region
where slip died off abruptly on April 25, a region which partially
ruptured on May 12 during an M,, 7.3 event (region A on Figs 1
and 9b). The depths of the seismic events there are determined at
13.7 £ 4.2 km for teleseismic analyses and 13.4 & 5.3 km for RSTT-
ISC locator. These depths are approximately 2 km deeper (1.3 km
for teleseismic and 3.5 km for RSTT-ISC locator) than within the
western and south-eastern sections where the seismicity develops at
12.4 £ 3.6 km for teleseismic and 9.9 & 3.4 km for RSTT-ISC lo-
cator. The fact that both local and teleseismic studies, which rely on
independent data/methods/velocity models point to similar results
leave us confident that these deeper events are not due to a bias com-
ing from the inversion process and phase pickings/identifications.
The apparent depth variation might be either related (1) to a varia-
tion of crustal velocities or (2) to a true variation of the depth of the
tectonic structures activated. Indeed, a velocity reduction of 10—15
per cent over the upper 10—15 km at the northeastern end of the
region affected by the main rupture could potentially explain the
2 km difference in average depths. However, a velocity reduction
alone seems not well adapted to explain the high range of depths
estimated in the area, where we would then expect a global shift of
the seismicity. Furthermore, we expect to encounter similar seismic
velocities in this area at the northern end of a structural window
on the Lesser Himalayan rocks and within the similarly exhumed
region West of the Katmandu Klippe given the similar nature of the
Lesser Himalayan metasediments. We therefore prefer to relate the
apparent depth variations to lateral structural variations. Effectively,
the basal decollement of the MHT could be stepping down toward
east which is consistent with the observation made by Hayes ef al.
(2015), who found that deeper slip near the eastern extent of the
rupture can be explained by the geodetic slip model. Lateral change
of the decollement could be coherently related to the observed lat-
eral variations of the Himalayan duplex (Schelling & Arita 1991;
Robinson & Martin 2014).

A change of the depth of the decollement should be associ-
ated with the presence of a lateral ramp or tear fault. Studying the
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Figure 9. (a) Estimated depths along the N18° cross-section, for the ISC-loc relocated (blue) and the teleseismic (red) analyses for events in the western part
of the rupture up to 100 km from the main shock. (b) Same cross-section but for the events in the eastern part (>100 km). (c) Estimated depths along the
N108° cross-section, for the ISC-loc relocated events (blue), the teleseismic analysis (red) and for the constrained depth estimations extracted from the local

catalogue (light blue).

focal mechanisms in this area could reveal its seismic activation.
If an estimation of the focal mechanism through the use of the
teleseismic recordings seems challenging, the comparison for dif-
ferent azimuths between the direct P-wave radiation and the P-coda
radiation (dominated either by pP, sP, or other reflections, for in-
stance PcP for the array ILAR; Fig. S3, Supporting Information)
shows a clear difference of radiation for events in the transition zone
between the eastern and western part (Fig. S3, Supporting Informa-
tion). This radiation pattern difference is probably due to a change
of mechanism, which seems to support the hypothesis of a change
of the geometry of the tectonic structures activated at the eastern
rim of the rupture.

Moreover, the region where the basal decollement step-down is
suspected to coincide exactly with the area where the coseismic
slip died off dramatically on April 25, drawing a coseismic slip
embayment to the south (Fig. 1). Seventeen days later, that north-
eastern section did partially fail during the May 12 M,, 7.3 rupture,
leaving a narrow region of low cumulative slip in between (Fig. 1).
The segmentation of the rupture along the MHT might therefore
be related to the presence of lateral structural variations acting as
an impediment along the fault. This impediment might have acted
as a barrier to the April 25 Gorkha earthquake rupture propaga-
tion, a rupture which abruptly stopped there to the east. This barrier

might be a persistent rupture initiation or termination point. In-
deed, in 1833, the large M7.5—7.9 earthquake appeared similar to
the 2015 Gorkha earthquake (Martin et al. 2015; Bollinger ef al.
2016), with a mesoseismal zone abutting in the area. We suspect
that the rupture of the great M8.2 1934 earthquake terminated in
the same area given the extent of its surface ruptures and the ex-
tension of its mesoseismal zone (Sapkota et al. 2013; Bollinger
et al. 2016). Whether this segmentation is associated with the
variations of the frictional properties of the seismogenic zone
and interseismic coupling, in a similar way as along subduc-
tion zones (e.g. Métois et al. 2012; Béjar-Pizarro et al. 2013) is
still an issue: the coupling estimated through this area is asso-
ciated with significant uncertainties (20—60 per cent, for exam-
ple, Ader et al. 2012 and Grandin ef al. 2015) and can hardly be
used to confirm a possible relationship between a coupling varia-
tion and the presence of a tectonic impediment to ruptures along
strike the MHT.

Complementary studies of the elastic coupling, focal mech-
anisms and local velocity models, within this specific area at
the eastern rim of the Gorkha earthquake rupture will be neces-
sary to investigate further the segmentation of the MHT along
strike and its persistent influence on past and future earthquake
rupture termini.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1. (a) and (b) show 1—3 Hz bandpass filtered teleseismic
records of the Gorkha aftershocks from arrays TORD and FINNES,
respectively. The traces are normalized and aligned according to the
average P-wave arrivals picked in each array, and sorted according
to their estimated depth found in this study. The blue lines are the
theoretical arrival times of the pP phases (for TORD) and the red
lines for the sP phases (FINNES).

Figure S2. Beam for (a) FINNES and (b) TORD for the event 1
in Table 1. The theoretical arrival time of the sP phase detected
by the cepstrum analysis for the depth of 12.2 km is represented
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by the blue line and the theoretical arrival time for the pP phase
detected on TORD by the red line. The red and blue dashed lines
are, respectively, the theoretical arrival times for pP and sP arrivals
for an event at a depth of 19 km (RSTT solution).

Figure S3. Recordings of the aftershocks, filtered between 1 and
3 Hz, for three arrays (a) TORD, (b) FINNES and (c) ILAR (Alaska).
Recordings of the stations of the arrays showing a clear P-wave
arrival are picked and aligned according to this P-wave arrival (at
around 2 s). Events are then sorted from left to right according to
their distance to the main shock. The recordings for the events at
the eastern rim of the rupture are inside the dashed blue lines. Note
that despite good signal-to-noise ratio, the array ILAR has not been
used for depth estimation because of the possible presence of core-
reflected waves (PcP) around 5 s after the P arrival. (d)—(f) are the
synthetics, respectively, for TORD, FINNES and ILAR, for a source
at 15 km deep, with a source duration of 1 s, for the different focal
mechanisms shown in (g). For transform faults, the P-wave arrivals
are weak for the three stations, but inverse faults show strong P
arrivals.

Table S1. Teleseismic depth estimations (this study), locations and
magnitudes M| are taken from Adhikari et al. (2015).
(http://gji.oxfordjournals.org/lookup/suppl/doi:10.1093/gji/
ggw364/-/DC1)

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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