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Abstract

Since the M,, 7.9 Gorkha earthquake of April 25, 2015, the seismicity of central and western Nepalese Hima-

laya has been monitored by an increasing number of permanent seismic stations. These instruments contribute

to the location of thousands of aftershocks that occur at the western margin of the segment of the Main Himala-

yan Thrust (MHT) that ruptured in 2015. They also help to constrain the location of seismic clusters that originated

at the periphery of the fault ruptured by the Gorkha earthquake, which may indicate a migration of seismicity

along the fault system. We report here a seismic crisis that followed the Lamjung earthquake, a moderate M,

4.7 event (M, 5.8, M,, 5.3) that occurred on May 18, 2021, about 30 km west of the Gorkha earthquake epicenter

at the down-dip end of the locked fault zone. The study of the hypocentral location of the mainshock and its first

117 aftershocks confirms mid-crustal depths and supports the activation of a 30-40° dipping fault plane, pos-

sibly associated with the rupture of the updip end of the MHT mid-crustal ramp. The cluster of aftershocks occurs
near the upper decollement of the thrust system, probably in its hanging wall, and falls on the immediate northern
margin of a region of the fault that has not been ruptured since the 1344 or 1505 CE earthquake. The spatio-temporal
distribution of the first 117 aftershocks shows a typical decrease in the associated seismicity rate and possible migra-
tion of seismic activity. Since then, the local seismicity has returned to the pre-earthquake rate and careful monitoring
has not revealed any large-scale migration of seismicity towards the locked fault segments.
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Introduction Between 1994 and 25 April 2015, the date of the large

Nepal is exposed to large (M7+) and great (M8+) dev-
astating earthquakes that partially or completely rupture
the updip locked fault segments of the Main Himalayan
Thrust (MHT) identified as the plate boundary fault that
accommodates the shortening between India and the
Tibetan Plateau (e.g., Avouac 2003; Bilham 2019; Dal
Zilio et al. 2021). The most recent of these very strong
earthquakes is the April 25, 2015 M,, 7.9 Gorkha earth-
quake, which ruptured a 140x50 km locked fault seg-
ment in central Nepal (e.g., Avouac et al. 2015; Grandin
et al. 2015), and was followed by tens of thousands of
aftershocks (e.g., Adhikari et al. 2015; 2023; Bai et al.
2019; Letort et al. 2016; Mendoza et al. 2019; Yamada
et al. 2020). In addition to these rare strong earthquakes,
moderate seismic sources (local magnitude M; 4+) occur
frequently, exposing areas close to the epicenter to strong
ground motion and possible damage.

The Department of Mines and Geology (DMG) in
Nepal is the only government organization responsi-
ble for rapidly locating and disseminating information
about these earthquakes to government authorities and
the public. Since 1994, it has been providing earthquake-
related information (location and magnitude) to the Min-
istry Of Home Affairs (MOHA), Ministry Of Industry
Commerce and Supplies (MOICS) and since its inception
to the National Disaster Risk Reduction and Management
Authority (NDRRMA) after every M; 4+event. Indeed,
most of these earthquakes occur at mid-crustal or shal-
lower depths, near and above the MHT decollement
(Pandey et al. 1995; Hoste-Colomer et al. 2018; Laporte
et al. 2021), and are likely to be felt by the population.

M,, 7.9 Gorkha earthquake, 390 of these alerts were
delivered to the authorities. Since the Gorkha earth-
quake, tens of thousands of lower magnitude earthquakes
have been detected and located under the national seis-
mological network (Adhikari et al. 2015, 2023; Baillard
et al. 2017). Of these earthquakes, most with magnitudes
below M; 4, 645 new alerts were provided to the authori-
ties and to the public.

This article focuses on one of these recent earthquakes
that triggered the seismic alert. This event in particular is
chosen because of its location, its position within a larger
spatio-temporal sequence of seismic events, and more
generally because of its seismotectonic interest.

On May 18, 2021 at 23:57 UTC (5:42 local time), a
moderate M; 5.8 earthquake shook central-western
Nepal from Pokhara to Kathmandu (Fig. 1), within
100 km of the macroseismic epicenter, and was felt up to
400 km away in Rae Bareli and Lucknow in India (EMSC
felt reports https://www.emsc-csem.org). The mainshock
damaged more than 200 houses and injured 6 people. It
was followed by an M, 5.3 earthquake less than 3 h later
and by 4 more aftershocks of magnitude greater than 4
within the next 24 h (Table 1). All of these earthquakes
were widely felt by the local population. Several smaller
earthquakes were also felt around the villages of Lam-
jung—Besisahar in the Marsyangdi valley, demonstrating
the relatively shallow depth of the seismic sources.

In this paper we study the Lamjung mainshock and
subsequent seismic sequence using the Nepalese Seis-
mological Network. We relocate the events of the seis-
mic sequence using various techniques, and discuss their
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Fig. 1 Seismicity map of the 2021 Lamjung seismic sequence (red circles) in central Nepal. The triangles materialize the seismic stations used in this
study. Grey circles: epicenters of the earthquakes that happened after the Gorkha earthquake (NEMRC catalogue 2020). Yellow circles: earthquakes
that triggered the seismic alarm before Gorkha earthquake. Thick dark green polylines correspond to the 2 m isocontours of the Gorkha earthquake
slip at depth (Grandin et al. 2015). The dark green segment with double arrows roughly separates the segment of Main Himalayan Thrust

ruptured (1) and unruptured (2) during the 2015 Gorkha earthquake, and was drawn after confronting the source models of Gorkha earthquake
and the catalogue of aftershocks (Adhikari et al. 2023). Blue dashed polylines correspond to the 10 cm isocontours of the afterslip (Zhao et al. 2017).

KKN Kakani seismological station

Table 1 Parameters of the largest earthquakes that triggered
the seismic alarm at NEMRC

Date Time Latitude Longitude Magnitude M,
B.S:2078-2-5 Local: 05:42  28.28 84.39 58
AD:2021-05-18  UTC: 23:57

B.S:2078-2-5 Local: 08:16  28.26 84.35 4.0
AD:2021-05-19 UTC: 02:31

B.S:2078-2-5 Local: 08:17  28.26 84.36 4.1
AD:2021-05-19 UTC: 02:32

B.S:2078-2-5 Local: 08:26  28.27 84.40 53
AD:2021-05-19  UTC: 02:41

B.S:2078-2-5 Local:21:23 2827 84.42 4.0
AD:2021-05-19  UTC: 15:38

B.S:2078-2-5 Local: 22:39  28.24 84.41 4.5
AD:2021-05-19 UTC: 16:54

implications. Finally, we place them in their regional
structural scheme to provide some seismotectonic
interpretations.

Seismotectonic setting of central western Nepal

As elsewhere along the Himalayas, the tectonic wedge
of central-western Nepal is the result of the continen-
tal subduction of the India Plate beneath the Tibetan
Plateau. The main active thrust fault that underlies the
wedge and accommodates the regional shortening is the
Main Himalayan Thrust (MHT). This major interconti-
nental thrust system was first described by geologists a
century ago (e.g., Argand 1922) and has been fully docu-
mented in central western Nepal since then. The at-depth
geometry of the MHT has been materialized recently
by several geophysical techniques, including gravimetry
(e.g., Cattin et al. 2001), and active and passive seismic
imaging (Hauck et al. 1998; Nabelek et al. 2009). The sub-
duction of the India plate beneath Nepal is highlighted by
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the shallow north-dipping Moho (e.g., Schulte-Pelkum
et al. 2005; Nabelek et al. 2009; He et al. 2018). The fault
itself was first imaged elsewhere in the eastern Himalayas
by seismic reflection during the Indepth project (Hauck
et al. 1998). In central Nepal, close to the area of inter-
est in this paper, a mid-crustal low-velocity zone (LVZ)
has been mapped by passive seismic imaging (Nabelek
et al. 2009; Duputel et al. 2016). This LVZ extends for
several tens of kilometers, at distances between 50 and
90 km from the front, and is interpreted by the authors to
be associated with the presence of the MHT shear zone,
possibly injected by fluids. This LVZ is the upper “flat” of
a structure often described by geologists as a flat—-ramp—
flat, with a ramp inferred by antiformal stacking of tec-
tonic units scrapped off the India Plate.

Several faults, that are surface expressions of the
Himalayan thrust system, merge at depth on the MHT,
including, from south to north, the Main Frontal, Main
Boundary and Main Central Thrusts (MFT, MBT and
MCT, respectively, e.g., Upreti et al. 1999). The MFT
separates the sediments of the Molassic basins of north-
ern India from a fold and thrust belt at the front of the
range, the Siwaliks foothills, formed mainly of Pliocene
siltstones, sandstones and conglomerates. Further north,
the MBT separates the Siwaliks from the Lesser Himala-
yas, which consist of a stack of tectonic slivers of meta-
sedimentary rocks of India Plate origin. Documentation
of several balanced cross sections in central and western
Nepal shows significant lateral variations of large anti-
formal stacks that developed in the hanging wall of the
MHT, near the main ramp of the thrust system (e.g., Rob-
inson and Martin 2014; Ghoshal et al. 2023). Finally, fur-
ther north, the MCT Zone separates this lesser Himalaya
from crystalline formations that are well exposed at the
front of the high mountain range.

The present shortening of the Himalayas, accommo-
dated deep below the high topography, is transmitted at
the MFT, at Holocene displacement rates similar to the
slip rates, leaving only marginal slip potential for out-of-
sequence thrusting and internal shortening (Lavé and
Avouac 2001). The GNSS velocity field shows that the
MHT alone accommodates almost half of the 4 cm/year
shortening between India and stable Eurasia. The remain-
der is accommodated by block extrusion and local thrust-
ing further north. More than estimating total shortening,
continuous GNSS data in central western Nepal, locally
supplemented by levelling and InSAR, help constrain the
interseismic coupling of the MHT. The MHT appears
to be locked in central western Nepal, as it is through-
out the Himalayas, over a width of more than 80 km. As
elsewhere, the locking is complete and is responsible for
the strong earthquakes that nucleate near the down-dip
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end of the locked zone, near the brittle-ductile transition
(Ader et al. 2012; Grandin et al. 2012; Ingleby et al. 2020).

Intense mid-crustal seismicity develops in this region at
mid-crustal depths (Pandey et al. 1995); this seismicity is
interpreted as resulting from stress build-up (e.g., Cattin
and Avouac 2000; Bollinger et al. 2004; Ader et al. 2012).
The study of this seismicity in the trace of the Gorkha
earthquake reveals lateral heterogeneities, that are peren-
nial on the scale of the seismic cycle and are thought to
reflect the lateral variations of mid-crustal structures, en-
echelon ramps, and tear faults between ramp segments
(e.g., Hoste-colomer et al. 2017), which act as many geo-
metric heterogeneities of the main ramp system, receiver
faults of the stress that builds up at depth during the
interseismic period. Studying the seismic swarms within
this region, along the down-dip end of the locked fault
zone, is therefore critical to improving our understanding
of the seismic behavior along the thrust system (Hoste-
Colomer et al. 2018), and its seismogenic potential (e.g.,
Michel et al. 2021).

Data and methods

Seismic monitoring

The seismic bulletin of the Lamjung earthquake sequence
is produced by manually picking P- and S-wave onsets in
seismic signals from a total of 41 seismic stations avail-
able in central and western Nepal. Of these, 11 stations
were deployed under the DMG-Département Analyse
Surveillance Environnement—France (DASE) collabo-
ration: 8 1-Hz vertical short-period seismometers and 3
CMG-3T Giralp broadband 3-component seismometers,
including the KKN station which is shared in real time
and distributed by IRIS. In addition, 8 stations from the
Nepal-Japan collaboration supported by the SATREPS
program of JICA/JST and 5 stations from the DMG-
China Earthquake Administration collaboration contrib-
uted in real time during the earthquake crisis. 16 vertical
component RaspberryShake instruments from the Nepal
School Seismology Network (Subedi et al. 2020a; 2020b)
complement these stations.

Operational earthquake detection and preliminary
location

Two geophysical workflows are used in parallel at
National Earthquake Monitoring and Research Center—
Nepal (NEMRC) to study seismic clusters: (1) Jade-Onyx,
which uses only the 11 historical stations from the DMG-
DASE collaboration, but benefits from 20 years of expe-
rience of NEMRC seismic analysts and a large historical
database of waveforms and (2) Seiscomp3 (Weber et al.
2007), which takes advantage of all available Nepalese
seismological stations mentioned above. This workflow is
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implemented with several alternative earthquake locators
(see Sect. “Earthquake relocation” for details).

A common velocity model is considered in both work-
flows. It is the 1D model determined by Pandey (1985),
which consists of 3 horizontal layers. The P- and S-wave
velocities are 5.56, 6.50, 8.10 and 3.18, 3.71, 4.63 km/s,
respectively, with depth boundaries at 0, 23 and 55 km
(Pandey 1985; Pandey et al. 1995).

First, we used the local earthquake detector, phase
picker, and locator (i.e., LocGSE see e.g., (Duverger et al.
2021)) available under Jade-Onyx to generate a prelimi-
nary bulletin with the 11 stations available in this work-
flow, because of the efficiency of this procedure after
years of use by the seismic analysts.

The early locations of the Lamjung 2021 mainshock
and the largest aftershocks that triggered the seismic
alarm at the Nepalese national center were immediately
published on the National Earthquake Monitoring and
Research Center (NEMRC) website (http://seismonepal.
gov.np/home; Table 1).

All the events were located at mid-crustal depths
within 5 km of the mainshock hypocenter. Prelimi-
nary locations indicated that the cluster occurred in
a structural position comparable to the hypocenter of
the Gorkha earthquake, but at about 30 km to the west
(Adhikari et al. 2015) and at approximately 20 km to the
southwest of a large transient cluster, the Himalchuli
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cluster, that developed between 2017 and 2019 (Adhi-
kari et al. 2021; 2023) (Figs. 1 and 2). In addition, the
mainshock occurred the same week as a cluster of small
earthquakes which developed along the western edge of
the Gorkha earthquake rupture (Figs. 1 and 2), and in
the vicinity of the down-dip end of the locked fault zone
of the MHT, locus of its elusive mid-crustal ramp where
stress builds up between large earthquakes (e.g., Cat-
tin and Avouac 2000; Bollinger et al. 2004; Lindsey et al.
2018). We have therefore paid particular attention to this
Lamjung seismic cluster.

In order to better resolve the earthquake location and
learn from the crisis, we complemented the early detec-
tions and phase-picks by an automatic picking procedure
developed on the signals recorded at all available stations
under Seiscomp3. Finally, we manually refined the P and
S phase onsets to reduce the time arrival bias introduced
by the automatic procedures.

A total of 2317 P- and 1312 S-wave arrivals have been
manually picked and contribute to the location of 129
earthquakes that occurred within 14 days of the main-
shock (Figs. 2 and 3A).

Magnitudes and completeness of the seismic catalogue

In addition to the local magnitude M; determined at
NEMRC (see e.g., Adhikari et al. 2015), a local magni-
tude M;, is determined for each event at each station
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Fig. 2 Seismicity map of the 2021 Lamjung seismic sequence (colored circles, with colors as a function of hypocentral depth) in central western
Nepal. The red line corresponds to the trace of the base of the ramp according to Hubbard et al. 2016, the yellow dashed lines correspond

to the modeled down-dip limits at 95% of the coupling across Nepal (Lindsey et al. 2018). The orange line corresponds to the 3500 m iso-altitude,
which controls the expression of seismicity along-strike Nepal Himalayas (Bollinger et al. 2004). The blue squares correspond to the location

of the Bahundanda hot springs. The green star materializes the epicenter of the Gorkha earthquake, while the green lines locates the 2-m
isocontours of the Gorkha earthquake slip at depth (Grandin et al. 2015). The circles in grey locate the epicenter of the earthquakes that happened
between April 2015 and May 2021. The triangles correspond to the seismic stations used in this study
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Distribution of the azimuthal gap for the mainshock and its 120 aftershocks

using the Seiscomp3 workflow (Weber et al. 2007),
which calculates the classical formula of Richter (1935)
at each station: My,; = Log(Ai) — Log(Ap), where Ai is
the maximum zero-to-peak trace amplitude in millim-
eters measured on the vertical component of stations
i that is filtered in order to replicate the response of
a standard Wood—Anderson seismograph. The second
term Log(Ao) corresponds to the Seiscomp3 default
calibration values which are functions of the epicen-
tral distances. The final network magnitude A, is the
mean of the magnitudes M, calculated at all available
stations after removing the outliers above the 12.5%
percentile.

The Gutenberg—Richter distribution and magnitude
histogram (Fig. 4) show a completeness magnitude M,
of about 1.7, inferred from the decrease in detections
below this specific value. Given this completeness
magnitude, we estimate the b-value of the magnitude
distribution to be 0.64 +0.07, which is a low value for
Nepal (Adhikari et al. 2023) as well as for elsewhere.

This anomalously low b-value during the aftershock
series could be representative of the signature of a
region of high stress concentration associated with
interseismic strain accumulation and redistribution in
the vicinity of a locked fault zone, as noted by Nakaya,
(2006) (see also Scholz 2015).

Earthquake relocation and mainshock mechanism
Earthquake relocation

The preliminary locations were obtained using Locsat,
the locator used for operational purposes in the Seis-
comp3 workflow at NEMRC.

We complementarily implement 2 alternative absolute
locators, Hypo71 and Nonlinloc, and a double difference
relative location procedure with HypoDD.

We selected Hypo71 (Lee and Lahr 1972) because it
is a simple, tried-and-tested locator that allows us to
reduce the location uncertainties associated with the
velocity model by incorporating a weighting scheme for
picks as a function of source—station distances, and for
the sake of homogeneity with previous works (Adhikari
et al. 2023). A full weight is assigned to picks observed at
stations within 100 km of the source, and a zero weight
is assigned to picks at stations more than 200 km away.
Between the two distances, picks are weighted linearly
between 0 and 1. We give more weight to the P-phases
than to the S-phases and take into account the station
elevation by applying an additional time delay as a func-
tion of elevation.

Considering the uncertainty in the earthquake loca-
tion resulting from both network geometry and veloc-
ity model uncertainties, we apply a quality criterion to
our final seismic locations. Following previous empirical
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Fig. 4 Frequency-magnitude distribution of the catalogue of earthquakes of the Lamjung cluster. Completeness magnitude is estimated at M,,, 1.7.

works (e.g., Hoste-Colomer et al. 2018; Laporte et al.
2021), we consider the higher quality locations to be
those with a final RMS of less than 0.7 s, horizontal and
vertical errors computed by the Hypo71 locator of less
than 2 km, and obtained with a minimum of 6 P-phases
and 3 S-phases. In total, 44 events meet these criteria.
We then compare these results with locations
obtained using NonLinLoc (Lomax et al. 2000; 2009)
in order to assess the sensitivity of the results to the
locator algorithm. Indeed, the NonLinLoc approach is
significantly different in that it avoids the linearization
problem by using a grid search algorithm that is able
to correctly account for the large differences in station
elevations. We computed P-phase travel time tables
at each node of an initial grid consisting of 401 nodes
spaced every 1 km horizontally and 106 nodes spaced
every 1 km vertically around the initial location of the
mainshock. S-phase travel times were then derived
using a constant Vp/Vs ratio of 1.75, consistent with
the Pandey (1985) velocity model. Recursively, the algo-
rithm returns a preferred hypocentral location where
the location residuals are minimized with respect to
the posterior probability density function (PDF) at each

node of the 3D grid. The location algorithm follows the
inversion approach of Tarantola and Valette (1982) and
the PDF is constructed by considering the Equal Dif-
ferential Time (EDT likelihood function) formulation
of Font et al. (2004). An Oct-tree sampling algorithm is
preferred to refine the grid recursively by densifying the
grid in areas of higher PDF (Lomax et al. 2009). These
earthquake location methods provide an absolute loca-
tion for all 129 events that occurred in the 14 days fol-
lowing the mainshock. Of these 129 events, 117 events
are clustered within the Lamjung seismic cluster.

For a better spatial characterization of the cluster,
we also used the HypoDD algorithm (Waldhauser and
Ellsworth 2000) to obtain relative relocations from the
Hypo71 locator of the Seiscomp3 workflow. We pro-
cessed 1460 phases resulting from a selection of 2256
pairs of P-phases and 1262 pairs of S-phases linked
within 255 event pairs with an average of 18 links per
pair for a maximum source—station distance of 200 km.
We apply an iteration procedure that follows a three-
stage iterative scheme consisting of 5 iterations consid-
ering only P-phases, 5 iterations considering P-phases
and S-phases with half-weight, and finally 10 iterations
considering P- and S- phases, a distance cutoff of 5 km
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between event pairs and a misfit weighting factor of 4
between event pairs.

Focal mechanism of the mainshock

To gain insights into the mechanism at the origin of this
seismic cluster, we performed regional waveform inver-
sions to determine the moment tensor solution of the
mainshock. The continuous data recorded by 8 regional
broadband seismic stations distributed between about
80 and 1600 km around the source are used to retrieve
the focal mechanism and the associated deviatoric
moment tensor of the mainshock following the method-
ology of the Time-Domain Deviatoric Moment Tensor
Inversion (TDMT-INVC) of Dreger 2003. The distribu-
tion of the 8 stations around the source provides a fair
azimuthal coverage of the source radiation. For each
station, the waveforms are deconvolved with the instru-
mental responses (for Guralp CMG-3T, Streckeisen
STS-1H/1 V-VBB, Streckeisen STS-2), integrated to dis-
placement, decimated to 1 point per second, and then
filtered between 25 and 50-s period for the Nepalese sta-
tions, and between 40 and 80-s period for the other and
more distant stations (i.e.,, LSA and TARG). Considering
the distance range, the depth and the frequency bands,
the point-source approximation used in the inversion is
sufficient to explain the source of the M; 4.7 Lamjung
earthquake. The temporal moment tensor inversion takes
into account the three components of the recorded sig-
nal per station, and compares the real data with synthetic
signals. The synthetic signals are calculated in displace-
ment using the Computer Programs in Seismology (CPS;
Herrmann (2013)), and three different velocity models
have been tested: CRUST1 (Laske et al. 2013), CRUST2
(Bassin et al. 2000), and CUB (Ritzwoller et al. 2002).
These global velocity models were preferred to the local
Nepalese velocity model because of the contribution of
regional seismic stations at large distances.

Moment tensor inversions are performed over a source
depth range of 2 to 30 km in order to test the sensitiv-
ity of the approach to depth and to the 3 models. Over-
all, the focal mechanism is found to be highly consistent,
independent of depth and Earth structure. The Lamjung
mainshock is described as an almost pure double-cou-
ple event (DC=99%) corresponding to a reverse fault
earthquake (Fig. 5) with a pair of conjugate fault plane
solutions corresponding to steeply dipping thrust / back-
thrust faults with strikes, respectively, at 104° and 285°
(following Aki and Richards, convention). These strikes
obtained by inversion of long period seismic waveforms,
correspond roughly to the azimuth of the mountain
range, estimated to be N108E between the Annapurna
and Langtang ranges. Since the focal mechanism is
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almost purely thrust, the coseismic slip is normal to the
front of the range.

The inversion-derived seismic moment is found to
be 1.53e+16 Nm, corresponding to an M,, of 4.7, and
is identical regardless of the velocity model considered
here. The depth of the mainshock between 14 and 25 km
is more difficult to constrain due to the long wavelengths
considered in the moment tensor inversions.

Comparison of relocation results

Comparisons between location approaches

The absolute earthquake locations of the 129 events
detected and located within the 14 days following the
main Lamjung earthquake of 18 May 2021 define a seis-
mic cluster of 117 events within 10 km of the main rup-
ture zone, regardless of the location method used (see
Fig. 6a and b with the HYPO71 solution). The differences
between the various solutions are strongly controlled by
the degrees of freedom and biases associated with the
large primary azimuthal gap, as well as topography and
station elevation. Offsets in epicentral locations obtained
by the alternative location methods do not exceed the
horizontal uncertainty provided by Hypo71. We observe
high average residuals of 0.55 (+0.1) seconds for Hypo71
and NonLinLoc. These high residuals may reflect errors
in the local velocity model and result in location biases.
The average errors on the depths estimated by NonLin-
Loc are 1 km (+0.75) and 2.3 km for Hypo71 (see Laporte
(2022) for further details).

At depth, the projection of the seismicity along a N20°E
vertical profile (i.e., perpendicular to the front of the high
range) shows a cluster of aftershocks above the main-
shock hypocenter (Figs. 6 and 7). Whatever the location
method used, all aftershock hypocentres are found to be
within £4 km of the mainshock. The individual locations
of the aftershocks within the cluster vary slightly from
one approach to another, but the global spatial distribu-
tions are very similar. The HypoDD relative relocations of
the aftershocks show a more clustered seismicity, appar-
ently south-dipping (Fig. 7). However, hypoDD relo-
cations appear highly sensitive to the initial absolute
location including its potential biases and uncertainties,
even after considering only the subset of high quality
location events mentioned earlier. We present here one
of the HypoDD relative location of the cluster, com-
puted from high quality events, using the initial location
computed with Hypo71, a solution that was reasonably
convergent and appeared as the best we obtained consid-
ering the criteria described in Waldhauser and Ellsworth
(2000). 80% of the HypoDD depths are within 5 km of
the original depth. The HypoDD relocations appear very
sensitive to the initial absolute location. However, what-
ever the solution, the relative HypoDD locations are on
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Fig. 5 Moment tensor solution of the M,, 4.7 (M 5.8 M,,, 5.3) Lamjung mainshock determined using the Time-Domain Deviatoric Moment Tensor
Inversion method of Dreger (2003). The observed data (in black) and the synthetic data (in red) calculated using the Earth’model called CRUST2
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average found within 1.5 km from the absolute locations
previously estimated with Hypo71 and NonLinLoc.

However, note that despite the rather small differences
in source depths from one algorithm to another, the cur-
rent network distribution is probably not optimal for
resolving precisely the geometry of the structure that is
responsible for the Lamjung seismic activation. In fact,
given its magnitude, the size of the source (probably
less than 2 km, see discussion below) is smaller than the
width of the cluster, regardless of the location method
used.

Insights on depth uncertainties

Indeed, in order to properly discuss the position of the
Lamjung seismic cluster relative to the fault system, as
a prerequisite for seismotectonic interpretation, a thor-
ough assessment of the uncertainties and biases associ-
ated with the depths determined is crucial to our study.
We therefore develop this point below.

The accuracy of the depth estimation mainly relies on
the distance of the closest stations, the presence of relia-
ble P- & S-wave picks on these stations, and on the veloc-
ity model accuracy (e.g., Gomberg et al. 1990; Bondar
et al. 2004; Husen and Hardebeck 2010; Gesret et al.
2015; Laporte 2022). It is therefore interesting to take a
closer look at the P and S arrivals at the available clos-
est stations. Two stations are less than 10 km from the
cluster: station LAM]J at 8—9 km to the western side of
the seismicity and the RaspberryShake station S8618 that
is about 5-6 km further east. The elevation difference
between these two stations is 1250 m while the largest
elevation difference between stations reaches 3415 m.
Most stations are located to the south-east and south-
west of the seismic cluster. The primary azimuthal gap
(PAG) is around 125° for the largest events, and up to
140° for the smallest events (Fig. 3B). This PAG is lower
than usual for earthquakes under the front of the high
topography in Nepal, given the shape of the network
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and the distribution of the regional seismicity (Adhikari
et al. 2021), thanks to the permanent stations recently
deployed in the framework of the collaboration with
JICA and CEA, as well as thanks to the high density of
Seismo@school stations in the area.

Being the only 3-component station within the first
20 km of the cluster, only LAM] provides optimal S—-P
depth constraints (see empirical criteria and recom-
mendations listed in Gomberg et al. (1990), Bondar
et al. (2004)). 126 pairs of P&S wave arrivals have been
detected at this station. Thus we propose to look at S-P
delays at station LAM]J to figure out depth uncertainties
with regards to firstly, velocity model errors and secondly,
epicentral distance uncertainties.

Figure 8 shows the S-P delays determined at sta-
tion LAM]J. These depend on depth, epicentral distance
and the velocity model. Making the approximation that
the epicentral locations are well constrained (see next

(See figure on next page.)

paragraph), they only depend on the velocity model and
earthquake depths. We test four velocity models derived
from the velocity model by Pandey (1985) (Fig. 8). First,
we take the original model. The S-P delays we obtain
for the seismic events at LAM]J, around 1.5 s, suggest
that the depths are shallower than the one we obtained
previously, for the mainshock (which is likely below the
cluster of aftershock, see Discussion section) as well as
for the aftershocks, mostly between 4 and 8 km (Fig. 8a).
An increase in the model velocities tends to favor even
shallower events while a velocity decrease deepens the
seismicity (Fig. 8). We also evaluate an “extreme” veloc-
ity model, with a decrease of 10% of the velocities and a
decrease of 0.05 of the V}/V ratio (Fig. 8d), bringing the
event depths around 14-16 km. Given these results, it
is therefore very unlikely that the seismicity could have
occurred below, on the lower-shallow dipping segment of
the MHT (expected around 20 km). Indeed, to explain an

Fig. 7 Seismicity maps and cross sections (black NS line) through the Lamjung seismic cluster. A, B using Hypo71 solution plugin Seiscomp; C, D
using NonLinLoc algorithm; E, F with the relative location obtained by HypoDD. The error bars associated with hypocentral positions should not be
compared from one method to another, as they represent different measurements and not just residuals. In B-D-F, the origin of the horizontal axis
corresponds to the center of the section segments. The stars correspond to the location of the mainshock and the largest aftershock. The beach ball
associated with the mainshock was manually translated outside the main cluster to make it easier to see
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Fig. 8 Theoretical S-P delays (in seconds, colorscale) for the station LAMJ (Lamjung) according to event epicentral distance and depth, estimated
from the Pandey velocity model (a), with a systematic increase of 10% of the P & S wave velocities (b), with a systematic decrease of 10% of the P &
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on LAMJ. Red dots show the depths that better fit these measured S-P delays, for the event epicentral distances and for each of the velocity model

(a-d)

S-P delay of 1.5 s with an event at 20 km depth, the model
velocities have to be divided by a factor 2 or a V;,/V ratio
of around 1.4, which is unrealistic. If we assume that the
velocity model is correct at+10%, then, the events are
probably located at a depth of 10 km, in the vicinity of
the upper flat of the MHT or even shallower in its hang-
ing wall (see section discussion/interpretation), but could
not be associated with the lower flat at depth greater or
equal to 20 km.

An error in the epicentral distance estimation could
also have an impact on the S-P delays by decreasing the
depth estimation if the source—station distance is larger
than estimated whereas it would increase the depth for
closest distances. More precisely, it would shift the events
to the left on Fig. 8. However, it is unlikely that the dis-
tance is less than 4-5 km, given that all the P-phase
arrivals are first detected at station S8618. They are then
observed at station LAM]J, which is 12 km away from sta-
tion S8618. Hence, in any 1D layered velocity structure,
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the minimum epicentral distance between LAM] and
any event is 6 km (at the exact middle point between
LAM]J and S8618). Assuming a 3D velocity structure and
extreme high velocities in the vicinity of S8618, being 2
times the velocities around LAM]J, the minimum distance
reaches 4 km between LAM] and the seismicity. There-
fore, it is very unlikely that the seismicity is located closer
than 1-2 km from station LAM]J. It could be argued that
this has a limited effect on depth estimation. On the
contrary, one could easily imagine that the seismicity is
further away from the stations, within a cluster a few kil-
ometers to the north. Such a case would favor shallower
events given the LAMJ S-P delays.

Based on these tests, we argue that the Lamjung seis-
mic cluster is located at depths between 5 and 15 km
for almost all the aftershocks. This is consistent with the
depths obtained by all three locators.

Interpretations and discussion

The epicenters of the mainshock and the best-located
aftershocks are restricted to an area of~10x10 km,
between the town of Besisahar-Lamjung and the village
of Deujanthok in the south, and the village of Kudi in
the north (Fig. 6). This aftershock region is significantly
larger than the typical area ruptured by an M,, 4.7 earth-
quake, given empirical laws relating moment magnitude
and the length of the subsurface rupture (Wells and Cop-
persmith 1994). Indeed, an M,, 4.8 earthquake (the lower
bound of the magnitudes considered for the regression
in the empirical dataset) is associated with an average
length of subsurface reverse rupture of less than 2 km,
and a surface rupture of less than 4 km?,

The fault patch that ruptured during the Lamjung
earthquake and subsequent aftershocks lies at mid-
crustal depths (between 10 and 15 km for the main-
shock and 5-15 for most aftershocks) in the vicinity of
the MHT upper flat/decollement that was imaged a few
tens of kilometers to the east below the Hiclimb experi-
ment (Nabelek et al. 2009; Duputel et al. 2016). It is also
consistent with the depth range at which the 2015 M, 7.9
Gorkha earthquake nucleated (e.g., Grandin et al. 2015;
Engdahl et al. 2020), below the town of Barpak, about
30 km to the east in a similar structural position relative
to the Main Central Thrust (MCT) trace and the high
topography (see Fig. 2). The Lamjung earthquake and
aftershocks occurred at the transition between a region
of slow uplift to the south and a region of rapid uplift and
incision to the north (e.g., Hodges et al. 2004; Blythe et al.
2007; Whipp et al. 2007). It is often recognized as coin-
ciding with the upper flat-ramp transition of the MHT,
with the flat—-ramp—flat plate boundary thrust accom-
modating most of the deformation between India plate
and the Himalayas (e.g., Cattin and Avouac 2000; Lavé
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and Avouac 2001). In addition, several imbricate slivers
of Lesser Himalayan rocks have been mapped below the
MCT and are considered to compose a Lesser Himalayan
duplex (e.g., Robinson and Martin 2014; Khanal 2014;
Ghoshal et al. 2023).

The steep planes of the focal mechanism of the Lam-
jung earthquake (either 40°N or 50°S) are inconsistent
with a rupture of a flat or shallow northward dipping
thrust (Fig. 5). The earthquake is therefore unlikely asso-
ciated with the rupture of the MHT upper decollement,
and certainly not with the rupture of the lower flat, which
is given at larger depths (around 20 km at its shallowest)
and significantly farther north (e.g., Hubbard et al. 2016;
Wolff et al. 2022; Ghoshal et al. 2023). The earthquake is
also unlikely associated to a rupture in the footwall of the
MHT, in the India Plate, given the depths we obtained.
However, it could be related with (1) a rupture of a seg-
ment of the main active ramp of the flat—-ramp—flat, or (2)
a rupture of a backthrust, similarly to what was proposed
for the Sarshin earthquake in 1997 or for the north Kar-
nali earthquake in December 2015 (Hoste-Colomer et al.
2017; Laporte et al. 2021), or (3) with the activation of
an out-of-sequence thrust, related to internal deforma-
tion of the antiformal stack (Baillard et al. 2017; Mendoza
et al. 2019), or even (4) with a more significant out-of-
sequence (“splay fault”) below the MCT (Hodges et al.
2004).

The trace of the physiographic transition PT2, consid-
ered by Hodges et al. (2004) as an active out-of-sequence
thrust develops above the Lamjung, 2021 seismic clus-
ter. Given its dip, the associated fault plane at depth falls
5 km above the Lamjung epicenter and is therefore too
shallow to be a good candidate to be associated with
the seismic cluster. The association with a backthrust is
unlikely. Indeed, the dip of the geological units (mainly
thick Quartzites) above the Lamjung earthquake and
up to the MCT zone is monoclinal, dipping about 30°N,
interpreted as a sliver above the northern edge of the
antiformal stack of the Lesser Himalayan duplex (Khanal
2014; Ghoshal et al. 2023), a tectonic setting never associ-
ated with a backthrust structure. Contrary to the tectonic
setting of the 1997 Sarshin earthquake or the 2015 north
Karnali earthquake (Hoste-Colomer et al. 2017; Laporte
et al. 2021), the seismicity here develops at depths simi-
lar not to the lower but to the upper decollement of the
flat—-ramp—flat tectonic system. The activation of a steep
backthrust, branching on a low friction flat thrust fault,
is more unlikely than at the toe of a steep mid-crustal
ramp, where local shear zones within the hinge above the
low flat/ramp are predicted by mechanical models (e.g.,
Souloumiac et al. 2009). As mentioned above in the list
of possible scenarios, another option is to see the seismic
cluster associated to a rupture at the contact between two
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slivers of the mid-crustal duplex, a scenario previously
documented elsewhere in Nepal (Baillard et al. 2017;
Hoste-Colomer et al. 2018; Laporte et al. 2021). This
scenario cannot be rejected but cannot be proven either
given the uncertainties associated with the geometry of
local secondary tectonic structures at depth often best
constrained by balanced cross sections extrapolated from
the surface geology (Khanal 2014; Ghoshal et al. 2023)—
but which are also uncertain because it is inferred outside
the scope of the balanced-cross-section assumptions.
Our preferred interpretation is therefore the one that
appears to be related to the simplest scenario involving a
partial rupture of the mid-crustal ramp. The precise loca-
tion of the mid-crustal ramp in this area is rather elusive
because it has never been imaged by local geophysical
experiments. However, this ramp is needed to connect
the upper decollement to the lower decollement of the
MHT fault. It is also consistent with the local state of
stress at the toe of the high topography. It is finally con-
sistent with the long-term thermokinematic evolution of
the Lesser Himalayas, their stacking, their fast exhuma-
tion at the toe of the high range, and the construction
of the principal Lesser Himalayan antiform. One of the
balanced cross sections equilibrated in the area (Ghoshal
et al. 2023) suggests, on the basis of the geology and of
the quaternary exhumation rates, that the mid-crustal

0
*Mainshotk
,-E\ Y MLv>=45
< ~ T~ ¥ @ 2<=MLv<a5
210 ) A )'& @ 3=<MLv<4
5 N Y 0 @ 2=<MLv<3
8 o \x\-. = ® 1=cMLv<2
- —z BN 7 4
i o ° - L 3 ~ -
20 =

active -ramp —f*‘.

Page 14 of 18

ramp develops 10—15 km to the north of the seismicity
cluster. However, the west-central region of Nepal, and in
particular the Marsyangdi River region along which geo-
morphic studies have been documented, is also known to
be associated with rates of rapid modern/Holocene uplift
located well south of the high range (Lavé and Avouac
2001; Grandin et al. 2012). Grandin et al. (2012) suggests
that this uplift pattern is related to the recent (Holo-
cene) abandonment of the mid-crustal ramp below the
high range, for a ramp 10—15 km southward. The seismic
activity at mid-crustal depths, associated to a steep fault
plane solution could therefore possibly be associated
with the activation of the updip end of the ramp. This
would be consistent with our observations showing that
the mainshock happened at slightly greater depths and
northward relative to the postseismic cluster.

At the scale of the cluster (10x10 km), the seismic-
ity from the Hypo71 solution appears to slightly migrate
toward the southwest after two days (see Fig. 6A). How-
ever, this possible migration is not confirmed by the
HypoDD relocation solutions. We therefore estimate
that this possible migration of the seismic activity is not
resolved sufficiently well for interpretation (Fig. 9).

The simultaneity of the seismicity at the western edge
of the Gorkha earthquake rupture and in the Lamjung
region was also questioned. Indeed, a first cluster of

INDIA PLATE LY B
100 120 140 160
Distance from MFT  (km)

Fig. 9 Seismotectonic interpretation of the seismicity (NonLinLoc catalogue, the figure with Hypo71 results is only marginally different)

during the Lamjung earthquake crisis. The mainshock and largest aftershock epicenters are, respectively, represented by the dark red and red stars.
The structures are constrained by field observations (structural measures of the bedding and schistosity) measured locally, that complemented

a previous cross section built further east in Adhikari et al. (2021) as well as the balanced cross section of Ghoshal et al. 2023. The main difference
with the recently published Ghoshal et al. 2023 cross section—optimized using Plio-Quaternary low-temperature chronometry ages—is

that the mid-crustal ramp presented here as active is consistent with a very recent Holocene migration of the ramp documented by Grandin

etal. (2012) and the location of the Physiographic Transition 2 (PT2), which marks the southern extent of a narrow region of high incision

and exhumation
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The seismicity rate before 2021 is represented by the dashed-line and has a value of 0.035. In 2021, the seismicity rate is 0.11 (dash-dotted line)

and decreases to 0.045 in 2022 (dashed line)

seismicity happened a few hours prior to the occur-
rence of the Lamjung crisis, less than 30 km eastward
(see Figs. 2 and 10A). However, despite a careful look at
potential earthquake migrations from the Gorkha earth-
quake main ruptured trace to Lamjung, we were not able
to demonstrate a causal relation between both earth-
quake clusters.

The cumulative number of events follows a trend of
a typical mainshock-aftershock sequence with a high
seismic rate during the first hours after the mainshock
and a progressive decay as a function of time, with a
visible decay during the two weeks following the main-
shock (Fig. 10). The time—magnitude distribution shows
as well a decay of magnitudes over time consistent with
a mainshock-aftershock sequence (Fig. 10). The main
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aftershock of M; 5.3 M, 5.0 occurred two and a half
hours after the main event and two other aftershocks of
magnitude M;, above 3.5 occurred within 17 h.

Conclusions, implications and perspectives

The 2021 M, 5.8 Lamjung earthquake occurred in cen-
tral western Nepal, 30 km west of the Barpak epicenter of
the Gorkha earthquake, and at an even closer to the fault
plane ruptured by the 2015 M,, 7.9 Gorkha earthquake. It
is the largest earthquake recorded in this area in the last
40 years. The earthquake was followed by more than 120
aftershocks located within 10 km of the mainshock. The
earthquake ruptured a steep (dip of about 40°), kilome-
ter-long fault plane at the updip end of the mid-crustal
ramp of the Main Himalayan Thrust. The flat/decolle-
ment of the fault system further south is considered to
be fully locked (e.g., Ader et al. 2012; Lindsey et al. 2018;
Dal Zilio et al. 2020; Michel et al. 2021). Based on current
knowledge of the historical earthquakes that occurred in
the region, this segment of the MHT, south of the Gorkha
rupture (Fig. 1), has not been ruptured since the 1505
and/or 1344 AD earthquakes, ascertaining a large slip
deficit accumulated in the area, assuming that the system
remains fully locked between large earthquakes. The slip
deficit since then can therefore reach and even exceed 10
to 14 m and is therefore associated with a very high seis-
mogenic potential, given the lateral extension of the fault
segment remaining unruptured along strike since medi-
eval times (Bollinger et al. 2016).

The location of the Lamjung cluster, close to the west-
ern edge of the post-2015 earthquake afterslip zone,
30 km west of the hypocenter of the Gorkha earth-
quake, in a similar structural position, led us to suspect
an intriguing westward spread of seismic activity. Fortu-
nately, the seismic rate decreased within a few days, with
the earthquake rate gradually reducing to the pre-Lam-
jung cluster microearthquake production rate after one
month (Fig. 10). Furthermore, the earthquake rate is now
back to pre-Gorkha earthquake rate in the area (Fig. 10b,
c), despite the still high activity rate of aftershock in the
trace of the 2015 rupture, an activity believed to remain
higher than the interseismic rate during another 5 years
at least (Adhikari et al. 2023). We did not notice any
resolvable signs of migration of the microseismicity over
the long term at the scale of the northwestern edge of the
rupture. However, seismic activity at the western edge of
the ruptured zone in 2015 leads us to further monitor the
area very carefully.
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