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Abstract In the last decade, several observations of peculiar seismic and geodetic phases preceding
large earthquakes have been documented. Despite being a posteriori, these observations provide a better
understanding of the processes involved in the nucleation of earthquakes. In this study, we investigate the
foreshocks and the pre-seismic phase of the Mw7.9 25 April 2015, Gorkha earthquake in Nepal by applying a
matched-filter technique to its nucleation zone. We use the seismic signals of 1851 local earthquakes and the
continuous signal recorded at the nearest station for the 6 years preceding the mainshock. The pre-seismic
phase depicts a long-term increase of seismicity rate and several seismic swarms less than 20 km away from
the mainshock epicenter. The longest swarm occurs one month before the Gorkha earthquake, lasts two
weeks and consists of 38 repetitive earthquakes located at the northwestern edge of the rupture zone. An-
other increase in seismicity rate starts six days before the mainshock and includes small foreshocks that de-
velop less than 10 kilometers from the future earthquake hypocenter. These observations suggest that the
Gorkha earthquake was preceded by a pre-seismic phase related to a possible initiation of a slow slip with
fluids involved at the northwestern boundary of the rupture zone.

Non-technical summary In the last decade, several observations of phases preceding large earth-
quakes have been documented. In 2015, on the 25th of April, a magnitude 7.9 struck Nepal resulting in more
than 9000 fatalities. In this study, we analyse small earthquakes in the nucleation area of this large earth-
quake and find that seismic activity gradually increased over six years, especially in the weeks preceding the
mainschock. About a month before the earthquake, a cluster of small, repeating earthquakes occurred near
the rupture nucleation zone, andmore small events occurred just days before themainshock. These patterns
suggest that the earthquake may have been preceded by a slow slip of the fault, possibly influenced by un-
derground fluids. While these signals were only recognized after the earthquake, they offer important clues
about the nucleation processes at stake before major earthquakes.

1 Introduction
Nepal is located on one of the largest and fastest-
slipping continental megathrusts on Earth, the Main
Himalayan Thrust (MHT) activated by the continen-
tal subduction of the India plate beneath the Tibetan
plateau. This tectonic setting results in large devastat-
ing earthquakes (Bilham, 2019; Avouac, 2003). These
major earthquakes ruptured the surface, generating
pluri-metric seismic scarps as progressively revealed
by palaeo-seismological excavations (Wesnousky et al.,
2017; Riesner et al., 2023). One of these historical
earthquakes occurred in 1833 (magnitude estimated
7.7). It was fortunately preceded by two foreshocks,
felt in Kathmandu 5 hours and 15 minutes before
the mainshock, that drove people outdoors (Bilham,
1995). However, the mechanisms operating at depth,
especially along the deeper extension of the ruptured
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fault—thought to be the origin of the earthquake nucle-
ation—remain unclear.

The Mw7.9 Gorkha earthquake, on 25 April 2015, is
the first major Himalayan event recorded by a perma-
nent and modern network located above the rupture
zone. This earthquake nucleated near the village of
Barpak in the Gorkha district. The rupture extended
eastward for approximately 60 seconds across a 50-km-
wide by 140-km-long area, with the maximum coseis-
mic slip estimated to be around 7 meters, occurring
north of Kathmandu (Fig. 1, Avouac et al., 2015; Galet-
zka et al., 2015; Grandin et al., 2015; Kobayashi et al.,
2015; Lindsey et al., 2015). The post-seismic slip domi-
nated by afterslip has been located in the down-dip part
of the mainshock rupture (Gualandi et al., 2017; Wang
et al., 2017). The analysis of the numerous aftershocks
has highlighted the structural complexities of this area
(Adhikari et al., 2015; Bai et al., 2019; Hoste-Colomer
et al., 2017; Wang et al., 2017; Mendoza et al., 2019; Ya-

1 SEISMICA | ISSN 2816-9387 | volume 4.1 | 2025

https://doi.org/10.26443/seismica.v4i1.1447
https://orcid.org/0000-0002-5305-5350
https://orcid.org/0000-0002-5116-860X
https://orcid.org/0000-0001-8978-0661
https://orcid.org/0000-0003-1731-9360
https://orcid.org/0000-0002-6331-0108
https://orcid.org/0000-0001-8416-793X


SEISMICA | RESEARCH ARTICLE | The 2015 Gorkha earthquake pre-seismic phase

Figure 1 A: Location of earthquakes and network stations. Red dots show the M≥3 aftershocks earthquake (Adhikari et al.,
2022). The red contours show the seismic slip with 2m intervals starting at 2m (Grandin et al., 2015). Contours of afterslip
are shown in blue (Zhao et al., 2017). The black star indicates the Gorkha earthquake epicenter. Black triangles indicate the
NERMC stations and the red triangle indicates the GKN station used in this study. Black crosses indicate the location of the
cross-section in Fig. 7. The yellow line indicates the coupling limit of the Main Himalayan Thrust (MHT) from Lindsey 2018
and the dotted line is the 95% confidence interval (Lindsey et al., 2018). B: In this study, we focus on the initiation part of
the rupture zone taking earthquakes that occur both before and after the Gorkha earthquake as templates (all circles) at the
western edge of the rupture. The colored circles show the templates that have detected new earthquakes during this study,
colored with their number of detections.

mada et al., 2019; Letort et al., 2016; Baillard et al., 2017;
Adhikari et al., 2022; Koirala et al., 2023). The corre-
spondence between the 1833 and Gorkha earthquakes
in areas of large intensity and their similar magnitudes
indicate that the same section of the MHT was active at
that time. Unfortunately, unlike the 1833 earthquake,
the population did not experience large foreshocks be-
fore the Gorkha earthquake (Martin et al., 2015).
There have been several, made a posteriori, observa-

tions of a pre-seismic phase before large earthquakes
using seismicity, either in subduction zones (Kato et al.,
2012; Ruiz et al., 2014; Bouchon et al., 2013, 2016; Gar-
donio et al., 2019; Bouchon et al., 2022), or in crustal en-
vironment (Bouchon et al., 2011; Gardonio et al., 2018),
although this pre-seismic phase is not always observed
and is highly debated (Gomberg, 2018) and anomalous
foreshock behavior may be observed only when ana-
lyzing microseismicity (Mignan, 2014). A first analysis
of the micro-seismicity has suggested the increase in
seismicity rate 3 to 4 days prior to the Gorkha earth-
quake (Huang et al., 2017). However, the stations used
were primarily located over 200 km away from Gorkha,
mostly in Tibet, which likely resulted in the exclusion of
smaller seismic events occurring near the epicenter.
In this study, we address the question of the pre-

seismic phase of the Gorkha earthquake by using the

nearest station of the National Earthquake Monitor-
ing and Research Center (NEMRC) from the Depart-
ment of Mines and Geology (DMG) network and apply
a matched-filter technique. We use 1851 templates, i.e.
signals of local earthquakes located within 50 km from
the epicenter (Fig. 1). Using this new catalog, we de-
scribe the pre-seismic phase of the Gorkha earthquake
that occurred in a continental subduction and propose
different models to explain our observations.

2 Data

The NEMRC network is composed of short period
and broadband stations sampling at 50Hz, distributed
throughout Nepal. The closest stations from the Gorkha
rupture initiation are GKN and KKN (Fig. 1). How-
ever, the two stations were affected by several gaps and,
because of its distance from the nucleation zone, the
KKN station did not capture all the templates that were
recorded by the GKN station. Therefore, we focus the
analysis using the GKN station only. The GKN station
lies 30 km south of the epicentre of the Gorkha Earth-
quake, above the MHT (red triangle in Fig. 1A). It is a
ZM500 instrument with a vertical component, 1 Hz ve-
locimeter with a flat response from 2 Hz to 100 Hz (Lar-
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sonnier et al., 2019). The Gorkha seismic station site
was installed at the top of a hill for radio-transmission
through a 6 meter-high antenna to avoid any anthro-
pogenic noise and the noise of rivers during the mon-
soon.
We use the records from this short period -vertical

component- station to search for micro-earthquakes
that remained undetected by analysts, in order to com-
plement the time structure of the seismicity (colored
circles in Fig. 1B). Note that the signals of station GKN
were unusable from the 26th of March 2009 to the 5th
of September 2009 and from January 2011 to Novem-
ber 2013 because of several problems with the recorder
electrical cables. Additionally, short-term duration
gaps also occurred in 2014 and 2015. In total, 50% of the
data is available for GKN station from 2009 up to Gorkha
earthquake occurrence time. See the power spectral
density plots for GKN in 2014 (Supplementary Figure S1)
and 2015 (Supplementary Figure S2).
By first looking at the continuous recording of the

GKN station at the time of the mainshock, we find an
earthquake of magnitude estimated at 1.3 (equation 1)
that occurred only 28s before the mainshock (Supple-
mentary Figure S3). This event has a S-minus-P travel
time of 2.86s suggesting that it happened at 23 km from
GKN, assuming a Vp/Vs of 1.75 and a Vp around 6 km/s,
consistent with the local velocity model (Pandey, 1985).
Note that the record signal saturated during the main-
shock and an S-time arrival cannot be determined. An
event preceding themainshock is also visible in the seis-
mic signal at KKN, located further east, with a P-wave
arrival time difference between KKN and GKN of 6.8s,
identical to the Gorkha earthquake, suggesting that this
foreshock occurred in close proximity to the epicenter
(Supplementary Figure S4).

3 Methods
We search more systematically for micro-seismic
events near the hypocenter of the Gorkha earth-
quake using the ObsPy template matching code
(obspy.signal.cross_correlation , Beyreuther
et al., 2010). We use 1851 templates, occurring between
January 2009 and May 2016 (gray and colored circles
in Fig. 1b). We use the continuous signal from 2009 to
the Gorkha earthquake to compute the correlation be-
tween templates and continuous signals in a frequency
band of 2-15Hz, taking an 8-seconds window starting
1 second before the P-wave arrival time. We chose a
coherency of 0.7 as a threshold for detection but tested
higher values (Supplementary Figure S5). We checked
every detection by eye to remove spurious ones.
The magnitude of template events, provided by the

NERMC, are local (Ml). Themagnitudes of thenewly de-
tected events are calculated during the correlation com-
putation based on themaximum amplitude (A) ratio be-
tween the detected event, and its template event, as:

mdetection = mtemplate + 4
3 ∗ log10(Adetection

Atemplate
) (1)

We tested it using a pair of nearby templates that de-

tected each other and have local magnitudes of mlA=2.4
and mlB=2.8 and the relative magnitudes obtained
mA=2.7 and mB=2.8.
The distance between a given template and its detec-

tions is inherently very small due to the similarity of
thewaveforms. The example of earthquakes detected in
2010with a coherency threshold of 0.7 shows that, when
aligning on the S wave arrivals, the P waves are not well
aligned and their arrivals varywithin 0.32 seconds (Sup-
plementary Figure S6). Assuming a P wave velocity of 6
km/s, it corresponds to a distance of about 2 km which
is below the location uncertainty for the Nepalese cata-
log, with amedian of the long axis of uncertainty ellipse
at 5 km (Laporte, 2022).
We therefore consider that the hypocenters of the

newly detected earthquakes are the same as their cor-
responding templates.
The precise hypocentral location of the template

could be enhanced through the implementation of spe-
cific relocation technique. We use hypo71 using the lo-
cal velocity model (Pandey, 1985). The initial weight for
P and S phases is 1 and 0.5 respectively. In addition, a
distance weighting of 1 below 100 km and linearly de-
creasing to 0 between 100 and 200 km is applied.

4 Results
Of the 1851 templates used, only 143 detected new
earthquakes (colored circles in Fig. 1B). Among these
143, 103 occurred before the mainshock and 40 after.
We obtain a total of 492 detected earthquakes (includ-
ing the 103 templates that occurred between January
2009 and the Gorkha earthquake). Supplementary Fig-
ure S7 shows an example of detected earthquakes and
their stack.
In this study, we define as a cluster a group of at

least 5 earthquakes detected by the same template. We
sort the detected earthquakes according to their epicen-
tral distance to the Gorkha earthquake (Fig. 2). Only
48 earthquakes were detected at distances larger than
30km from the epicenter (Fig. 2a). Note that the total
number of detections increases when getting closer to
the epicenter (Fig. 2b and c).
From November 2013 to the Gorkha earthquake, the

detections are mainly located from 0 to 20 km : 45% of
the earthquakes located from 0 to 20 km away from the
epicenter occur during that period of time while only
20% of the 20-30 km earthquakes occur during this pe-
riod (Fig. 2b and c). We focus on these two zones in the
following.
For earthquakes located 20-30 km away from the epi-

center, the sequence can be divided into 6 periods (A-
F in Fig. 2b and detailed in Supplementary Figure S8).
Three of them are particularly intense: 1) period A in
January 2009 with three clusters of 10, 11 and 15 earth-
quakes detected by three different templates (Supple-
mentary Figure S8A), 2) period C: on the 26th of Au-
gust 2010, lasts 34 hours with two main clusters of 10
and 12 earthquakes detected by two, close-by, earth-
quakes (Supplementary Figure S8C), 3) period D: from
the 2010/12/8 to the 2010/12/10, consists of two main
clusters: 9 and 11 earthquakes detected by 2 different
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Figure 2 Cumulative number of detected earthquakes with time according to their epicentral distance from Gorkha earth-
quake and their location. a: from 30 to 50km, b: from 20 to 30km, c: from 0 to 20 km. Themaps show the template locations
that detected these earthquakes color codedwith their total number of detection. Grey areas indicate gaps in the continuous
data. Letters above the cumulative number of earthquakes refer to the periods shown in the snapshots (Supplementary Fig-
ure S8 for 20-30 km and S9 for 0-20 km). Note that between 0-20km, 45% of the detections occur after 2014 while only 20%
of the detections occur between 20-30km for the same period.

templates and lasts about two days and a half (Supple-
mentary Figure S8D).
Earthquakes detected between 0-20 km from the

epicenter show 7 periods of seismicity rate increase
(Fig. 2c, detailed in Supplementary Figure S9). Periods
A and B present similar seismicity rates with a total of
51 earthquakes located south of the Gorkha epicenter
(Supplementary Figure S9A and B). Periods C, E, F and
G show very sudden increases in seismicity rate. Pe-
riod C gathers 21 earthquakes starting on February 21

2010, at 23:00, and lasting 48 hours (yellow dot in Sup-
plementary Figure S9C). This period contains a group
of 16 earthquakes, that are all detected by the same tem-
plate in 3.5 hours, 14 of them in only an hour (Supple-
mentary Figure S10). The cross-correlation values are
particularly high and the relative time delays low for the
last ten events in the group. Note that the relative mag-
nitudes are small and similar.
Period F corresponds to a large cluster of 28 earth-

quakes occurring in just one hour on the 19/03/2014
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Figure 3 Top: Superposition of the band-pass filtered (2-20Hz) records of the two largest earthquakes in the sequence of
Fig. 4 (magnitude 2.7 and3, large red circle collocatedwith ablueoneonFig. 2c-map) thatwere already in theNERMCcatalog,
from which 36 new earthquakes were detected. The second waveform has been shifted in time by the time increment that
maximizes the cross-correlation of the two signals. Bottom: Comparison of the normalized spectra of the records filtered
with a band-pass between 2-20Hz.

between 00h35 and 01h39, mainly detected by three
templates (Supplementary Figure S9F). The inter-
correlation values of this group range from 0.8 to 1
with a mean of 0.91 (Supplementary Figure S11). Some
events in the groups have very large cross-correlation
values, with a mean of 0.95, possibly indicating that
they are repeating earthquakes. Again, there is no
dominant magnitude in this very short sequence.
The most significant cluster in number of earth-

quakes and in duration occurs one month before the
Gorkha mainshock, during period G. It starts on the
20th ofMarch 2015 and lasts 13 days. These earthquakes
are detected by two, very close-by templates, 10 km
away from the Gorkha epicenter (superposed red, mag-
nitude 2.7 and blue, magnitude 3, dots in Supplemen-
tary Figure S9G) that occur during this sequence. Their
magnitudes indicate that their ruptures could have a
patch size of about 200-300m. Furthermore, the two
template waveforms are very similar when superim-
posed, and their spectra show the samecomplexity, sug-
gesting that they are very likely co-located (Fig. 3).
The cross-correlation values between the earth-

quakes of this cluster (i.e. the two templates and their
detections) are high (Fig. 4a). The delay values range
from -0.02 to 0.02s (Fig. 4b). The S-minus-P traveltime is
2.18s (i.e., a distance of about 17.5km from the GKN sta-
tion) and is very similar for all the earthquakes within
the cluster (Fig. 4c and d). Unlike previous increases in
seismicity rate that have durations of a few hours, this

sequence lasts 13 days and contains three main seismic
bursts (Fig. 4e): (1) 7 earthquakes with magnitude close
to 0 in 10 hours, (2) another burst of 10 earthquakes that
starts with a magnitude 2.7 that is one of the detecting
template (in red in Fig. 3), (3) 7 earthquakes that con-
tains the second template of magnitude 3 (in blue in
Fig. 3).
This cluster of earthquakes is located at the western

tip of the inverted 2m coseismic slip contour, where
the rupture initiated (Grandin et al., 2015, Supplemen-
tary Figure S9G).We take the 13 most resembling earth-
quakes (coherency higher than 0.98) of that cluster and
superimposed their waveforms (Supplementary Figure
S12). We see that they present the same complexities in
their P and S waves but also coda waves and that they
are perfectly superimposed with a high probability for
them to be repeating earthquakes.
Lastly, three earthquakes occurred during period G

from April 21, 2015 to the mainshock, including the
small foreshock that occurred only 28s before themain-
shock close to the rupture initiation location (Supple-
mentary Figure S3).
In summary, by applying the template-matching

technique at the GKN station, we identify 492 earth-
quakes, with 260 of them occurring within 20 km of
the epicenter, primarily from November 2013 until the
Gorkha earthquake. We observe a cluster of earth-
quakes that begins one month prior to the mainshock
and lasts for 13 days. During the period from April 14
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Figure 4 Group of 38 earthquakes occurring from the 20/03/2015 to the 02/04/2015, detected by two, very close by, tem-
plates. a) Cross-correlationmatrix between the earthquakes b) delaymatrix (in s); c) waveforms of the detected earthquakes
with their stack at the bottom, d) cumulative number and relative magnitude of events with time with the zero at the occur-
rence of the first event of the cluster. The cross-correlation values are particularly high and the relative time delays low for
thirteen earthquakes in the group Supplementary Figure S12.

to April 25, we detect 6 earthquakes at an average dis-
tance of 21 km from the epicenter. (Huang et al., 2017)
identified 6 earthquakes within a 500 km radius from
the epicenter on April 21–22. The south-eastern part
of the studied area that corresponds to the westernmost
rupture zone of the earthquake, is more active in 2009-
2010with numerous clusters of seismicity (cyan and yel-
low dots in Fig. 5a) while it stops being active during the
November 2013-Gorkha period (Fig. 5b).

5 Statistical Analysis

To evaluate if the seismicity rate increases in the 0-
20 km distance range from the epicenter is due to
background or dependent seismicity, we performed a

declustering analysis (Gardner and Knopoff, 1974; Zali-
apin and Ben-Zion, 2022; Marsan andWyss, 2011).
We use the maximization-expectation algorithm de-

veloped inMarsan and Lengline (2008) and took into ac-
count only the time intervals with continuous data and
applied to our catalogue cut at magnitude 0 (Fig. 6).
To decluster the catalogue of our newly detected

earthquakes, we must consider (1) the gap in the data
and (2) the inability to locate the microearthquakes
identified through template matching, as we are work-
ing with only one station. It is therefore biased to use
distance-based methods, as we assume that a detected
earthquake corresponds to its template location. In this
case, the distance between two events would be zero,
which causes algorithms like those of Zaliapin and Ben-
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Figure 5 Location of templates that have detected newearthquakes during the a) 2009-2010 period andb)November 2013-
Gorkha earthquakeperiod, color and size give the number of detections during these periods. Legend is the sameas in Fig. 1A
and B except for the size of the dots that is proportional to the number of detections here.

Zion (2022) to struggle. To address this issue, we mod-
eled our dataset using the ETAS model (Ogata, 1988).
We invert for the background seismicity rate µ and the
pre-productivity factor K. Careful consideration is re-
quired when making assumptions about other param-
eters, such as the p-value, the α-parameter and c. For
example, the p-value is expected to be close to 1, typ-
ically ranging from 0.8 to 1.2 (Utsu et al., 1995; Hainzl
and Marsan, 2008). In this study, we set p = 1. The α-
parameter typically ranges from 1.5 to 2.5 (Hainzl et al.,
2013; Nandan et al., 2017, and references therein) and
we set α = 2 here. Lastly, we fix c, the time at which the
maximum of the inter-event time density is observed to
be equal to 0,0035 day (i.e. 5 minutes).
We see that the final acceleration located close to the

epicentral area of the Gorkha earthquake is a persistent
part of the background seismicity.
We can measure the significance of the seismicity

rate change for the earthquakes located in the 0-20 km
distance bin from the epicenter by applying the Z statis-
tics analysis (Habermann, 1981) which is a measure of
thedifferencebetween the expectednumber and the ac-
tual number of earthquakes observed as:

Z = Na∆tb − Nb∆ta√
Na∆t2

b + Nb∆t2
a

(2)

withNb andNa the number of earthquakes that occur in
time intervals ∆tb and ∆ta, respectively before and af-
ter the considered time limit. It evaluates the difference
between two means, that is the mean rates before and

Figure 6 Cumulative number of the background earth-
quakes according to their distance toGorkha epicenter. The
increase of seismic activity one month before the main-
shock at distancesbetween0and20km is clearly seen in the
background seismicity.
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after a change point and it is based on a null hypothe-
sis of stationarity (equality of observed rates before and
after the change point). We apply it by taking a change
point on a ten days moving window.
The change can be considered as significant if |Z| > 2

(Marsan and Wyss, 2011). Z is greater than 2 for the
entire catalogue and for the 0-20 km declustered cata-
logue, except at the end of the period where we see a
drop off due to the lack of data (Supplementary Figure
S13). This shows that, according to this statistic, the ac-
celeration is significant, even after declustering.
In order to discriminate clusters as swarms or

Mainshock-Aftershock (MS-AS) sequences, we compute
the skewness of seismic moment release in each clus-
ter (Roland and McGuire, 2009; Chen and Shearer,
2011; Zhang and Shearer, 2016; Passarelli et al., 2018)
and the kurtosis (Mesimeri et al., 2019). The relation-
ship between the skewness and the kurtosis leads to a
parabola where MS-AS and swarms are clearly distin-
guished (Supplementary Figure S14). The results show
that all our clusters (orange stars) can be character-
ized as swarms rather than Mainshock-Aftershock se-
quences.

6 Discussion
Although they can only be defined after the mainshock
has occurred, seismic foreshocks are the most relevant
observations for understanding the preparation of large
earthquakes. We find 25 swarms of earthquakes that
occurred before the Gorkha earthquake and that high-
light the perimeter of its western coseismic slip area,
where the rupture initiated. Several clusters have very-
short durations and the longest andmost important one
in number of events occurs only one month before the
Gorkha earthquake. This is the first time that a local,
pre-seismic phase is evidenced in a context of collision
such as the Himalayas.
Depending on the tectonic setting and structural

complexity, three main conceptual models have been
developed to explain the pre-seismic phase of large
earthquakes: progressive localization of the seismic-
ity, cascade-up, and pre-slip (Bouchon et al., 2011;
Gomberg, 2018; Ellsworth and Bulut, 2018; Kato and
Ben-Zion, 2020; Ben-Zion and Zaliapin, 2020; Martínez-
Garzón and Poli, 2024, and references therein).
Interestingly, for many large earthquakes that are

preceded by a pre-seismic phase, the strain release is
progressive, stepwise (Kato et al., 2012; Kato and Nak-
agawa, 2014; Socquet et al., 2017; Ruiz et al., 2014;
Nishikawa and Ide, 2018). This is also noteworthy in this
study, where we detect several seismic swarms that can
be sudden and last only a few hours (Fig 2 bottom). Flu-
ids may be a good candidate for triggering such events
(Lengliné et al., 2017).
There aremultiple indications of fluid presence in the

area along theMainHimalayanThrust (MHT): (a) a seis-
mic low velocity zone (LVZ) coincides with the decolle-
ment on that particular section (Duputel et al., 2016), (b)
this LVZ is interpreted as a shear zone possibly injected
with fluids coming from metamorphic dehydration re-
actions of sediments thrust over by the hot Himalayan

hangingwall, (c) analysis of fluid inclusions from quartz
exudates taken within the MCT shear zone, which is a
former MHT, demonstrate that both aqueous fluids -
mainly brines-, and CO2-bearing inclusions, originat-
ing from metamorphic and meteoric origins, were in-
troduced from mid-crustal to shallower levels (Boullier
et al., 1991), (d) the downdip end of the segment of
MHTconsidered correspondswith the position of a low-
resistivity anomaly (Lemonnier et al., 1999), possibly at-
tributed to the presence of saline fluidswithin fractured
rocks.
This body of evidence suggests that aqueous fluids -

or supercritical CO2 -are present at midcrustal depths
in the vicinity of the decollement, with the potential to
migrate within the fractured rocks of the shear zone as
well as along subsidiary faults in its immediate hanging-
wall (Laporte et al., 2021). These fluid migrations could
be related to hydrofracturation mechanisms and/or de-
crease of the friction on the basal decollement, possibly
associated to transient decoupling.
The repeating earthquakes, associated to earthquake

templates that happened at mid-crustal depths, oc-
curred necessarily at close distances from the Main Hi-
malayan Thrust, the flat-ramp-flat thrust system which
partially ruptured during the mainshock (Fig. 7a-b). In
this part of the Himalayas, the geometry of these struc-
tures at depth have been inferred from surface expo-
sure of the rocks, (Ghoshal et al., 2023; Adhikari et al.,
2022) and balanced cross section hypothesis. The po-
sition of the upper decollement of the thrust system is
associated to the low velocity zone (LVZ) imaged by re-
ceiver function analysis (Nábělek et al., 2009; Duputel
et al., 2016). SuchaLVZhasbeenobserved in other parts
of the Himalayas, such as in the western Nepal with re-
ceiver functions (Subedi et al., 2018).
A first plausible scenario involves a transient slow

slip seen in the declustered seismicity and with re-
peating earthquakes on the upper decollement, fol-
lowed by its partial rupture, from the downdip end of
the upper decollement, at the upper edge of the ramp
(Fig. 7a-b). The average position of the ramp, at geo-
logical timescales, is suspected to develop beneath the
front of the high Himalayas. This is consistent with
the thermokinematic evolution recorded by the low
temperature thermochronometers (e.g., Ghoshal et al.,
2023). However, the present day position of the peak
of uplift measured by InSAR and the peak of incision
estimated along the rivers since the beginning of the
Holocene suggest that themidcrustal ramp recentlymi-
grated southward (Grandin et al., 2012, see Fig. 7c). An
alternative to the first scenario could therefore involve
the rupture of this active midcrustal ramp, after a fo-
cused repetitive seismic activity at the updip end of the
ramp, eventually associated with a slow slip event at the
edge of the ramp. A third scenario involves seismicity
in themidcrustal lesserHimalaya duplex. This scenario
may involve a focused precursory seismic activity asso-
ciatedwith an eventual slow slip at the updip edge of the
active ramp, followed by the rupture of the passive roof
thrust of the lesser Himalayan duplex (Fig. 7c). The al-
ternative models illustrated in Fig. 7 are difficult to dif-
ferentiate with the sole seismicity available due to the
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Figure 7 Schematic representation of possible hypotheses regarding the location of the onset of the Gorkha earthquake
rupture (red star) and the main cluster prior to the earthquake (yellow star). A- B and C respectively illustrate a scenario
involving the rupture of the upper flat (A) of the Main Himalayan Thrust system (MHT), of the upper flat and a mid-crustal
ramp (B), and of the passive roof thrust of the MHT (C). The red circles correspond to the location of the earthquakes which
were selected as templates. Note that the hypocentral locations of these small earthquakes in the area are associated with
very large uncertainties and need to be taken with care: the seismic stations that participate to their location are present
to the south of the seismic swarm, leaving large primary azimuthal gaps. The geological structures are constrained by field
observations (derived from structural measures of the bedding and schistosity), modified from Adhikari et al. (2022). MCT,
STDSandPT2 respectively stand forMainCentral Thrust, Southern Tibetandetachment system, andPhysiographic transition
2.

large uncertainties associated with the earthquake lo-
cations.

7 Conclusion

The application of template matching techniques to the
waveforms of the GKN station, the closest station to the
epicenter of the Gorkha earthquake, confirms a previ-
ous observation (Huang et al., 2017) of an acceleration
of the seismicity rate preceding the earthquake. In ad-
dition, we show that this acceleration is concentrated
within 20 km from the mainshock.
Several seismic swarms occurred during the analysed

period. Some of them have very short-term duration.
Themost important cluster is detected by two very close
by and highly similar templates between the 20 March

and 27March 2015, with 38 repeating earthquakes. This
period is followed by the occurrence of at least one fore-
shock that happened 28s before the mainshock. This
seismicity increase is seen in the declustered part of the
catalogue meaning that it is sensitive to a local change
of tectonic loading, most probably due to a transient
slow slip event that is consistent with the occurrence
of possible repeating micro-earthquakes happening at
the north western edge of the rupture zone. There was
a small earthquake that occurred a few seconds before
the mainshock and it was finally followed by the rup-
ture of the mainshock. With an estimation of 20 km for
the radius of the foreshock area, the Gorkha earthquake
(Mo= 7.7 x 1020 N m, Grandin et al., 2015), would be
consistent with the relationship proposed by Martínez-
Garzón and Poli (2024) relating the size of the area ac-
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tivated in a pre-seismic phase and the mainshock seis-
mic moment. Our results show that the Gorkha earth-
quake belongs to the list of large earthquakeswith a pre-
seismic phase detected a posteriori using data mining
techniques.
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