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Intermediate-depth earthquakes (>40km) have been observed beneath the central
Himalayas over decades, with little known about their nature and characteristics. Here,
we apply a state-of-the-art systematic processing routine, starting from continuous
waveform data, to obtain the most comprehensive high-quality earthquake catalog
with a focus on the intermediate-depth seismicity beneath the central Himalayas. We
construct a catalog containing 414 robust earthquake locations with depths ranging from
40 to 110 km spanning from late 2001 till mid-2003. We calculate earthquake magnitudes
in a consistent way and obtain values ranging between M 0.8 and 4.5 with a magnitude of
completeness of Mg 2.4. This information allows us to study the spatiotemporal
characteristics of the seismicity in great detail. Earthquakes mainly take place in a
cluster, consisting of two linear segments at ca. 35° azimuth difference, situated
beneath the high Himalayas in NE Nepal and adjacent S. Tibet. Seismicity there does
not feature any mainshock-aftershock patterns but presents a few sequences with
potential seismicity migration rates compatible with linear or diffusive migration. This
result, along with previous studies in the lower Indian crust, allows interpreting these
events as related to metamorphic reactions involving dehydration processes. However,
given the geodynamic context, a tectonic interpretation with a dextral basement fault zone
propagating beneath the Himalaya and continuing as a westward propagating tear fault
would also be possible. This represents a continuous fault zone from the deep crust in S.
Tibet, across the Himalaya along the Dhubri-Chungthang fault zone (DCFZ) to the Shillong
plateau, which could be an inherited tectonic feature.

Keywords: Himalayas, seismicity, spatio-temporal evolution, metamorphism, tectonics

1 INTRODUCTION

The Himalayan orogen is a unique and complex geological structure that comprises the highest
mountain chain on Earth. The kinematics of the orogen are controlled by the continental collision
between the Indian and Eurasian plates (e.g., Molnar and Tapponnier, 1975). The collision began
65-50 Ma (Yin and Harrison, 2000) and has a current convergence rate of ~2 cm/yr (Bettinelli et al.,
2006). The crustal structure and geometry of the Himalayan orogen has been the focus of several
international scientific experiments (INDEPTH, HIMNT, Hi-CLIMB, GANSSER, Hi-KNET;
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FIGURE 1 | Spatial distribution of seismic networks operating in the Himalayas between late 2001 and mid-2003. Red and orange inverted triangles show the
HIMNT and BPE seismic sites, respectively. Blue triangles depict Hi-CLIMB. Empty blue triangles show the locations of the Hi-CLIMB seismic sites not used in this study.
Red circles and black crosses indicate the epicenters of the candidate intermediate-depth events (Details can be found in Table 1). Black cross highlights the location of
Mt Everest. Active faults are shown as thick gray lines. The black arrow indicates the local velocity of Indian Plate relative to Eurasia (~45 mm/yr; DeMets et al.,
2010). MFT is the Main Frontal Thrust and DCFZ is the Dhubri-Chungthang fault zone. Focal mechanisms colored according to their hypocentral depths and noted with
Roman numerals from | to XVIII (see more details in Supplementary Table S1 of the supplementary material) depict moment tensor inversions determined by the Global
CMT catalog and previous studies for intermediate-depth events in the region (Chen et al., 1981; Molnar and Chen, 1983; Chen, 1988; Chen and Kao, 1996; Zhu and
Helmberger, 1996; de la Torre et al., 2007; Alvizuri and Hetényi, 2019). Black focal mechanisms show shallower than 40 km depth earthquakes determined by Diehl et al.
(2017) that lie along the Dhubri-Chungthang fault zone (DCFZ). Inset shows the location of the study area in the broader region. Active faults (Styron et al., 2010) are
colored according to the type of faulting (red for thrust, blue for normal, and black for strike-slip faults).

Nelson et al., 1996; Schulte-Pelkum et al., 2005; Nabélek et al.,
2009; Diehl et al.,, 2017; Hoste-Colomer et al., 2018) along with
many active and passive seismic studies (e.g., Kind et al., 2002;
Wittlinger et al., 2004; Mitra et al., 2005; Priestley et al., 2008;
Acton et al,, 2011; Caldwell et al., 2013; Paul and Mitra, 2017;
Singer, 2017) and seismic velocity model studies (Monsalve et al.,
2008; Huang et al., 2009; Sheehan et al., 2014). These studies have
highlighted a gradually thickening Indian crust while crossing the
orogen from the South to the North (i.e., ~40 km in the southern
edges; 60-65 km beneath the high Himalayas; 75-90 km beneath
southern Tibet) a feature that is generally constant along the
length of the central part of the orogen (e.g., Priestley et al., 2019).

The orogen’s active tectonics have caused a number of
devastating earthquakes in the past (Mugnier et al, 2013;
Bilham, 2019). In addition to shallow events, which are

responsible for the seismic hazard, intermediate-depth
earthquakes (40-100 km) also take place beneath the orogen
near the plate interface and intra-slab regions (Figure 1; Chen
and Molnar, 1983; Monsalve et al., 2006; Priestley et al., 2008;
Paul et al., 2015; Schulte-Pelkum et al., 2019; Wang et al., 2020).
These events have been identified over decades now (e.g., Chen
et al., 1981; Chen and Molnar, 1983), and their significance and
location relative to the Moho contributed to advancing the
understanding of the rheology of the continental lithosphere
(e.g, Chen and Molnar, 1983; Maggi et al, 2000; Jackson,
2002; Jackson et al., 2004).

Under normal conditions, and apart from subduction settings,
earthquakes would not occur in continents at depths ranging
between 40 and 100 km, but the unique tectonic setting of the
Himalayas allows this, although the mechanisms and processes
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causing this intermediate-depth seismicity beneath the
Himalayan orogen are debated. Eclogitization metamorphic
reactions have been suggested to take place in the
underthrusted continental crust (Henry et al., 1997). Within
this process, water is considered to play an important role
(Jackson et al, 2004; Hetényi et al., 2007). There are two
models on the origin of this water: it may be introduced from
an external source (Jackson et al., 2004; Priestley et al., 2008), or
underthrust with the hydrous minerals of the Indian lower crust
(ILC) and then dehydrate (Hetényi et al., 2007; Hetényi et al.,
2021). In either case, eclogitization leads to volume reduction
affecting the local stress field, and dehydration increases pore
fluid pressure and hence enables brittle failure. The fluids can
ultimately migrate upwards, as documented by magnetotelluric
(Lemonnier et al., 1999; Unsworth et al., 2005) and seismic data
(Nelson et al., 1996) along the INDEPTH transect, and via local
low seismic velocity zones as observed elsewhere in southern
Tibet (Hetényi et al., 2011). Alternatively, Craig et al. (2012)
proposed a rheological model for the underthrusted ILC beneath
Tibet and related it to seismicity distribution. They assume a cold
anhydrous underthrusting ILC that is being heated up sufficiently
slowly to remain seismogenic at great depths beneath the orogen,
without particular emphasis on fluids.

Understanding whether metamorphic reactions play a role in
intermediate-depth seismicity in the Himalayas is of particular
importance as these earthquakes serve as the primary modern
analogue for interpreting petrological observations of the former
Caledonides orogen mid-crust, now exposed at the surface in
Norway. Starting with the seminal paper of Austrheim (1987)
describing fluid migration and eclogitization, there has been
nearly 35years of research involving mineralogical,
petrological, rock physics, mechanical, seismic, deformation
and other, complementary studies on this topic (e.g., Petley-
Ragan et al,, 2019; Zertani et al., 2019; Malvoisin et al., 2020;
Zertani et al., 2020). The occurrence of present-day intermediate-
depth seismic events in the Himalayas that can potentially help
explain the petrological observations made at the surface in
Norway remains an exciting prospect. For this reason, a
detailed examination of the spatiotemporal evolution and
characteristics of these intermediate-depth events can be
helpful with testing and interpreting the mechanisms causing
seismogenesis at such depths. Detailed earthquake catalogs can
provide information on the properties of seismic deformation
taking place and potentially pinpoint to mechanisms that drive
seismogenesis (e.g., Hainzl and Ogata, 2005; Lohman and
McGuire, 2007; Hauksson et al.,, 2019; De Barros et al., 2020;
Ross et al, 2020). Such catalogs may assist with answering
questions: Are these events characteristic of tectonic processes,
with possibly mainshock-aftershock sequences? Are there
swarms or patterns that can be interpreted as fluid migration?
Answering such questions first requires determining whether or
not the available data facilitate making such a distinction at
present.

Previous seismicity studies in the central Himalayas have
mainly focused on the shallow seismic activity (e.g., Pandey
et al., 1995; Monsalve et al., 2006; Liang et al., 2008; Carpenter
et al., 2010; Baillard et al, 2017; Hoste-Colomer et al., 2017;
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Hoste-Colomer et al., 2018) and have paid little attention to
intermediate-depth events. The most comprehensive analysis of
the local seismicity beneath the central Himalayas was performed
by Monsalve et al. (2006). They used almost 20 months of seismic
data from the Himalaya Nepal Tibet Seismic Experiment
(HINMT; de la Torre and Sheehan, 2005) and observed a
bimodal distribution of hypocentral depths of seismicity that
included 139 intermediate-depth events. de la Torre et al. (2007)
determined focal mechanism solutions for some of these
intermediate-depth locations with focal depths ranging from
60 to 90 km near the Moho beneath the central Himalayas.
This analysis suggested that strike-slip faulting and east-west
deformation takes place near and below the Moho (see focal
mechanisms in Figure 1). Alvizuri and Hetényi (2019) calculated
the full seismic moment tensor for the largest and best
constrained intermediate-depth event, initially detected by
Monsalve et al. (2006). The moment tensor solution contained
components of both double couple and tensile crack, which
supports local dehydration embrittlement processes beneath
the Himalayas.

Here we address the need for a detailed intermediate-depth
earthquake catalog for the central Himalayas orogen especially
given that the space and time evolution of these events has not
been addressed so far. In particular, starting with continuous
waveform data and applying modern detection and analyses
methods, we present the most comprehensive intermediate-
depth earthquake catalog for the central Himalayas. We
examine the spatial and temporal characteristics of the
seismicity and discuss possible mechanisms for seismogenesis
at such depths to explain our seismological observations.

2 MATERIALS AND METHODS

2.1 Seismic Data

We wuse continuous waveform data from three different
temporary seismic networks that operated in the central
Himalayas region from late 2001 till mid-2003 (HIMNT, Hi-
CLIMB, BPE; de la Torre and Sheehan, 2005; Monsalve et al.,
2006; Nabélek et al., 2009; Miller, 2002; Velasco et al., 2007). The
composite seismic network consists of 114 seismic sites in total.
We do not use all the Hi-CLIMB seismic sites and only use the
initial phase of the Hi-CLIMB network that complemented and
re-occupied some of the HIMNT locations. We choose not to use
the later Hi-CLIMB phases as they occupied the transect sites at
times that were not suitable for earthquake location purposes.
Figure 1 shows the spatial distribution of the composite seismic
network. The number of operational seismic sites and spatial
coverage of the composite seismic network varies substantially
with time. Details for all seismic networks used here can be found
in the supplementary material (Supplementary Figure S1). We
also include data from individual seismic site IC.LSA in Tibet. All
the continuous waveform data used here are archived at the
Incorporated Research Institutions for Seismology Data
Management Center (IRIS-DMC). Waveform access and
processing were performed using the ObsPy package in
Python (Krischer et al., 2015).
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TABLE 1 | Details of candidate intermediate-depth events (recorded with >40 km
hypocentral depths) from existing catalogs. Dates are in month/year format
(Mmm.yyyy).

Source Number of events Time period spanning
NEMRC 792 09.2001 - 04.2003
Monsalve et al. (2006) 139 09.2001 — 04.2003
All catalogs 931? 09.2001 - 04.2003

aThis number contains duplicate events.

2.2 Candidate Intermediate-Depth Events

As a first step, we create a list of candidate events of all the
available intermediate-depth earthquakes located in the central
Himalayas with hypocentral depths greater or equal to 40 km. In
particular, we combine existing catalogs from the previous study
of Monsalve et al. (2006) and the National Earthquake
Monitoring and Research Center (NEMRC) of Nepal. This
process provided us with 931 candidate intermediate-depth
events (Table 1 and Figure 1). We note that this number of
events potentially contains many duplicates as the two catalogs
overlap in both time and space.

2.3 Earthquake Catalog Compilation

We start with the 931 candidate events (Table 1 and Figure 1)
and locate as many events as possible given the waveform data
availability. We apply a semi-automatic processing and locating
method, similar to the one described in Michailos et al. (2019). In
brief, we cut all the available continuous waveform data within
the time windows around the origin times of the candidate events
(extending 10s before and 50s after the earthquake’s origin
time). We identify and pick P and S phases within the cut
waveforms, using an automatic phase picker called kpick
(Rawles and Thurber, 2015). All automatic P and S wave
phases are then manually inspected on unfiltered seismograms,
false or uncertain picks are removed, and new manual picks are
added where appropriate. This analysis yields 226 intermediate-
depth events based on 2,604 P and 1,654 S high-quality phase
picks, roughly half of which are manual.

By applying this analysis and not solely creating a composite
earthquake catalog in which we would combine information from
the two previous catalogs, we avoid inconsistencies and
heterogeneities due to the use of different location methods,
velocity models, seismic networks, magnitude scales. Also, by
applying this processing, we ensure that the earthquake catalog
is devoid of duplicate events that otherwise would be extremely
hard to distinguish if we were to use only their location information
(i.e., origin time and hypocenter). We note, however, that this
initial catalog of 226 candidate events is based on origin times from
two different catalogs that were not compiled in the same way.
Therefore this initial catalog, based on analysis of segments of the
waveform data, is likely to include inconsistencies due to the use of
different earthquake detection methods used by the previous study
Monsalve et al. (2006) and NEMRC.

To overcome this inherent heterogeneity in the catalog and
obtain a broader and more complete picture of the seismicity, we
analyze the continuous waveform data using a recently developed
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earthquake signal detector and phase picker called
EQTransformer (Mousavi et al., 2020). EQTransformer uses a
deep learning model trained on earthquake observations
(1 million earthquake and 300,000 noise waveforms) from
around the globe and synchronously performs earthquake
detection and phase picking (Mousavi et al., 2020). We use
this algorithm for the same period as our initial earthquake
catalog and only keep the additional events. We manually
inspect the additional events (in addition to the initial 221
candidate intermediate-depth events from this analysis) and
refine picks where appropriate. This process provides us with
122 additional intermediate-depth earthquakes locations. In total,
we locate 348 intermediate-depth events that correspond to high-
quality 3,852 P, and 2,765 S phase picks. This analysis also yielded
347 robust earthquake locations with hypocenters shallower than
40 km depth, which we do not investigate further.

2.4 Matched-Filter Earthquake Detection
We use matched-filter earthquake detection techniques to extend
further the intermediate-depth catalog (hypocentral depths greater
than 40 km). In particular, we use EQcorrscan (Chamberlain et al.,
2017), an open-source Python package for detecting repeating and
near-repeating seismicity. We create templates of 6s lengths
(starting 0.2s before P and S phases of earthquakes) recorded
on at least four seismic sites. Tests with different template lengths
(2, 4, 6, and 8s) were performed and templates of 6 and 8 s gave
very similar results that detected more intermediate-depth events
compared to the rest. We choose 6s over 8s templates for
computational efficiency. Templates and continuous waveforms
are down-sampled to 50 Hz and bandpass filtered between 1.0 and
10.0 Hz. We discard noisy templates that have a signal-to-noise
ratio (SNR) smaller than 4.0. After applying this analysis, we retain
277 templates (out of 348). We then scan these templates through
the continuous data spanning late 2001 till mid-2003 and calculate
network cross-correlation sums (NCCS) based on aligned single-
channel cross-correlation coefficients. When NCCS exceeds
10 times the Median Absolute Deviation (MAD) of the daily
NCCS, an earthquake detection is defined. This process
provides us with ~2,000 earthquake detections in total.

To ensure the robustness of these detections and remove false
detections, we use an automatic location process, described in
Michailos et al. (2019), that iteratively determines earthquake
locations keeping the locations that meet some given quality
criteria (i.e., earthquake recorded on at least four stations and an
RMS value < 1s). As a final quality control step, we manually
inspect all the automatically determined locations, and we obtain
64 additional, robustly located intermediate-depth earthquake
locations. This relatively low number of final earthquake
locations obtained from matched filter detection is due to the
sparse seismic network in northeastern Nepal where the majority
of our templates are located and strict quality criteria we apply in
order to maintain only the robustly located events. To check that
the matched filter detection routine performed well, we manually
inspected a subset of the initial ~2,000 matched filter detections.
These detections contained earthquake signals but were
ultimately rejected because they were detected in fewer than
four stations.
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2.5 Earthquake Location
2.5.1 Initial Absolute Earthquake Locations

We calculate preliminary absolute earthquake locations using the
probabilistic non-linear earthquake location algorithm,
NonLinLoc (Lomax et al., 2000). We consider four different 1-
D velocity models: 1) Tibet (Monsalve et al., 2006), 2) Nepal
(Pandey et al., 1995; Cotte et al., 1999; Monsalve et al., 2006), 3)
gradational version of the Tibet velocity model, 4) the global
iasp91 velocity model (Kennett and Engdahl, 1991). We examine
the effect on the hypocentral depths of the earthquakes by using
these different velocity models. Overall, all four velocity models,
apart from the one developed by Monsalve et al. (2006) for the
Nepal region, yield similar results (see more details in
supplementary material). Because the majority of the
intermediate-depth earthquakes are located near southern
Tibet; we choose to use the 1-D velocity model developed by
Monsalve et al. (2006) for the southern Tibet region that is in
agreement with receiver-function calculations (e.g., Moho depth
of ~70 km; Schulte-Pelkum et al., 2005). We use a constant Vp/ Vg
ratio of 1.77 (same value used to construct the velocity models).
We select NonLinLoc to obtain preliminary earthquake locations
as 1) earthquake locations are represented as a posterior probability
density function (PDF; that can be plotted as a cloud of possible
locations surrounding the maximum likelihood hypocenter) which
includes the effects of the location uncertainties deriving from the
seismic network geometry and arrival time calculations, 2)
NonLinLoc includes station elevation information for the
creation of the velocity grid and the calculation of the travel
times that are of great importance given the high topography of
the Himalayas. We do not apply any weighting scheme on the
quality of the picks, that is to say, all picks are equally weighted
because all picks were manually inspected and refined. During this
initial NonLinLoc run, we also calculate station corrections.

2.5.2 Final Absolute Earthquake Locations With
Station Corrections

For the final absolute earthquake locations, we improve the
accuracy of the arrival travel times by including station
corrections (estimated during the preliminary NonLinLoc run;
Supplementary Figure S6 in supplementary material). To do so,
we use the equal differential-time (EDT) function, which is
known to cope well with outliers in arrival travel times
(Lomax, 2005). Using a method like EDT, we address issues
arising from: a) the use of a 1-D velocity model for a broader
region than what it was developed for (i.e., unmodeled velocity
structures throughout the examined region), b) misidentifying
phase picks (especially for S-wave picks), or ¢) uncertain absolute
arrival times at specific sites due to interrupted or limited satellite
communication.

The robustness of earthquake locations and the accuracy of the
hypocentral depth estimates depend upon the knowledge of the
crustal structures, the number and quality of the phase picks, and
the network geometry (Pavlis, 1986; Havskov and Ottemoller,
2010). As a general rule, hypocentral depth errors increase near
the boundaries and outside of the regions covered by the seismic
networks. Keeping this in mind, we retain events with distances to
the closest station smaller than the two times their hypocentral
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depth (mean distance to closest station 72.7 + 32.5kmy;
Supplementary Figure S7 in supplementary material). We
also discard events with fewer than eight total picks, events
lacking at least two S-phase picks, and events that have a root
mean square (RMS) larger than 1 s. Hypocentral uncertainties of
absolute earthquake locations have average values of 11.4 and
14.1 km on the horizontal and vertical directions, respectively
(Supplementary Figure S8 in supplementary material).

2.5.3 Relative Earthquake Locations

To refine the earthquake locations, better examine the internal
seismicity structure, and to better identify any potential seismicity
migration, we use double-difference earthquake location
techniques. This technique leverages the high precision of
differential travel time measurements and minimizes the
effects of unknown velocity structures that may exist within
the source-receiver ray paths (Waldhauser and Ellsworth,
2000). In particular, we use HypoDD (Waldhauser, 2001) and
the 1-D velocity model of (Monsalve et al., 2006).

Of the 414 absolute earthquake locations, we are able to relocate
298 events using HypoDD. The difference in hypocentral depths
between the absolute and relative earthquake locations is generally
smaller than 5 km (90th percentile of 4.6 km; see Supplementary
Figure S9 in the supplementary material), which is smaller than
the absolute earthquake location uncertainties. We perform an
uncertainty analysis, a modified bootstrapping approach (Efron
and Robert, 1994; Waldhauser and Ellsworth, 2000), to assess the
robustness of the final relocations, and we obtain mean values of
1.2 and 2.3 km for horizontal and vertical directions.

It has to be stressed, however, that the robustness and accuracy
of these techniques are strongly dependent on the correctness of
the velocity model, along with the accuracy of the absolute
earthquake locations used (Michelini and Lomax, 2004). Thus
double-difference methods can provide a very detailed and
accurate pattern for the earthquakes within a cluster of similar
events, but the overall position of the cluster remains dependent on
the starting absolute earthquake locations and might not always be
accurate (Wolfe, 2002; Menke and Schaff, 2004). In addition to this,
the use of a 1-D velocity model over a 3-D one that is not available
for the region introduces limitations in the precision of the relative
earthquake locations (e.g., Matoza et al., 2013) caused by lateral
variations in velocity structures. Nevertheless, we proceed with
migration analysis under the assumption that the relative locations
are not adversely affected by such biases.

2.6 Magnitude Estimation

We estimate local magnitudes to quantify the earthquakes’
physical size consistently using a formula calculated by
Adhikari et al. (2015). The local magnitude scale formula we
use here was developed for the broader Nepal region and it
includes geometric spreading and elastic attenuation correction
terms. We do not include station correction terms. We
automatically define amplitude picks (4,410 in total) on the
vertical components of seismograms (band-passed 0.3-7 Hz)
in a 1-s time window starting after the S wave picks, using a
utility function from the EQcorrscan Python package
(Chamberlain et al., 2017). Amplitude picks are measured on
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and DCFZ is the Dhubri-Chungthang fault zone. Framed numbers 1 and 2

shown in Figures 3, 4.

synthetic Wood-Anderson seismograms on the vertical
components. We use the vertical components as they have
been found to be less sensitive to local amplification effects
(Havskov and Ottemdller, 2010).

Using the amplitudes and the formula, we calculate magnitudes
at individual seismic sites and the average value of these is kept as the
earthquake’s magnitude. Because the local magnitude formula was
initially developed for a different region (i.e., broader Nepal region),
we examine the consistency and robustness of our magnitude
estimates by comparing a sample of our magnitudes to the ones
from the same earthquakes recorded by existing catalogs (NEMRC;
Monsalve et al.,, 2006). Our local magnitude estimates are on average
0.38 + 0.07 (95% CI) magnitude units underestimated compared to
magnitude values of Monsalve et al. (2006) and NEMRC, but

provide consistent estimates within our dataset, which is essential
for the spatio-temporal analysis performed here (Supplementary
Figure S10 of the supplementary material). In addition, we calculate
the magnitude residuals, and we find no bias with hypocentral
distance (Supplementary Figure S11 supplementary material).

3 RESULTS

3.1 Spatial Distribution of Intermediate
Depth Seismicity

We present 414 high-quality intermediate-depth earthquake
locations beneath the central Himalayas orogen spanning from
late 2001 through mid-2003. Hypocentral depths of the seismic
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activity range from 40 to 100 km (average focal depth of 65.8 km).
Estimated local magnitudes M range from 0.79 to 4.51. The
overall spatial distribution of seismicity is similar to those
observed by previous studies (e.g., Pandey et al, 1999
Monsalve et al., 2006; de la Torre et al., 2007; Velasco et al,
2007; Diehl et al., 2017).

The majority of the intermediate-depth earthquakes (248
events) are clustered in a region near southern Tibet and
northeastern Nepal (box in Figure 2) with hypocentral depths
generally larger than 60 km. Epicenters within this cluster of events
align on a west-northwest to east-southeast oriented sub-linear
structure in the vicinity of the Higher Himalayas. We refer to this
cluster as “Cluster 1” hereafter. Cluster 1 is composed of two main
linear features, one strikes at west-northwest to east-southeast (N
~105°), and one strikes northwest to southeast (N ~140°), as it can
be clearly seen in the inset of Figure 2 highlighted by the cross-
sections A-A' and C-C, respectively. The two main linear features
appear not to merge at their endpoints but rather slightly to the
west of the eastern end of the N ~105° segment. The lateral
termination of seismicity in Cluster 1, especially at its western
edge, is considered a natural feature and not an artifact observed
due to limitations of the seismic network.

The hypocentral distribution of seismicity in Cluster 1 is generally
uniform, with a mean value of 68.7km. Figure 3 depicts the

hypocentral depths along the profiles highlighted in the inset of
Figure 2. Seismicity depths are generally constant along the length
of the profile A~A' ranging from 58 to 78 km within their respective
hypocentral errors. Seismic deformation occurs within a ~150 km
long and ~35km wide (across strike) zone (profile B-B'). In the
southeastern section of Cluster 1 (Figure 4), depths range mostly
between 60 and 75 km within uncertainties. Seismic deformation there
takes place in a narrower zone compared to profile A-A’ (~60 km
long and ~30 km wide zone) and seismicity rates are higher here
compared to near A-A' profile. A significant number of events along
C-C' are clustered near the 70km depth velocity model layer
boundary, which represents the Moho, as distance to closest
station increases from C to C. This location artifact is due to the
velocity jump in the 1D velocity model we use here that causes
discontinuities in the travel times (e.g, Havskov and Ottemoller,
2010). For more details on this, refer to the Supplementary
Section 1.2.

We also observe another cluster of intermediate-depth earthquakes
(depths generally >35 km) located in southeastern Nepal (Cluster 2;
Figure 2). This cluster forms a east-northeast to west-southwest
structure and is very close to the hypocenter of the lower crustal
M 6.5 1988 Udayapur earthquake (Chen and Kao, 1996). Previous
studies (e.g., Pandey et al,, 1999) that used a different dataset than the
one presented here, suggested that Cluster 2 seismicity there might be
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related to the aftershock sequence of the M6.5 Udayapur earthquake.
Given the time span of our dataset here (19 months), we can not
conclude whether Cluster 2 is part of the aftershock sequence or not, as
there is no noticeable decrease in the frequency or magnitudes of the
events with time (see Figure 5). Shallow seismicity (<40 km; Figure 2)
delineates the seismicity at the mid-crustal ramp on the southern front
of High-Himalaya, as well as the Dhubri-Chungthang fault zone
(DCFZ) across southwestern Bhutan previously highlighted by
(Velasco et al., 2007; Diehl et al.,, 2017).

3.2 Spatio-Temporal Evolution

In the following sections we examine a number of different
properties of the seismicity: rate of seismicity, inter-event
times, magnitude frequency distributions, and potential spatial
migration rates.

3.2.1 Rate of Seismicity and Inter-event Times

Seismic activity near southern Tibet and Northeastern Nepal
(Cluster 1) is remarkably continuous throughout the examined
period (Supplementary Figure S13 in supplementary material).
Figure 5 shows the distribution of magnitudes with time for the
two defined clusters. The magnitude detection threshold is ~1.4
for the examined time period (lower detection threshold of
around 1.0 in mid-2002 for Cluster 1). Cluster 1 contains
several M > 4.0 events that do not appear to have any clear

aftershocks. That is to say, magnitudes between the largest event
and the next largest event is very small (e.g., 0.2 magnitude units).
In contrast, for a mainshock-aftershock sequence, the magnitude
difference between the mainshock event and the largest aftershock
is usually 1.2 magnitude units (Bath, 1965). Cluster 2 has a steady
occurrence rate for events with magnitudes ranging from 3.0 to 3.5.

The rate of seismic activity is relatively constant for the full
catalog with sporadic slight accelerations (Figure 5). We also observe
a change in seismicity rates with the evolution of the seismic network
that coincides with the start of operation of the Hi-CLIMB network
and the occurrence of several events in western Nepal (October 2002;
Figure 5). Cluster 1 exhibits the high and constant rates until mid-
late October 2002 (end of operation for HIMNT network) and later
on, seismicity rates decrease significantly. Cluster 2, near Udayapur,
has a relatively constant detection threshold and remarkably low
seismicity rates, suggesting a balance in stress release.

The time between successive events, inter-event times, for
the two clusters is shown in Figure 6. The majority of events
from Cluster 1 exhibit relatively large inter-event times of
between a day and 10 days. Cluster 2 has the largest inter-
events times (>2 days on average). The lowest inter-event times
(between a couple of hours to 15 min) are presented by events
outside the two defined clusters (gray crosses in October 2002;
Figure 6). These events are located in the western Nepal region.
There is no apparent indication of mainshock-aftershock
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distribution of the events.

sequence that would be highlighted by a series of short inter-
event times.

3.2.2 Magnitude Frequency Distribution

Gutenberg-Richter distributions are generally used to describe
the relative numbers of small and large earthquakes (Gutenberg
and Richter, 1942). Local magnitude estimates in the full catalog

range from 0.79 to 4.51 with a magnitude of completeness of
M. = 2.4. We calculate M. with the maximum curvature method
(Wiemer and Wyss, 2000), applying 0.4 magnitude units upward
correction similar to Woessner and Wiemer (2005). We calculate
b-values by fitting the cumulative density function with a power-
law above the magnitude of completeness and obtain a b-value of
0.91 + 0.004 for the full catalog (Figure 7). Cluster 1 has a larger
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magnitude of completeness (i.e., M. = 2.85) and a slightly higher
b-value (0.96). Clusters 2 has a relatively small number of events
(61) to obtain a robust b-value estimate.

3.2.3 Seismicity Migration Rates

We seek to identify any potential seismicity migration pattern
focusing on Cluster 1 that lies beneath and North of the high
Himalayas and Mount Everest. Spatial or temporal seismicity
migrations generally occur within swarm sequences and not
within mainshock-aftershock sequences (e.g., Vidale and
Shearer, 2006; Fischer and Hainzl, 2021). Seismicity migrations
can be used as proxies for pinpointing potential mechanisms as
drivers for seismogenesis (e.g., Shapiro et al., 1997; Lohman and
McGuire, 2007; De Barros et al., 2020).

We visually examine the earthquake’s occurrence time versus
the distance along strike and perpendicular to cross-section A-A'
from Figure 2 to identify any potential patterns. Figure 8 depicts
the evolution of seismicity in time and space within cross-section
A-A’. Data points are color-coded according to the along-strike
distance, by doing so we ensure that any observed perpendicular
to the strike pattern occurs in the same place and not far away
from each other. We observe a sequence of 5-6 events that could
potentially be characterized as seismicity migration (i.e., the
sequence on November 17, 2001 in Figure 8 highlighted by a
black arrow). We do the same for cross-section C-C’ (Figure 9)
and do not observe any clear example of a sequence of events that
stand out with a similar number of events.

Himalayan Intermediate-Depth Seismicity

To examine this potential migration pattern in more detail and
possibly identify more sequences, we perform additional analysis
(see supplementary material for detailed information). In this
analysis, we examine the evolution of all succeeding events in our
catalog by calculating the difference in time and distance of each
event to its successive events and keeping those groups that are
sufficiently close within a 3D volume with respect to any first
event (time and space window of 20 days and 20 km). We found
four such sequences that satisfy these criteria and exhibit
apparent migration patterns. This relatively small number of
sequences does not allow a robust quantitative estimation for
diffusion rates, directivity, magnitude variation, or migrations
velocities. We can, however, report that all the examined
sequences generally fit with simple models of linear or
diffusive migration, with rates of the same order of magnitude:
for linear seismicity migration velocities at < 1.0 km/day, and for
hydraulic diffusivity values <1.0 m°/s.

4 DISCUSSION

We present the most detailed intermediate-depth earthquake
catalog, comprised of 414 events with high-quality locations for
the central Himalayas to date. Combining this with information
from previous seismicity studies (e.g., Dichl et al., 2017), we have
been able to observe a potential connection of the intermediate-
depth seismicity across the DCFZ to the Shillong plateau for the
first time. We start with continuous data and apply a systematic
processing routine to all the available data. By applying this analysis
that includes modern detection techniques (e.g., Mousavi et al.,
2020), we avoid inconsistencies that may arise by combining
earthquake catalogs constructed using different detection,
picking and location methods and extend the number of
intermediate-depth earthquakes previously located in the region
(i.e., 139 events; Monsalve et al., 2006).

Using this earthquake catalog, we examine the seismicity
characteristics at depths >40 km beneath southern Tibet and the
central Himalayas. Overall, we observe a mostly monotonous
pattern of seismicity: no clear mainshock-aftershock sequences,
relatively large inter-event times, almost constant seismicity rates,
small difference in magnitude units between largest and second
largest events, and potential indications for spatial migrations
based on a few examples. The nearly continuous seismic activity
and the evidence of potential seismicity migration within sequences
of succeeding events at reasonable rates we observe here allow for
the interpretation that fluids and metamorphic dehydration
reactions to play a role in seismogenesis within a hydrous ILC
beneath the high Himalayas. Laboratory experiments on natural
hydrous granulites deformed at various pressure-temperature
conditions fracture within both granulite and eclogite stability
fields (Incel et al, 2017). Metamorphic dehydration reactions
densify rocks (i.e., reduction in volume) and create a network of
fractures in the ILC where at least locally permeability can be high.
This behavior and relation to dehydration embrittlement is also
suggested by a moment tensor solution that includes a clear
isotropic component, obtained for one of the largest
intermediate-depth events calculated by Alvizuri and Hetényi
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FIGURE 9 | Same as Figure 8 but for cross-sections C-C’ and D-D.
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(2019) that is also within our catalog (focal mechanism VII in
Figures 1, 2). This interpretation could be strengthened with
additional analyses, including stress drop estimations, but the
limited data and lack of path and site terms restricted this
possibility. While the few sequences we identified here could
represent fluid migration following dehydration reactions,
metamorphic arguments can be put forward for single events as
well. An example of such a single event includes a magnitude 4
earthquake (M = 4.5, 6th of June 2013, 19:01:03 UTC) that
occurred in the lower crust at ~76km depth in northern
Bhutan, a region covered at the time by GANSSER temporary

seismic network (Diehl et al., 2017; Singer, 2017). Despite the dense
coverage of the seismic network, no aftershock was observed for at
least a year (e.g., Dichl et al., 2017). This single event could be an
indication that rocks near the earthquake’s hypocenter have
undergone metamorphic reactions. The freed fluids likely
escaped on pre-existing pathways and no further surrounding
rock masses were ready to react similarly, hence the
dehydration process triggered a single event and no aftershocks.

As an alternative interpretation, the nearly constant seismic
activity could be due to the background microseismicity of the
area and depth range. In that case, tectonics can be the
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FIGURE 10 | Three dimensional view of seismicity near Dhubri-Chungthang fault zone (DCFZ) and Cluster 1. Hypocenter locations determined in this study, located
in Cluster 1, are colored according to their hypocentral depths (see color scale) and the rest of the events in the catalog are depicted with gray crosses. Black circles show
the seismicity located by Diehl et al. (2017) in the vicinity of DCFZ. Stars show the M6.9 2011 Sikkim Himalaya earthquake hypocenters provided by the U.S. Geological
Survey (USGS) and the Global Centroid Moment Tensor (GCMT). Question marks depict the region where the DCFZ seismicity could be connected to Cluster 1,
possibly through the M6.9 event. Inset shows the map view of the seismicity. For a more detailed view of the seismicity see also Supplementary Video S1.

mechanism controlling seismogenesis at such depths beneath the ~ southeast. Considering the location uncertainties and a ~50 km
central Himalayas. One could expect tensional fracturing due to  of subsurface rupture length obtained by empirical relations of
the bending of the Indian plate from north-dipping back to ~ Wells and Coppersmith (1994) for the M6.9 2011 Sikkim
horizontal; however, the observed focal mechanisms (Figure 1;  Himalaya earthquake, this major event could represent the
de la Torre et al. (2007)) show mostly strike-slip and some  connection between the DCFZ and the N140°-striking part of
transtensional events along the N105° striking part of Cluster ~ Cluster 1, and propagate the dextral deformation further
1. The strike-slip component here can be explained with the  beneath the orogen, possibly continuing as a tear fault along
dextral basement fault zone that separates the Shillong block and ~ the N105°-segment (see focal mechanisms in Figure 1). The
India (Vernant et al, 2014), with active seismicity (see next counterargument for this tectonic interpretation is the lack of a

paragraph); it can also be an inherited tectonic feature, = mainshock-aftershock sequences in our catalog. But a longer
continuing the rift zone related to the formation of the  catalog and therefore observation time is required.
Shillong Plateau as presented in (Talwani et al., 2016). The intermediate-depth seismicity analyzed here is likely to

The linear N140°-striking part of Cluster 1 (Figure 2  include hypocenters that occurred both in the lower crust and in
including the shallow seismicity <40 km depths) appears to  the upper mantle. It has to be stressed though, that the
be a continuation of the Dhubri-Chungthang fault zone  hypocenter uncertainties in our earthquake locations make it
(DCFZ) that is identified from the NW corner of the  impossible to determine whether the intermediate-depth
Shillong Plateau, crossing southwestern Bhutan and then  seismicity takes place below or above the Moho (70-75km
beneath Sikkim (e.g., Diehl et al, 2017). A more detailed  in Southern Tibet by receiver function analysis; Schulte-Pelkum
view of this can be found in Figure 10 (and Supplementary et al., 2005; Nabélek et al., 2009), or, likely, both; similarly, it is
Video S1) that shows a 3D view of the intermediate-depth ~ currently impossible to estimate how thick the Moho as a
earthquake hypocenters in conjunction with the shallower  vertical velocity-transition is. Further analysis (e.g., waveform
events located near the DCFZ zone by Diehl et al. (2017).  fitting analysis) is required to distinguish between lower crustal
The hypocenter of the M6.9 2011 Sikkim Himalaya earthquake  and upper mantle events, which is beyond the scope of this paper. It
is also shown in Figure 10 (both GCMT and USGS solutions).  should also be noted that the catalog presented here is relatively
The significant discrepancies in location from different  sparse due to the network’s geometry and the large hypocentral
seismological institutions for the M6.9 2011 Sikkim  depths, and thus a more dedicated seismic network could provide a
Himalaya earthquake make it rather unclear whether the  more complete and higher resolution picture of seismicity. In
earthquake occurred within Cluster 1 or farther away to the  addition to this, our catalog only covers a year and half of the
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ongoing seismic deformation with high-quality locations, that is only
a small snapshot with respect to typical dehydration periods
(~1,000 years) compared to calm metamorphic times (Malvoisin
et al., 2020). Therefore, potential future directions should include
longer and denser seismic networks in the region that can help
provide more robust locations along with modeling studies of rock
mechanics. More detailed intermediate-depth event sequences could
afford comparisons with sequences in shallower contexts that could
potentially shed more light on whether these intermediate-depth
events are tectonic, fluid related, or a mix of the two.

5 CONCLUSION

We present the most comprehensive, high-quality catalog of
414 intermediate-depth earthquakes that occurred in the
central Himalayas between late 2001 and mid-2003.
Intermediate-depth earthquakes are mainly concentrated
in a 55-80km deep cluster within two linear
interconnected segments: a N105°-striking segment in
southernmost Tibet adjacent to northeast Nepal, and a
N140°-striking segment. The latter segment is likely
connected to the M6.9 2011 Sikkim earthquake and the
Dhubri-Chungtang fault zone cutting across the Himalayas, a
connection that is observed for the first time. Seismicity there
presents the following characteristics: 1) absence of mainshock-
aftershock sequences, 2) small largest to next largest magnitude
differences, 3) relatively constant seismicity rates, 4) inter-event
times mostly >1day, 5) a few sequences with potential spatial
migration of generally <1.0 km/day. Our results, and particularly
the absence of mainshock-aftershock sequences, suggest that
eclogitization reactions that densify the hydrous Indian lower
crust (ILC) could locally increase permeability and cause brittle
failure. On the other hand, a tectonically inherited dextral
deformation zone propagating beneath the orogen, and
continuing as a westward tear fault beneath southernmost Tibet,
is also a plausible scenario. We note that these two explanations are
not mutually exclusive, and given the available data, no argument
can be made on which one plays the most important role for
seismogenesis. Further advances in this research can be obtained
with longer observation times, as well as by opening access to
seismological waveform data from all past, ongoing and
forthcoming seismic networks and experiments.
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