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Introduction

The April 25, Mw 7.8 earthquake near Gorkha sourced 
~80 km west-northwest of Kathmandu is the most recent 
event associated with the Himalaya convergence (Fig. 1a). 
Quite surprisingly, the earthquake was followed by a major 
aftershock on May 12 (Mw 7.3), located 75 km east-
northeast of Kathmandu, which added to the huge damage 
already inflicted by the main shock. The central Hima-
laya, including parts of western and central Nepal, located 
between the rupture zones of the Mw 7.8, 1905 Kangra and 
Mw 8.2, 1934 Bihar earthquakes, is considered to be a seis-
mic gap that holds potential to generate major earthquakes 
(Khattri 1987; Bilham et al. 2001; Rajendran et al. 2015). 
Thus, the April 25 event at the eastern end of the putative 
central seismic gap was not a surprise, but its large after-
shock sourced ~140 km away from the main shock, a fort-
night later, was unexpected since such delayed large after-
shocks sourced on the fringes of the main shock rupture 
are rare (Henry and Das 2001; Elst and Shaw 2015). As 
for the Himalaya plate boundary, which has produced sev-
eral large/great earthquakes, there are no known precedents 
for such occurrences during the modern-instrumentation 
period. The only exception from historic evidence is the 
Dehra Dun earthquake that occurred ~150 km away from 
the source location of the 1905 Kangra earthquake (Hough 
and Roger 2008). In this study, we begin by assuming that 
the second event (Mw 7.3) was an aftershock, since it falls 
within the rupture extent of the Mw 7.8 event that occurred 
3 weeks prior to it. However, we redefine the later event 
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as a triggered aftershock based on results reported in this 
paper. That both these earthquakes did not cause any seri-
ous damage in the northern Indian plains was also surpris-
ing because it is contradictory to the general perception that 
rupture from large central Himalayan earthquakes is likely 
to propagate southward (e.g., Mw 8.2, 1934 Bihar–Nepal 
earthquake). Damage from the main shock was mostly con-
fined to the Kathmandu Valley with minimal effects in the 
northern Indian plains, and unlike the 1934 event, it did not 
cause any liquefaction in the north Indian plains, suggest-
ing low shaking effects in these regions (Parameswaran 
et al. 2015).

Large earthquakes are believed to originate on the Main 
Himalayan Thrust (MHT), the décollement, along which 
the northern fringe of the Indian plate underthrusts the 
Himalaya at a rate of approximately 20 mm/yr (Lavé and 
Avouac 2000; Fig. 1b). Prevailing models suggest that the 
consequent slip is relayed to the southern, younger thrust 
fault systems, and thus the ruptures of MHT earthquakes 
are expected to emerge at the Main Frontal Thrust (MFT) 
(Seeber and Armbruster 1981). However, as the fault-
propagation folding absorbs much of the slip, evidences 

for surface slip are subtle or nonexistent (Yeats and Lillie 
1991). The proposed mechanism of southward transmission 
of slip is validated by trenching observations in the foot-
hills of the Himalaya that have exposed fault offsets from 
the 1934 and older events (Sapkota et al. 2013; Rajendran 
et al. 2015). There are also other modes of slip as observed 
in the case of the Mw 7.6, 2005 Kashmir earthquake that 
produced a ~70-km-long primary surface rupture, with a 
maximum vertical offset of 7 m (Kaneda et al. 2008). How-
ever, it may be noted that this earthquake was sourced on 
the morphologically conspicuous, Balakot-Bagh fault in 
the sub-Himalaya, tangential to the MBT, and is consid-
ered quite different from a typical décollement earthquake 
(Kaneda et al. 2008). Hussain and Yeats (2009) interpret 
that the Balakot-Bagh fault is in fact a part of the Indus-
Kohistan Seismic Zone (IKSZ), a reverse-faulting region 
extending from ~72.5°E to ~74°E paralleling the MBT in a 
NW–SE direction, as reported by Armbruster et al. (1978). 
Another notable earthquake is the Mw 7.0, 1991 Uttarkashi 
earthquake that presumably originated on the MHT, but its 
rupture was modeled as arrested at the base of the crustal 
ramp (Cotton et al. 1996).

Fig. 1  Map showing large 
and great earthquakes in the 
Himalaya (1991 Uttarkashi 
has Mw < 7; however, it 
is discussed in the text). a 
Black stars historical events 
(Mw ≥ 8): A.D., 1897, 1905, 
1934, 1950. Other significant 
large earthquakes: A.D., 1803, 
1833, 2005 events. Green stars 
2015, Mw 7.8 and Mw 7.3 
earthquakes. Colored circles 
background seismicity; 1977 
present (6.5 > Mw ≥ 4.5). 
Colored beachballs focal 
mechanisms of events with 
8 > Mw ≥ 6.5. Gray arrows 
GPS convergence rates in mm/
yr (after Stevens and Avouac 
2015). TG: location of Thak-
kola Graben marked by solid 
line (after Ader et al. 2012). b 
Generalized cross section of the 
central Himalaya showing the 
Main Central Thrust (MCT), the 
Main Boundary Thrust (MBT), 
and the Main Frontal Thrust 
(MFT). Detachment plane coin-
cides with the Main Himalayan 
Thrust (MHT). c Rectangular 
region from (b); CF is channel 
flow (after Hodges 2006); MFT, 
MBT, MCT are the same as in 
Fig. 1b (after Rajendran et al. 
2015). South Tibetan Detach-
ment (STD)
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Based on field observations and source models, most 
researchers have ruled out propagation of the 2015 rupture 
to the MFT, and assign much of the slip to the MHT, the 
detachment plane to which the former soles into (Goda 
et al. 2015; Parameswaran et al. 2015; Avouac et al. 2015; 
Fan and Shearer 2015; Yagi and Okuwaki 2015; Hayes 
et al. 2015). Most field surveys also rule out the possibil-
ity for any potential surface rupture, with the exception of 
Parameswaran et al. (2015) who reported ground cracks/
fractures, located to the south of a physiographic transi-
tion and out-of-sequence thrust (PT2), discussed widely in 
the literature (Fig. 1c; Wobus et al. 2006b; Hodges 2006). 
Subtle, but spatially consistent with the coseismic deforma-
tion observed on the InSAR imagery (Lindsey et al. 2015), 
these surface breaks were interpreted as evidence for the 
potential role of such thrust systems in accommodating slip 
from earthquakes on the MHT. This event is the first large 
modern-day earthquake in the central Himalaya, which 
unlike its 1934 predecessor, terminated ~50 km north of 
the MFT (Angster et al. 2015). The 2015, Mw 7.8 event 
shows striking resemblance to the 1833 earthquake, an M 
7.6 event that struck ~100 km ESE of its epicenter, in terms 
of damage and occurrence of a blind rupture (Grandin et al. 
2015). Although not within the same section of Himalaya, 
the 1905, Mw 7.8 earthquake did not propagate beyond the 
Jwalamukhi fault (Hough and Roger 2008), similar to the 
style observed in the 2015 earthquake.

There are no other modern-day large earthquakes 
sourced in the Nepal Himalaya to suggest whether 
their rupture mechanisms are different from its histori-
cal and recent precedents (e.g., 1934 Bihar–Nepal, 1991 
Uttarkashi, 2005 Kashmir). While several notable recent 
works have produced reasonably concurring models on 
the 2015 earthquake (Avouac et al. 2015; Fan and Shearer 
2015; Yagi and Okuwaki 2015; Hayes et al. 2015), there 
remains a lack of accord on the associated structures. In 
particular, there is no consensus on the role of heterogenei-
ties in controlling the rupture. In this paper, we present slip 
models, static stress changes, growth of aftershock area, 
and surface deformation of the 2015 events, to comment 
on the potential role of structural heterogeneities in the 
rupture process and its relation with the regional morpho-
tectonic framework. Here we start with a brief summary of 
the seismotectonic setting of central Nepal Himalaya and 
discuss the source characteristics of the April–May pair of 
earthquakes.

Seismotectonics of Nepal Himalaya

The central Nepal Himalaya is considered as a clas-
sic example of continent–continent collision, where the 
underthrusting of Indian Plate has occurred along sev-
eral, roughly east–west-trending fault zones, within a 

~100-km-wide belt (Le Fort 1975; Hodges et al. 2001). The 
general structure of the Himalaya collision zone is defined 
by a series of gentle, north-dipping, thrust faults that grow 
progressively younger southward (Fig. 1a, b). The oldest 
and the northernmost is the Main Central Thrust (MCT), 
which formed ~24–21 Ma ago. This is followed by the 
Main Boundary Thrust (MBT), believed to have been active 
until ~5 Ma ago, and the youngest and southernmost, the 
~2 Ma, Main Frontal Thrust that shows continuing defor-
mation (MFT) (Lavé and Avouac 2000; DeCelles et al. 
2001). Both MCT and MBT sole into the Main Himalayan 
Thrust (MHT), the active parts of which are estimated to 
absorb 19 ± 2.5 to ~21 mm/yr of shortening (Bettinelli 
et al. 2006; Lavé and Avouac 2000).

North of the active collision boundary, this segment 
of the Nepal Himalaya accommodates significant crustal 
shortening and uplift on the MHT ramp, giving rise to sev-
eral spectacular orogenic landforms. For example, some 
of the tallest peaks such as the Annapurna and Mt. Ever-
est, ~20 km north of the MCT, are located in this segment. 
Recent estimates of convergence rates suggest lateral vari-
ations along the strike of the Himalaya, from 13.3 ± 1.7 
to 18.5 ± 1.8 mm/yr eastward in the western Himalaya 
(Ader et al. 2012; Stevens and Avouac 2015). Further east, 
convergence rate increases to 20.2 ± 1.1 mm/yr, followed 
by a drop to 19.4 ± 1.4 mm/yr, and between ~86.5°E and 
91.5°E it drops further to 17.6 ± 0.9 mm/yr (Fig. 1a). Such 
variations have perhaps controlled the geomorphologic evo-
lution, as evidenced by the presence of the Thakkhola Gra-
ben (TG) in the eastern Nepal that has developed between 
two segments with different convergence rates (Ader et al. 
2012). An alternate explanation for the formation of TG is 
the E–W extension similar to that seen in Tibetan region as 
evidenced by great strike-slip earthquakes such as the M 8 
1951 Beng Co event (Armijo et al. 1989).

The geometry of the thrust system, and the evidence 
for recent surface faulting events observed along the trace 
of the MFT would suggest larger uplift rates in the lower 
Himalaya compared to that in the higher Himalaya. How-
ever, it has been observed that the highest peaks are not 
within the MFT, but are located 100–150 km to its north 
(Lavé and Avouac 2000). Some authors attribute such dras-
tic changes in physiography and higher uplift rates to the 
presence of a mid-crustal ramp in the MHT (e.g., Cattin 
and Avouac 2000). Existence of a crustal ramp is supported 
also by the pattern of microseismicity recorded by a 5-sta-
tion network (Pandey et al. 1999) as well as the Himala-
yan Nepal Tibet Seismic Experiment (HIMNT) (Monsalve 
et al. 2008). Nábelek et al. (2009) sites the presence of a 
low-velocity zone beneath Nepal Himalaya which they 
ascribe to the underthrusting of a shallow MHT under-
neath the Gangetic sediments in the Lesser Himalaya and 
the consequent release of water. A ~250-km-long, arcuate 
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patch of strike-slip earthquakes sourced at 60–100 km 
depth, located south of the Tibetan plateau, between 86°E 
and 88°E longitude (de la Torre et al. 2007) is perhaps a 
unique aspect of the seismicity of eastern Nepal. Rajendran 
et al. (2011) consider this as an evidence for extension due 
to slab pull within the leading edge of the subducting plate, 
citing the example of the Mw 6.9, 2011 Sikkim event, 
the most recent and the largest to fall in this category of 
deep-crustal, upper-mantle, strike-slip earthquakes to have 
occurred here.

Although the MCT is considered mostly inactive, some 
studies suggest its recent reactivation including a major 
displacement around ~5.5 Ma in the Nepal Himalaya (See-
ber and Gornitz 1983; Hodges et al. 1996). More recent 
studies based on stream-profile analysis and 40Ar/39Ar 
thermochronology have led to the identification of a 
prominent physiographic break named PT2, which some 
researchers consider as an out-of-sequence thrust that 
separates the southern regions of moderate elevation 
from those of higher elevations in the north (Burbank 
et al. 2003; Wobus et al. 2003, 2006a, b; Hodges et al. 
2004). Located within a few tens of kilometers south of 
the MCT, these workers consider this structure a zone of 
active uplift and erosion (Fig. 1c). Studies have also linked 
the high uplift rates to channel flow and ductile extrusion 
from the Southern Tibetan plateau, leading to acceler-
ated surface denudation focused along the southern mar-
gins of the MCT (Beaumont et al. 2001; Hodges 2006). 
The sequential reorganization of drainage pattern reported 
in the southern Tibet (Clark et al. 2004) and the eclog-
ite formation on Kakhtang thrust in Bhutan attributed to 
pulsed-channel flow (Hollister and Grujic 2006) are also 
supportive of the extrusion theory. However, the exist-
ence of channel flow remains debated and at this point and 
we restrict our discussion to the physiographic break as 
related to an out-of-sequence thrust.

Aside from the out-of-sequence thrust theory, the steep-
ness of the ranges in the higher Himalaya is attributed to 
the growth of duplex zones. This region of the Himalaya 
is believed to have undergone continuous growth over the 
past 10 Myr, primarily due to the underplating, following 
the growth of duplex zones in the Lesser Himalaya (Her-
man et al. 2010). The few crustal images available for 
these regions based on the HIMNT data suggest relatively 
low VP/VS ratio at depths from the surface to 40 km below 
the sea level for regions located north of latitude 27.5°N 
(Monsalve et al. 2008). Finer imagery of the geometry of 
the duplex zones, higher resolution of the velocity anoma-
lies, and further confirmation on the presence or absence of 
channel flow is possible only with more geophysical mode-
ling of the region. Admittedly, there are limitations for seis-
motectonic interpretations, as observed for the 2015 pair of 
Nepal earthquakes, until such finer images are available.

Definition of the problem

Previous studies have attempted source models, rupture 
directivity, InSAR-based deformation, synthesis of after-
shock data, and other studies provide considerable informa-
tion about the 2015 earthquakes. For example, backprojec-
tion models of high- and low-frequency P-waves by Fan 
and Shearer (2015) suggested a multiple asperity model 
and a complex three-stage rupture process. Rupture com-
plexity was implied also by Avouac et al. (2015), who used 
teleseismic records and SAR data to suggest a ~140-km-
long eastward rupture possibly arrested by a zone of lower 
stress or a rate-strengthening patch of the MHT. On the 
other hand, the hybrid backprojection model by Yagi and 
Okuwaki (2015) suggested an irregular deceleration of rup-
ture before it arrested at its eastern limit, which they attrib-
uted to heterogeneity in the stress drop. Based on in-depth 
finite fault modeling using teleseismic and geodetic data, 
and careful analysis of previous events, Hayes et al. (2015) 
conclude that this segment of the Nepal Himalaya is quite 
distinct in seismicity and source mechanism.

The aftershock that occurred 17 days later and located 
~140 km away from the main shock is the first post-instru-
mentation example of its kind in the Nepal Himalaya. In 
fact, the aftershock was sourced close to the zone of ini-
tial rupture arrest, and the subsequent shocks formed a 
tight spatial cluster west of 86.5°E (Fig. 2). Adhikari 
et al. (2015) used ~3000 aftershocks spanning over the 
first 45 days to suggest that the rupture was centered on 
the Kathmandu klippé, in line with previous suggestions 
on the role of mid-crustal ramps in localizing seismicity 
(e.g., Pandey et al. 1999). These authors also suggest that 
the Mw 7.8 event may have ruptured the region broken by 
a previous event of similar magnitude (1833, M 7.6). It is 
quite possible that this segment of Nepal Himalaya exhibits 
a distinctive rupture style, and it might or might not have 
mimicked the 1833 rupture (Martin et al. 2015). Given the 
incompleteness of historic evidence, it is premature to con-
clude whether the 2015 rupture overlaps with that of 1833.

In light of previous studies which have used a variety 
of data and methods, it is clear that the April 2015 rupture 
originated on the MHT, propagated eastward, without mov-
ing up-dip to the MFT. Therefore, most of the slip remains 
confined to the Kathmandu region, and left the Indo-
Gangetic plains in the south relatively unaffected. It has 
also been noted in these works that heterogeneities in the 
area of rupture may have played a considerable role in con-
trolling the path and magnitude of the rupture, and relayed 
stresses to regions south of the fault plane. It is, however, 
still unclear (1) what caused the along-strike termination of 
the rupture and aftershocks, (2) what is the nature of the 
heterogeneity, if any, that could have caused these abrupt 
terminations, and (3) how the static stress has changed in 
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the surrounding regions. This paper explores possible struc-
tural controls hosted within the Nepal Himalaya that could 
address some of these issues.

Methodology

This study uses aftershock data, slip distribution, and Cou-
lomb static stress changes to understand the source charac-
teristics of the 2015 pair of Nepal earthquakes, in particular 
the relation between the two events and their connection 
to the regional tectonics. We use the aftershock data to 
map the spatial and temporal growth, with respect to the 
slip and stress distributions. To compute the slip, we use 
moment inversion of teleseismic body waves (Kikuchi 
and Kanamori 1991, 2003). Some recent papers have dis-
cussed source models that provide estimates of slip distri-
bution and their temporal growth within the rupture zone 
(e.g., Avouac et al. 2015; Fan and Shearer 2015; Yagi and 
Okuwaki 2015; Hayes et al. 2015). These studies suggest 
the potential role of multiple asperities in the spatio-tem-
poral growth of slip. Our source models for the two earth-
quakes are similar to previous studies in terms of both 
magnitude and distribution of slip, and here we use them 
to explore any possible structural connection with the pur-
ported out-of-sequence thrusting. We use Coulomb static 
stress changes induced by the April 25 event (Coulomb 3.0, 
USGS) to explain the large aftershock on May 12. Pub-
lished schematic models for Nepal Himalaya (e.g., Hodges 
2006; Wobus et al. 2006a, b) provide the basic framework 

for the 2-D projections of slip along the various transects 
(Fig. 2).

Aftershock data

For the purposes of this study, we have used the aftershock 
data from Adhikari et al. (2015). We use 553 well-located 
aftershocks of magnitude ML ≥ 4 and depth <60 km, col-
lected by the National Seismological Centre, Nepal, over 
a period of 45 days after the mainshock. The events show 
an abrupt termination ~86.5°E, which at the outset sug-
gest a structural control (Fig. 2). Three transects were taken 
through the region of aftershocks to analyze their depth 
distribution along selected profiles. Of the three profiles 
N1–N1′ and K–K′ are perpendicular to the general struc-
tural trend (~strike 293°), the former cutting through the 
source zone of the Mw 7.8 event, and the latter through the 
Kathmandu basin. A third profile N2–N2′ that traverses the 
aftershock zone of the Mw 7.3 event is not exactly perpen-
dicular to the structural trend, but has a different strike of 
312°, made to coincide with the strike of the fault plane of 
the May 12 earthquake (Fig. 2). These transects are dis-
cussed in detail later.

Moment inversion using teleseismic body waves

Waveform data for moment inversion of the April 25, 2015, 
Mw 7.8 event was obtained using Wilber-3 tool from the 
Incorporated Research Institutions for Seismology-Data 
Management Centre (IRIS-DMC) database, for both P- and 
SH-waves. We used 34 P-waves and 6 SH-waves, from 36 
Global Seismic Network (GSN) broadband stations (Fig. 
fs1; fs – figures in supplementary material). The first 100 s 
of P- and SH-waves were chosen from epicentral ranges 
of 30°–90° and 30°–70°, respectively, to avoid PP, SS, and 
SKS contamination. A high-pass filter of 0.002 Hz was 
used to remove long-period waves that could have been 
generated during the integration step to convert the signals 
from velocity to displacement. A low-pass filter of 1 Hz 
was used to remove high-frequency signals generated due 
to the interaction of seismic waves with surface complexi-
ties. P- and SH-waves for the first 100 s were inverted for 
a fault plane area of 160 × 138 km2 that approximately 
defined the zone of aftershocks from April 25 to May 30, 
2015. The hypocenter was placed at a depth of 15 km, 
compatible with other source models (USGS; Avouac et al. 
2015; Fan and Shearer 2015). Strike (293°), dip (7°), and 
rake (108°) of the fault plane were based on the Harvard 
GCMT solution. A best-fit rupture velocity of 2.75 km/s in 
combination with the velocity model obtained from Crust 
2.0 (Bassin et al. 2000) was used. Moment release was 
computed using four triangular time functions with half-
base lengths set as 2.5 s. The resulting focal mechanism, 
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Fig. 2  Map of eastern Nepal region showing the epicenters of the 
main event and its aftershocks. Black star epicenter of April 25, Mw 
7.8; circles filled in shades of blue are its aftershocks that are defined 
by temporal and spatial proximity. Red star May 12, Mw 7.3; circles 
filled in purple are its aftershocks. N1–N1′ is a cross section through 
the Mw 7.8 epicenter and K–K′ is a cross section through Kath-
mandu; both perpendicular to the strike of the main event. N2–N2′ is 
a cross section through Mw 7.3 epicenter, perpendicular to the strike 
of its fault plane. Thrust belts after Wobus et al. (2006b). PT2 zone is 
marked after Parameswaran et al. (2015) and Wobus et al. (2006b). 
Cross sections are discussed in detail in Fig. 6
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source parameters, and the slip distribution are discussed 
later (Fig. 3a).

Similar procedure was followed for the May 12 earth-
quake that occurred ~140 km east of the main shock, and 
a similar number of waveforms were used from 34 broad-
band GSN stations (Fig. fs2). Aftershocks from May 12 to 
May 30, 2015, were used to define the initial bounds of the 
fault plane, and a final area of 160 × 142 km2 provided the 
best results. Hypocentral depth of 15 km and fault param-
eters (strike 312°, dip 11°; rake 127°) were based on the 
Harvard GCMT solution. The resulting focal mechanism, 
source parameters, and the slip distribution are discussed 
later (Fig. 3b). As the strike and dip of our solutions are 
consistent with that of the Harvard GCMT and only the 

rake differs, we have used the latter for Coulomb static 
stress change calculations.

Coulomb static stress change

Computation of Coulomb static stress changes due to an 
earthquake depends on the choice of receiver fault planes. 
In this work, the Coulomb static stress change due to 
the Mw 7.8 earthquake is computed for different sets of 
receiver fault planes at varying depths. We examine the 
spatial connection of the major aftershock on May 12, with 
regard to the stress changes caused by the main shock. 
Based on the Harvard GCMT solution, the source mecha-
nism of this aftershock is very similar to that of the main 

Fig. 3  Moment release, focal 
mechanism, and slip distribu-
tion: a the April 25 and b the 
May 12 events
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shock, which suggests that the causative faults share similar 
geometry. But, since the source of the Mw 7.3 aftershock 
that occurred more than a fortnight later is located at the 
terminus of the initial rupture there is a question whether it 
was sourced on the fringes of the main slip or on an adjoin-
ing patch of high stress. We used the subfault data from 
USGS to compute the static stress change due to the April 
25 earthquake with respect to receiver faults identical to the 
main rupture (strike 293°, dip 7°, and rake 108°) at differ-
ent depths (Fig. 4a–c) for an effective coefficient of fric-
tion μ = 0.40. Similarly, stress changes were computed for 
receiver faults of strike 312°, dip 11°, and rake 127°, rep-
resenting the causative fault of the May 12 event (Fig. 4d).

Results

The moment inversion for the first event results in a solu-
tion of Mw 7.85 and a pure thrust focal mechanism on a 
fault plane with strike 293°, dip 7°, and rake 103° (Fig. 3a; 
Fig. fs3). The net moment release of 0.753E + 21 Nm 
occurs over a total period of 70–80 s, with a uniform, 
Gaussian distribution for the first ~50 s, after which the 
release is rather small compared to the maximum moment 
release. The maximum dislocation is found to be 4.17 m, 
~40 km southeast of the epicenter, and the average slip is 
0.1003 m distributed within 160 × 138 km2 of the fault 
area. The slip vectors are directed up-dip, typical of thrust 
faults. The basic elements of our solution are compat-
ible with those obtained by Avouac et al. (2015), Fan and 
Shearer (2015), Yagi and Okuwaki (2015), and Hayes 
et al. (2015) (Table 1). The up-dip end of the fault plane 
that extends toward the Indo-Gangetic plains shows mini-
mal slip in all these models, explaining the nominal surface 
deformation observed in the field (Parameswaran et al., 
2015). Compatibility of slip models by various groups, 
although using different sets of data and techniques, gives 
us confidence to use our slip model for further discussions 
on the tectonic and morphologic effects of the earthquakes.

The solution for the second event also shows a pure 
thrust mechanism on a fault plane of strike 312°, dip 11°, 
and rake 131° (Fig. 3b; Fig. fs4). A magnitude of Mw 
7.19 was obtained with a net moment of 0.775E + 20 Nm, 
released in just over ~50 s. However, unlike the main 
shock, most energy from this earthquake seems to have 
been released within the first ~10 s of the rupture. The slip 
distribution is also highly localized (40 × 28 km2) around 
the source, with maximum up-dip slip of 3.36 m.

Coulomb static stress changes due to the Mw 7.8 event 
show complex patterns. However, computation carried out 
depth-wise validates an expected result. Figure 4a–c shows 
the Coulomb static stress change due to the main shock 

with respect to receiver faults of strike 293°, dip 7°, and 
rake 108° at depths of 5, 7, and 15 km, respectively. It is 
clear that the static stress change increases up-dip of the 
main fault implying that the southward extension of the 
fault is prepped for seismic activity. For stress change com-
putations carried out with respect to receiver faults with 
strike 312°, dip 11°, and rake 127° at 15 km depth, the May 
12, Mw 7.3 aftershock clearly falls within the region of 
high positive stress change (~4–6 bars), indicating that its 
rupture plane could have been optimally oriented to con-
centrate the imparted stresses (Fig. 4d). To further exam-
ine distribution of aftershocks in relation with the slip, we 
superposed them. The region of maximum slip, ~40 km 
southeast of the epicenter, corresponds to the region of 
lower aftershock productivity as compared to the eastern 
part, where the slip from the initial rupture was smaller 
(Fig. 5a). Slip from the May 12 event was highly localized 
around its source, with a tight clustering of aftershocks that 
grew SSE of maximum dislocation (Fig. 5b). Neither the 
low density of aftershocks in regions of maximum slip nor 
their growth outside the areas of maximum slip is unex-
pected, as observed for well-studied aftershock sequences 
globally (Das and Henry 2003).

Next we analyzed the distribution of aftershocks and 
slip along the 2-D geological cross sections, based on the 
tectonic and morphologic structure of central Nepal dis-
cussed in the literature. We took three transects (N1–N1′, 
K–K′, and N2–N2′) through the aftershock zone and the 
major structures including an out-of-sequence thrust (PT2) 
theorized in the literature (Fig. 2). For all these profiles, 
we developed scaled depth sections, showing the down-dip 
projections of the major thrust faults, and hypocenters of 
aftershocks. From the section along N1–N1′, we note that 
the earthquake originated close to the down-dip trace of 
the southern margin of PT2 (Fig. 6a). The E-W-oriented, 
100-m-long surface deformation with nominal offset of 
~10 cm falls south of this trace (Parameswaran et al. 2015). 
The InSAR data identify this region as the fringe zone 
demarcating coseismic uplift and subsidence (Lindsey et al. 
2015). The computed slip right below this deformation 
zone is about 1.05–2.3 m.

Along the profile K–K′ the maximum slip of 2.9–3.525 m 
is observed below Kathmandu Valley, while the down-dip 
trace of PT2 slipped 2.3–3.525 m (Fig. 6b). The third pro-
file, N2–N2′ along the epicenter of the Mw 7.3 event, also 
suggests clear spatial association of the hypocenter with the 
down-dip trace of PT2 (Fig. 6c). Almost all the aftershocks 
fall within the broad zone that represents out-of-sequence 
thrusting or regions to its south, with minimal numbers to the 
north. As for the southward projection of slip, it is evident 
that there was no transmission toward MFT, which explains 
why there were only minimal effects in the Gangetic Plains.
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Discussion

The 2015 pair of Nepal earthquakes is the first set of large 
earthquakes to have occurred in the central Himalaya dur-
ing the post-broadband-GPS-InSAR period, providing an 
unparalleled opportunity to examine their rupture mecha-
nisms vis-à-vis the prevailing understanding. It is gener-
ally believed that the great earthquakes in the Himalaya 
originate on the Main Himalayan Thrust (MHT), and their 
ruptures propagate to the Main Frontal Thrust (MFT). This 

idea is supported by reported coseismic effects of the great 
1934 Bihar earthquake, reiterated by observations in shal-
low trenches in the foothills of the Himalaya. Ruptures 
originating on the MHT are also arrested by the mid-crustal 
ramp, leading to no surface deformation, as observed in the 
case of the 1991 Uttarkashi earthquake. On the other hand, 
earthquakes unrelated to the MHT tectonics are also known 
to generate surface rupture as evidenced by the 2005 Kash-
mir earthquake, which is believed to have originated on 
the IKSZ (Hussain and Yeats 2009). These observations 
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suggest differing modes of rupture mechanisms for the 
Himalayan earthquakes, some reaching the surface either 
from MHT or from potential splay faults, and others 
arrested at the base of the ramp.

Our field investigations carried out soon after the 2015 
events covering several locations including the Indian town 
of Gorakhpur did not reveal any evidence for significant 
ground shaking (such as venting of sand) until we reached 
the outskirts of Kathmandu (Parameswaran et al. 2015). It 
was clear that the April 25 earthquake showed yet another 
mode of rupture wherein the slip neither propagated to the 
MFT nor had any significant vertical component within 
its epicentral zone. Further, its eastward propagation was 
abruptly arrested at ~86°E, where a delayed, large after-
shock occurred outside its immediate slip zone.

The large aftershock that occurred more than a fortnight 
later at the eastern terminus of the rupture area of the main 
shock is unusual in a region of continental collision and 
unprecedented based on the instrumental records in the 
Nepal Himalaya. Such an earthquake goes against the gen-
eral notion that the spatial extent of aftershock activity of a 
given earthquake does not expand significantly after a week 
of the main shock (Das and Henry 2003). These authors 
also noted that clusters of aftershocks form at the edges of 
faults where there is an increase in static stress due to the 
large earthquake. Thus, ruptures of large aftershocks might 
overlap or abut one another at the edges but these are gen-
erally confined within the dimensions of the primary rup-
ture zone. The May 12 event was sourced outside the zone 
of initial slip in a patch of high stress concentration, and its 
rupture was confined to a small area of 40 × 28 km2. Most 
shocks that followed this later event occurred in a cluster 
within a source volume of 40 × 28 × 25 km3. We note that 
the ruptures from both the earthquakes and their aftershock 

activities were abruptly arrested at ~86.5°E longitude, 
which marks the eastern limit of PT2, suggesting a struc-
tural control in their spatial pattern.

It has been observed that aftershocks occur by slip on 
high stress patches left by the main shock rupture or by 
elastic stress transfer to the neighboring segments of the 
fault (Gomberg et al. 1998). Thus, with its own rupture 
dynamics and a series of spatially clustered shocks that 
followed, the Mw 7.3 earthquake that occurred a fort-
night later qualifies to be called a triggered aftershock on 
the adjoining patch of stress heterogeneity. The size of 
this aftershock is also an important issue to be discussed. 
It has been argued that due to smaller size of the left over 
patches of stress concentrations, aftershocks within the ini-
tial rupture might be smaller, but a critically stressed adja-
cent strand might not be similarly constrained and thus 
could sustain similar size or larger aftershocks (Elst and 
Shaw 2015). The 2015 events provide the first modern-
day example of such temporally and spatially paired large 
earthquakes in the Himalaya, whose sizes could potentially 
be controlled by the dimensions of the structural heteroge-
neities. Thus, it could be argued that based on the proper-
ties of the stress barrier, the size of an aftershock could be 
similar or larger than the previous earthquake. Such situ-
ations could have implications for post-earthquake hazard 
mitigation, and thus, there is a need for mapping the poten-
tial stress barriers in the study area.

Previous studies on the 2015 earthquake have suggested 
that the complex and multistage rupture could have resulted 
from multiple asperities, arrested by structural heterogenei-
ties or rate-strengthening patches (Fan and Shearer 2015; 
Avouac et al. 2015). There are two aspects of these multiple 
ruptures that are worth discussing—one, the lack of south-
ward relay of slip from both the earthquakes, and two, the 

Table 1  Source model results for April 25, 2015, Nepal earthquake

Study Method Velocity  
model

Moment  
magnitude Mw

Rupture velocity 
Vr (km/s)

Rupture duration 
tr (s)

Dip (°) Maximum 
slip (m)

Avouac et al. 
(2015)

SAR imagery and 
backprojection 
model

IASP91 7.84 2.7–3.0 50 7 3–4

Fan and Shearer 
(2015)

Backprojection using 
teleseismic P-waves

IASP91 7.8 2.9 55 10 ~4

Yagi and Okuwaki 
(2015)

Waveform inversion 
and hybrid backpro-
jection model

CRUST 1.0 7.9 3.0 60 10 7.5

Hayes et al. 
(2015)

Finite fault modeling 
using teleseismic 
and geodetic data

CRUST 2.0 7.8 2.25 50 5–6 6

This study Moment inversion 
using teleseismic 
P- and SH-waves

CRUST 2.0 7.85 2.75 50 7 4.175
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abrupt termination of rupture from the second event. Our 
slip models and those by others (Avouac et al. 2015; Fan 
and Shearer 2015; Yagi and Okuwaki 2015; Hayes et al. 
2015) suggest that the eastward propagating rupture was 
confined to the MHT and was arrested at around the same 
longitude (86.5°E) close to where PT2 terminates, thereby 
making it one of the possible structural controls for the 

2015 rupture propagation. The N–S transects across the slip 
area and aftershock zone suggest nominal slip (0–1.05 m) 
close to MBT and zero component along the MFT. The 
post-earthquake InSAR image validated this observation, 
and the maximum deformation was found to be colinear 
with what is believed to be PT2. The potential subtle sur-
face rupture that Parameswaran et al. (2015) reported at 

Fig. 5  a Slip distribution 
for the Mw 7.8 earthquake 
superposed with its aftershocks. 
b Same as (a) for the Mw 7.3 
event; with the source region 
enlarged in the pop-out. Loca-
tions of the main events are 
plotted in both figures
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Phujel could have resulted from the up-dip propagation of 
slip, although the seismic slip model suggests that most of 
the slip was on the MHT. We believe that the termination of 
the initial rupture at ~86°E (Fig. 5a) and the development 
of the second pulse of activity, including the largest after-
shock that terminated at 86.5°E, were controlled by out-of-
sequence thrusting.

Our study also notes that since most of the slip got 
arrested ~50 km north of the MFT, the structural control 
could be either the Kathmandu klippe (although it does not 
extend to 86.5°E) or the out-of-sequence thrusting at PT2. 
The up-dip portion of the rupture plane associated with 
the April 2015 event shows increased static stress change 

implying possibility for an impending activity in the region, 
or a possible aseismic slip. Although the latter poses lit-
tle threat, a huge magnitude of damage can be expected in 
Nepal and Northern Indian if the region just north of the 
MFT slips. We observe the higher stress concentrations 
toward the eastern terminus of the rupture, which also 
shows higher aftershock activity and lower slip, implying 
the role of structural heterogeneity.

A schematic diagram showing the important structural 
features in the Nepal Himalaya (Fig. 7) summarizes the 
overall tectonic perspective. The segment pictured here 
between the Annapurna and Mt. Everest has been mapped 
as the extent of the out-of-sequence thrusting regarded as 
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PT2 (Wobus et al. 2005, 2006a, b). Recent GPS conver-
gence rates suggest 19.4 ± 1.4 mm/yr along the segment 
between the Annapurna and the Thakkhola Graben (TG) 
(Figs. 1a, 7). Another important feature of this segment is 
the occurrence of deep-crustal and upper-mantle strike-slip 
earthquakes (de la Torre et al. 2007), mapped north of STD, 
possibly suggesting the activation on the leading edge of 
the Indian plate. Thus, from the physiography, GPS con-
vergence rates, seismic productivity and velocity transi-
tions, the eastern parts of the Nepal Himalaya between the 
Annapurna range and the Mt. Everest seem to be structur-
ally quite distinctive.

The existence of PT2 has been deliberated and debated 
as a significant out-of-sequence thrusting in the central 
Himalaya (e.g., Wobus et al. 2003), but there have been no 
specific references about its seismogenic potential. A simi-
lar physiographic transition has been observed in the Utta-
rakhand Himalaya (UPT2) in the west, which is believed to 
have the potential to host large earthquakes (Morell et al. 
2015). Based on this study, we suggest that the region 
between 84.5°E and 86.5°E stands out as morphologically 
distinctive, and its potential connection with large earth-
quakes needs to be explored. Although the 2015 earthquake 
was not sourced on PT2, the structure may have played a 
role in accommodating part of the deformation. At this 
stage of the study, this is only a conjecture, but the role of 
physiographic transitions in accommodating convergence 
cannot be disregarded. Long-term monitoring using closely 
spaced GPS network could help in constraining the local 
deformation.

Conclusions

1. Earthquakes originating on the MHT are known for 
two modes of slip propagation, one that propagates all 
the way to the MFT, and the other where it is arrested 
at the mid-crustal ramp. The rupture mechanisms of 
the 2015 earthquake pair were different, wherein the 
ruptures neither reached the MFT nor did they produce 
any significant vertical slip at their sources. It appears 
that the 2015 pair presents a third mechanism whereby 
the rupture can be confined to the MHT, and part of the 
slip cold be accommodated by out-of-sequence splay 
thrust/s.

2. Given the rupture arrest ~50 km north of the MFT, a 
sizable amount of stress appears to be concentrated 
in the up-dip section of the April 2015 rupture plane. 
Unless it undergoes an aseismic slip, this region poses 
grave threat to Nepal and the Indo-Gangetic plains.

3. Many previous studies have invoked the existence of 
PT2 as an important physiographic feature and an out-
of-sequence thrust in the Nepal Himalaya, but none of 
them have considered the role of such structures in the 
seismogenesis of this region. This study for the first 
time relates the involvement of this structure in accom-
modating part of the slip, arresting the ruptures, and 
providing the structural control for a large aftershock 
and the events that followed.

4. Occurrence of a large aftershock immediately outside 
the initial rupture zone of a great/large earthquake has 
no known, modern precedents in the Nepal Himalaya. 

Fig. 7  Schematic diagram 
showing the tectonic setting of 
eastern Nepal region indicating 
major morphologic features, 
epicenters of the 2015 earth-
quakes, and important tectonic 
features. DE, marked similarly, 
is the zone of deeper exten-
sional earthquakes (after de la 
Torre et al. 2007). TG Thak-
khola graben. Note the eastward 
decrease in convergence rates
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The 2015 events offer an opportunity to study such a 
sequence. We conclude that the second large event was 
triggered on a contiguous patch of high stress concen-
tration. Should such patches be larger than the initial 
rupture, the potential for a comparable or a larger size 
earthquake cannot be discounted, posing challenges 
in hazard mitigation. From this point of view also, the 
2015 pair has important lessons to offer.

Data and resources

The Global Centroid Moment Tensor Project database 
was searched using www.globalcmt.org/CMTsearch.html 
to obtain the focal mechanisms of background seismicity. 
Seismograms for teleseismic inversion were obtained from 
the Incorporated Research Institutions for Seismology-Data 
Management Centre (IRIS-DMC) database. The aftershock 
data were obtained from the publication Adhikari et al. 
(2015). The subfault data for the Mw 7.8 event for Cou-
lomb static stress change computation was obtained from 
the US Geological Survey (USGS).
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