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We present InSAR observations of the co-seismic  
deformation caused by the Mw 7.8 Gorkha, Nepal 
earthquake. Analysis of Sentinel-1 data revealed 
about 100  100 sq. km

 
surface deformation with ~1 m 

upliftment near Kathmandu, and ~0.8 m subsidence 
towards north along the line of sight of the satellite. 
The maximum deformation is observed about 40 km 
east–southeast of the epicentre, suggesting eastward 
propagation of the rupture. Elastic dislocation model-
ling revealed that the overall rupture occurred on a 
170 km long, 60 km wide fault along the strike (286) 
and dipping north (dip = 15) with large amount of 
slip (4.5 m) confined to the centre (95  22 sq. km) and 
less slip (0.25 m) on the surrounding part of the fault 
plane. The corresponding moment magnitude is Mw 
7.75. The area, depth and dip of the modelled fault 
plane are fairly consistent and overlap with the loca-
tion of mid-crustal ramp in the Main Himalayan 
Thrust. We infer that the earthquake was possibly 
caused by the release of inter-seismic strain energy 
accumulated in the environs of mid-crustal ramp due 
to plate boundary forces. 
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THE catastrophic 25 April 2015 Gorkha, Nepal earth-

quake of magnitude Mw 7.8 located between Pokhara and 

Kathmandu (28.147N and 84.708E)
1,2

 is one of the 

largest earthquakes to have struck Nepal since the 1934 

Nepal-Bihar earthquake of Mw 8.2 (ref. 3). The earth-

quake caused widespread destruction in Nepal and parts 

of India and China with the total death toll exceeding 

9000 and also injuring 23,000 in an area inhabited by 

about 8 million people. Moment tensor solutions from  

telesiesmic data suggest that the Nepal earthquake  

occurred on a 10–20 dipping sub-horizontal blind thrust 

fault at about 15 km depth with a strike of 290 from the 

north
1
. The Mw 7.8 event was followed by 553 after-

shocks with magnitude >4, including two events having 

magnitudes 6.1 and 6.6 on the same day
4,5

. The largest  

aftershock occurred on 12 May 2015, about 150 km east 

of the main shock (Figure 1). 

 Of the several large, devastating historical earthquakes 

that occurred in the Himalayan region, only four were  

instrumentally recorded: the 1897 Shillong Plateau, 1905 

Kangra, 1934 Nepal–Bihar and the 1950 Assam earth-

quakes (Figure 1). These are the largest known earth-

quakes to have occurred at the intersection of basement 

and the décollement thrust faults that ruptured ~1400 km 

of the Himalayan detachment
6
. However, geodetic data of 

these earthquakes were either incomplete or not availa-

ble
7
, and hence the epicentral location and source param-

eters of these earthquakes remain elusive. Therefore, 

precise measurement of the surface deformation caused 

by the 2015 Nepal earthquake has special importance 

from the perspective of tectonics of large earthquakes in 

the Himalaya. Earlier, the 1999 Chamoli (Mw = 6.6) and 

2005 Kashmir (Mw = 7.6) earthquakes in the NW Himala-

yan region were studied using space geodetic techniques to 
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Figure 1. Topographical map showing the location of epicentres of Mw 7.8 and 7.3, Nepal earthquakes of 12 
May 2015 (red stars) along with aftershocks in circles and historic/past and great/large earthquakes as black stars. 
The colours of the circles represent the hypocentral depths and different sizes indicate magnitudes. The focal 
mechanism solution (GCMT) of the 25 April 2015 event is shown as a beach ball. Footprints of Sentinel-1 data 
acquired on 17 April 2015 (blue line) and 29 April 2015 (blue dashed line) are superimposed. The thick blue-
coloured rectangle represents a map view of the model fault plane (Figure 4). Major thrust faults, viz. Main 
Frontal Thrust (MFT), Main Boundary Thrust (MBT) and Main Central Thrust (MCT) in the study area are shown 
as black lines. (Inset) Map representing the present study area in a rectangle with great and large earthquakes 
since 1505 as stars and Indian plate boundary in black line. 

 

 

determine their respective co-seismic displacements
8–10

. In 

this study we use synthetic aperture radar interferometry 

(InSAR) to map the co-seismic surface deformation 

caused by the Mw = 7.8, Gorkha earthquake and thereby 

to infer source parameters of the earthquake using elastic 

half-space modelling. 

 The ~2500 km long Himalayan arc evolved as a result 

of the collision between Indian and Eurasian plates since 

60–50 Ma, and is one of the most seismically active con-

tinental collision zones in the world. The continental col-

lision followed by under-thrusting of a part of the Indian 

continental crust, overriding of a part of the Eurasian 

plate, folding and faulting were responsible for the 

growth and emergence of the mountain topography and 

several earthquakes along the entire Himalayan arc. The 

long-term crustal shortening in the Himalaya is accom-

modated in a southward-propagating thrust fault consist-

ing of three main thrust fault systems, namely Main 

Central Thrust (MCT), Main Boundary Thrust (MBT) 

and Main Frontal Thrust (MFT), which progressively 

emerged at different stages
11,12

. The southernmost thrust, 

MFT, is now considered to be the most active of the three 

and delineates the northern limit of the exposed Indian 

plate (Figure 1). According to a conceptual tectonic model 

based on various geophysical data, it is suggested that 

MCT, MBT and MFT are connected to a detachment 

boundary known as the Main Himalayan Thrust (MHT)  

at a depth of 17–22 km (refs 6, 13). MHT flattens  

beneath the Lesser Himalaya and forms a mid-crustal 

ramp at the front of the Higher Himalaya
14

. During the 

active thrusting of India under the Tibetan Plateau, MHT 

is known to absorb about 20 mm/yr convergence in  

Nepal, which is nearly half the present convergence rate 

between India and Eurasia
15–18

. The elastic strain energy 

thus stored during the interseismic period is released  

periodically due to earthquakes causing rupture along the 

interseismically locked, brittle upper part of the MHT 

system beneath the outer and lesser Himalaya, which is 

characterized by a southern frontal ramp (MFT)
6,7,19,20

. 

Whereas, aseismic slip induces stress accumulation at 

zones beneath the higher Himalaya, which triggers  

intense micro-seismic activity and elastic strain in the 
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Figure 2. Co-seismic interferogram of the Gorkha earthquake. Each interferometric fringe (– to +) corre-
sponds to about 2.8 cm movement along the line-of-sight (LOS) of the satellite. Subset of the interferogram east 
of the epicentre (black star) is shown as inset map.  

 

 

upper crust
13

. Hence, large-magnitude earthquakes are 

mostly confined to the basal thrust of MHT, which is 

close to the locked zone
21

. 

 Co-seismic interferogram was generated using Senti-

nel-1 SAR data acquired during the descending passes on 

17 and 29 April 2015. The interferogram was unwrapped 

and the topographic phases were removed using Shuttle 

Radar Topographic Mission (SRTM) data. The residual 

phases were converted to line-of-sight (LOS) displace-

ment and geocoded to produce the co-seismic defor-

mation map. The interferogram was detrended to reduce 

effects of orbital and ionospheric perturbations. The co-

seismic interferogram has high coherence (mean ~ 0.3) 

owing to its short temporal separation (12 days) and low 

baseline (37 m). This indicates that the effect of topogra-

phy and surface changes between the data acquisitions 

are minimum, and the deformation map generated could 

be confidently attributed to the co-seismic deformation. 

Further, the post-earthquake data were acquired three 

days after the main shock, and hence the effect of post-

seismic deformation on the interferogram is expected to 

be minimum. 

 Figure 2 presents the co-seismic interferogram of the 

2015 Gorhka earthquake. The interferometric fringe pat-

tern and fringe rate variation along the satellite direction 

clearly indicate surface deformation associated with the 

earthquake. The variation of fringes across the epicentral 

region is fairly smooth with reasonably good coherence 

(~0.3), which indicates that the rupture of the earthquake 

has not reached (broken) the surface. The deformation 

map generated from the interferogram (Figure 3) suggests 

an upliftment of about 1 m near Kathmandu and a subsi-

dence of about 0.8 m towards north along the LOS of the 

satellite. The broad wavelength of the deformation signals 

(~100 km) suggests co-seismic slip in the deeper parts of 

the causative fault plane. It is interesting to note that 

maximum amount of deformation occurred east–southeast 

of the epicentre. This is consistent with the distribution of 

aftershocks and clearly indicates east–southeastward 

propagation of the subsurface rupture, as suggested by 

the inversion of teleseismic data
2,22–24

. Further, an attempt 

has been made to map the deformation caused by the 

Mw = 7.3 aftershock which occurred on 12 May 2015,  

using ascending track Sentinel-1 data acquired on 5 and 

15 May 2015. The Mw = 7.3 event caused displacement of 

about – 0.4–0.6 m in the LOS direction (Figure S1, see 

Supplementary Material online). However, partial cover-

age of InSAR data limits detailed analysis and further 

modelling of the aftershock data. 

 We model the earthquake as a planar dislocation buried 

in elastic half-space
25,26

. The input parameters to the 

model are orientation (strike, dip and rake) and size 

(length, width and slip) of the rectangular fault. The 

model computes deformation at the surface with respect 

to the location and depth of the fault centriod. Fault para-

meters obtained from the waveform inversion model were 

used as initial constraints for modelling the surface  

deformation
1
. The geometry of the fault plane is opti-

mized assuming uniform slip and looking for a minimum 

misfit with the InSAR data. The modelled deformation 

has been projected to the LOS of the satellite to compare 

with the observed deformation. We changed depth, dip 

and slip of the fault and generated a series of models to 

select the best-fit model which can reasonably explain the 

http://www.currentscience.ac.in/Volumes/111/05/0913-suppl.pdf
http://www.currentscience.ac.in/Volumes/111/05/0913-suppl.pdf
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Figure 3. InSAR-derived (left) and model predicted (right) LOS deformation maps of the Mw 2015 Gorkha 
earthquake. Black lines show location of the profile drawn in Figure 4. 

 

 
 

Figure 4. (Top) LOS deformation along profile AB (50 km either 
side) shown as grey dots. Black line indicates the best fit modelled de-
formation along the profile AB (dip = 15 and depth 20 km). Defor-
mation models along the profile AB for dip = 7 depth 20 km (dashed 
line), as well as dip 15 and depth = 12 km (dotted line) are shown for 
comparison. The topography along the profile (middle) and trace of 
model fault (bottom) are shown. Fault plane solutions obtained from 
InSAR and those of GCMT are also shown in the bottom panel. 

 

 

amplitude and shape of the observed InSAR deformation  

pattern. We find that the length (L = 170 km), width 

(W = 60 km) and strike (286) of the fault plane are well 

constrained by the orientation and shape of the observed 

deformation pattern. ALOS-2 interferogram
27

 has also 

been considered to determine L and W, as the Sentinel-1 

interferogram did not cover the easternmost extent of the 

deformation pattern (Figures 1 and 3). 

 Our initial models with parameters of uniform slip  

2–4 m along a fault plane area of 170  60 sq. km, dip 7–

20, and depth 5–30 km could not completely explain the 

observed deformation pattern, particularly the subsided 

area towards north. The wavelength of the model defor-

mation pattern appears to be broader than that observed 

for greater depths, whereas amplitude of the deformation 

signal overestimates for shallower depths. This clearly 

indicates that the slip along the 170  60 sq. km fault 

plane is not uniform. An attempt has been made to model 

the deformation with a non-uniform slip, with a large 

amount of slip confined to a smaller fault patch within 

the major fault plane. We varied the width (10–40 km) 

and length (50–100 km) of the fault patch and searched 

for the best-fit model over a range of slip values. Our 

best-fit model consists of 4.5 m slip confined to the cen-

tre fault patch of size 95  22 sq. km and 0.25 m for the 

rest of the fault plane (Figure 4). The best-fit fault plane 

has a dip = 15 and rake = 98 with fault centroid at 

85.45E and 27.85N located at a depth of 20 km. We no-

tice that models with shallow depth (<20 km) clearly un-

derestimate the wavelength of the deformation signal 

(Figure 4). From the best-fit fault plane we estimated the 

earthquake moment released during the 25 April 2015 

Gorkha, Nepal event as 5.2  10
20

 Nm. This corresponds 

to a magnitude of Mw = 7.75, which closely matches with 

the estimation obtained from seismic waveform inversion 

magnitude (Mw = 7.8). 

 The InSAR data and model do not suggest surface  

rupture due to this earthquake despite having large mag-

nitude and shallow hypocentre. However, recent palaeo-

seismological data showed that the 1934 Nepal–Bihar and 

the AD 1255 earthquakes did rupture the surface, leaving 

the fault trace on the surface south of Kathmandu
3,28

.  

The 2005 Kashmir earthquake was also associated with  

a prominent surface rupture
8
. This clearly indicates the 

diversity in tectonics associated with great and large  

Himalayan earthquakes, as pointed out by Kayal
20,29

.  

 Elastic dislocation model suggests that most of the slip 

(4.5 m) occurred on a fault patch of size 95  22 sq. km at 
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a depth ranging from 17 to 22 km (Figure 4), with less 

slip (0.25 m) on the surrounding part of the fault plane. 

The projected slip on the surface correlates with the  

coseismic deformation and surface topography. The  

moment magnitude estimated from our model closely 

matches with that estimated from teleseismic data. The 

modelled slip value on the fault is comparable with the 

average of the distributed slip values (0–6 m) derived  

using inversion of InSAR and GPS data by Lindsey et 

al.
27

, and Wang and Fialko
30

, though their model has 

shallower dip (7–10). However, we notice that the steeper 

dip angle ~15 obtained in the present study is analogous to 

that of Sreejith et al.
31

. A more detailed discussion on the 

implications of steeper dip angle on earthquake nuclea-

tion in frontal Himalaya is provided later in the text. The 

hypocentral depth obtained using teleseismic data is  

8–15 km (refs 1, 2). The mismatch in depth estimation 

between InSAR and teleseismic data is expected consid-

ering the varied assumptions involved in InSAR and 

seismic modelling approaches, particularly the earth 

model adopted and the use of a point or planar source
32

. 

Further, uncertainties involved in depth estimation using 

teleseismic data may be high in the Himalayan region due 

to local variations in seismic velocity leading to discrep-

ancy in depth estimation between InSAR and seismic da-

ta
33

, and structural heterogeneities existing in the 

underthrusting Indian plate
34

. 

 The well-accepted hypothesis for large and great earth-

quakes in central Himalaya includes release of interseis-

mic strain energy along the interseismically locked 

portion of the MHT
18,19,35

. Recent geodetic data suggest 

that during the interseismic period, aseismic thrust dis-

placement occurs in the deeper and ductile northern part 

of the MHT alone, while no slow earthquakes have been 

detected in the brittle, external locked part of the 

MHT
15,17,18,36,37

. It is thus interesting to note that the area, 

depth and dip of our modelled fault plane are fairly con-

sistent and overlap with the location of mid-crustal ramp 

in MHT with a dip angle ~16 at a depth of 10–25 km 

imaged from the seismic reflection and receiver function 

stacking
38,39

. Godard and Burbank
40

 suggested that one of 

the most important parameters that controls strain parti-

tioning in central Himalaya is the dip angle of the thrust 

faults in the MHT system. The 1999 Chamoli earthquake 

exemplifies such an out-of-sequence event along a fault 

that dips ~15 northwards
10

. Experimental studies also 

suggest that in the case of dip-slip earthquakes, the rup-

ture propagation is primarily controlled by the dip angle 

and density of the overburden rocks
41

. 

 The comparatively steeper dip angle, depth and loca-

tion of the fault centroid fairly coincide with the mid-

crustal ramp in central Nepal (Figures 1 and 4)
35

. This 

mid-crustal ramp, which connects the shallow section of 

the seismically active detachment in the south to the 

aseismically slipping deeper section in the north, is hence 

pivotal in earthquake generation with a potential to initi-

ate multistage rupture processes
23

. Therefore, portion of 

the MHT where the mid-crustal ramp interacts with the 

shallow locked fault segment seems to spawn earth-

quakes. As a consequence, the locked portion of the MHT 

along the mid-crustal ramp could have yielded the 

Gorkha earthquake that propagated east–southeast of the 

hypocentre
22

. The high conductivity zone characterized 

by intense micro-seismicity deduced from magnetotelluric 

and seismological data also supports the role of mid-

crustal ramp, which must have acted as a barrier for stress 

build-up in central Nepal Himalaya
13,42

. Nevertheless, we 

suggest that the combination of unreleased background 

store of energy and the strain energy accumulated since 

the release of high tectonic stresses associated with the 

1934 Nepal–Bihar earthquake would have triggered the 

25 April 2015 Gorkha, Nepal earthquake. This also testi-

fies possible presence of seismic gaps in the region as 

enunciated earlier by several researchers
7,19,43

. A realistic 

nonlinear slip distribution model and variable dip angles 

along the fault plane may be required to further fortify 

these observations and models. 

 Major conclusions of the present study are as follows. 

 (1) The 25 April 2015, Mw = 7.8 Gorkha, Nepal earth-

quake is associated with about 100  100 sq. km surface 

deformation and ~1 m upliftment near Kathmandu, and 

~0.8 m subsidence towards north along LOS of the satel-

lite. The maximum deformation caused by the earthquake 

is about 40 km east of the epicentre, suggesting an east–

southeastward propagation of the rupture. 

 (2) Elastic dislocation modelling revealed that the rup-

ture occurred on a north-dipping fault (dip = 15) with 

length 170 km and width 60 km along the strike (286). 

The model suggests large amount of slip (4.5 m) confined 

to the centre (95  22 sq. km) and less slip (0.25 m) on 

the surrounding parts of the fault plane. 

 (3) The moment release and magnitude estimated from 

the model are 5.2  10
20

 Nm and Mw 7.75 respectively, 

and closely match with the magnitude of seismic wave-

form observations. 

 (4) The area, depth and dip of the modelled fault plane 

are fairly consistent and overlap with the location of  

mid-crustal ramp in the MHT, which is pivotal in earth-

quake generation. 

 (5) The present study suggests that the 25 April 2015 

Gorkha, Nepal earthquake would have been triggered due 

to the combined release of stored background energy and 

inter-seismic strain energy accumulated in the compara-

tively steeply dipping mid-crustal ramp along the MHT 

caused by the high plate boundary stresses since the 1934 

Nepal–Bihar earthquake. 
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Viruses play a key role in compensating bacterial 
population in any ecosystem of the planet. Rumen, a 
highly diverse ecosystem, is still under-explored for 
viral communities and their metabolic capabilities. 
We carried out shotgun sequencing of enriched viral 
particles from rumen fluid collected from an Indian 
buffalo. The study revealed that well-assembled con-
tigs of Newbler and Velvet got majority of assignments 
to virus domain that further revealed Caudovirales as a 
major order. A majority of the Firmicutes bacterio-
phages were found in the study, which also confirm 
the presence of conserved domains such as peptidases 
against Firmicutes phages. 

Keywords: Bacteriophage, contigs, gene prediction, pep-

tidase, virome. 

 

THE rumen is a highly diverse environment encompassing 

bacteria, archaea, eukaryota and viruses. Several studies 

have examined the structure of rumen bacterial communi-

ties with insight into their efficiency of carbohydrate  

utilization
1,2

. Additionally, numerous new fungal com-

munities have been reported using 18S r-RNA gene
3
.  

Despite their global abundance
4
, the viral communities 

are still underexplored from any particular niche. Various 

microbial ecosystems such as soil associated ecosystem
5
, 

aquatic microbial ecosystem
6
 and gut microbial commu-

nity
7
 have been studied for viruses using conventional 

methods. 

 With the advent of next generation sequencing (NGS) 

technology, it has now become easier to efficiently study 

the viral community from any niche at greater depth even 

if their host bacterium is uncultivable. Although there are 

many reports that have deciphered the viral community in 

bovine rumen including phage–bacteria relationship
8,9

, so 

far no study involving exploration of the viral community 

from Indian ruminants has been reported. The present 

study attempts to enrich bacteriophages from the rumen 

of an Indian buffalo, with further exploration of taxono-

my of rumen virome, the probable hosts and the rumen 

virome metabolic profile. 

 The present study included a Surti breed of buffalo  

reared at Animal Nutrition and Research Station (ANRS), 

Anand Agricultural University (AAU), Anand, the diet of 

which mainly included forage-based diet before sample 

collection. All experimental procedures involving animals 

were conducted with prior approval by the University 

Animal Ethics Committee (permit number: AAU/GVC/ 

CPCSEA-IAEC/108/2013), Anand Agricultural University 

(AAU), Anand, Gujarat, India. 

 Rumen fluid (~500 ml) was collected using flexible 

stomach tube after 2 h of feeding
10

. The rumen fluid was 

brought to laboratory under refrigerated condition after 

fractionation using two-layered muslin cloth to remove 

larger solid particles of feed. First, 100 ml of rumen fluid 

was centrifuged at 5000 g for 10 min, to remove larger 

particles. The supernatant was collected and filtered with 

3 m filter followed by centrifugation at 5000 g for 

10 min. Again, the supernatant was filtered through 

0.22 m filter and transferred into two Vivaspin 20, 

30 kDa molecular weight cutoff columns (~15 ml each) 

for centrifugation at 8000 g for 15 min and the particles 

above 30 kDa were enriched by retaining 1 ml of the con-

centrate from top of the column
11

. The concentrate was 

then given DNase I (at final concentration of 10 g/ml) and 

RNase A (at final concentration of 10 g/ml) treatment 

for 1 h at 37C followed by enzyme inactivation at 65C 

for 10 min. 

 Total DNA from the nuclease-treated rumen virome 

concentrate was isolated using High Pure Viral Nucleic 


