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The 12 May 2015 earthquake of Mw 7.3 occurred in 
the Kodari region, Central Nepal, 17 days after the 25 
April 2015 Gorkha earthquake (Mw 7.8) along the Hi-
malayan plate boundary. Both the earthquakes were 
associated with predominantly thrust faulting on the 
Main Himalayan Thrust (MHT). This is the largest  
aftershock of the 2015 Gorkha earthquake which  
occurred approximately 150 km east of it. Our analy-
sis suggests that the 2015 Gorkha earthquake signifi-
cantly increased the Coulomb stress on the shallow 
unruptured and updip part of the MHT, further west 
of the 2015 rupture and also in the hypocentre region 
of 12 May 2015 Mw 7.3 aftershock. In the following 17 
days period, Coulomb failure stress increased further 
by the relaxation of coseismic pore pressure on the 
eastern side of its coseismic rupture, where the 12 
May 2015 aftershock had occurred. 
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AN earthquake has the potential to trigger another earth-
quake in the surrounding region in several ways, e.g.  
dynamic triggering during the passage of seismic waves 
through the fault zone, sudden change in static Coulomb 
failure stress (CFS); delayed triggering due to relaxation 
of coseismic stress either by poroelastic or viscoelastic 
relaxation effect, or through a combination of some or all 
of these factors. In case of delayed triggering, where the 
earthquake occurs a few days to a few weeks after the 
main shock, the poroelastic relaxation of coseismic stress 
is most prominent. In such cases redistribution of fluids, 
following the diffusion process, modifies the static stress 
on the critically stressed faults which results in the trig-
gering of the earthquake with some time delay1–4. The 
occurrence of the 12 May 2015 Kodari earthquake (Mw 
7.3), 17 days after the 25 April 2015 Gorkha earthquake, 
appears to be a perfect example of delayed triggering and 
we tested this hypothesis in this case (Figure 1). 

 A devastating earthquake with a moment magnitude of 
7.8 struck Central Nepal on 25 April 2015, with its hypo-
centre located in the Gorkha district of Central Nepal5. 
The earthquake had initiated along the Main Himalayan 
Thrust (MHT), 80–100 km northwest of Kathmandu val-
ley (Figure 1). It is the most destructive earthquake, since 
the 1934 Bihar–Nepal earthquake6, causing extensive 
damage and high causalities (~8000)7; many historical 
structures collapsed in Kathmandu, including the great 
iconic Bhim Sen Tower. The earthquake focal mechanism 
and finite fault slip model from the United States Geo-
logical Survey (USGS) National Earthquake Information 
Centre (NEIC) indicate thrust motion on the sub-
horizontal fault plane with strike 295, dip 10 and hypo-
centre depth of about 16.4 km which implies that it  
ruptured the MHT, without producing any primary sur-
face rupture in the Himalayan region. However, palaeo-
seismological investigations suggest that several large 
Himalayan earthquakes ruptured the frontal part and their 
rupture reached the surface, e.g. the 1934, 1505 and 1255 
earthquakes8,9. Thus unlike these historic events, this 
earthquake unzipped only the down-dip part of the locked 
portion of the MHT7,10. 
 Globally recorded teleseismic P-waves study suggests 
that the rupture propagated southeastward from the hypo-
center to about 160 km (ref. 11). Combined high-rate  
 
 

 
 
Figure 1. Seismotectonics of the region of the 25 April 2015 Mw 7.8 
Gorkha earthquake. Epicentre of the 2015 Gorkha earthquake (yellow 
star) and its aftershocks (red circles) are from the National Seismic 
Centre (Nepal) and the epicentre of 12 May 2015 Mw = 7.3 earthquake 
(white star). Convergence rate (black arrows) across the Himalaya are 
from Ader et al.27. Grey dots show mid-crustal seismicity between 1995 
and 2008 from the National Seismic Centre (DMG, Nepal). Blue con-
tour represents 3500 m elevation that approximately marks the down-
dip edge of locked zone in the Himalayan detachment. Approximate 
rupture locations of the historic events in Nepal since 1505 are shown 
by ellipses. Yellow rectangle marks the region considered in Figure 2. 
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GPS and InSAR data suggest that the earthquake ruptured 
as a slip pulse of ~20 km width, ~6 sec duration, and with 
peak sliding velocity of 1.1 m/s that propagated towards 
Kathmandu basin at ~3.3 km/s over ~140 km (ref. 7). 
Several GPS sites in Nepal and southern China showed 
coseismic offset caused by the earthquake12. Four GPS 
sites in the Indian region, immediately to the south of the 
rupture, showed significant coseismic horizontal offsets 
ranging between 3 and 7 mm towards north12. The after-
shock distribution, including several seismic events of 
>Mw 5.5, extended east of the hypocentre of the main-
shock, and a Mw 7.3 aftershock occurred in Kodari  
region, Central Nepal, approximately 150 km east of the 
hypocentre of the main shock (Figure 1). So far this is the 
largest aftershock of the earthquake which occurred 17 
days after the main shock and with predominant thrust 
fault and focal depth of 19.5 km (refs 13, 14). 
 Occurrences of the 2015 Gorkha and Kodari earth-
quakes have raised a few crucial points: (1) A question of 
immediate concern is whether and how the Gorkha earth-
quake would influence the regional seismicity. A more 
specific question is whether the 12 May 2015 Kodari 
earthquake (Mw 7.3), which is located about 150 km 
southeast from the main shock and which occurred 17 
days after the Gorkha earthquake (Figure 1), was a de-
layed triggered event. (2) Probability of occurrence of 
high-magnitude earthquakes on the locked patches of the 
MHT, up-dip and further west of the 2015 rupture might 
have increased due to increase in static stress caused by 
the 2015 Gorkha earthquake. (3) The rupture did not 
propagate towards west, possibly indicating the presence 
of an aseismic or structural barrier10,15. (4) Rupture of this 
earthquake partly overlapped the down-dip portion of the 
1934 Bihar–Nepal earthquake rupture, possibly implying 
that the down-dip segment of the MHT did not rupture or 
did not release strain fully, during the 1934 earthquake. 
Some of these issues may be solved through modelling 
and their validity would be tested with time in case of  
occurrence of a future earthquake in the neighbourhood 
of the 2015 Gorkha earthquake. However, the issue of the 
12 May 2015 Kodari earthquake being a delayed trig-
gered event can be tested easily. In this communication, 
we resolve this by computing Coulomb stress and its 
poroelastic relaxation considering various available rup-
ture models of the mainshock. 
 Occurrence of a triggered event largely depends on  
nature of coseismic stresses. Various models of coseismic 
slip during an earthquake would produce different effects. 
Hence it is important to consider all possible models of 
rupture. In case of the 2015 Gorkha earthquake, we con-
sidered six available rupture models (referred as M(A) for 
Avouac et al.10, M(G) for Galetzka et al.7, M(Y1) for 
Yadav et al.12, M(U) for USGS5, M(W) for Wang and 
Fialko16 and M(Y2) for Yagi and Okuwaki17). Almost all 
rupture models have been derived using seismic wave-
forms recorded at teleseismic stations, seismic back-

projection approach, InSAR and image correlation tech-
niques and GPS data (both high rate and 30 s). Although 
these models are similar in a broad sense, they differ in 
terms of details of slip distribution. 
 Yadav et al.12 considered all these coseismic rupture 
models and compared the average misfit in each case for 
both near and far-field GPS sites. Their model provided 
the least misfit between the coseismic offsets derived 
from GPS measurements (30 s) and the simulated co-
seismic displacement at near-field and far-field sites (i.e. 
including few GPS sites from the Indo-Gangetic Plains). 
Models which include InSAR data, seismic back-projec-
tion and high rate GPS data can provide more constraints 
on the spatial complexity of the rupture propagation 
process. However, models based on InSAR technique 
may also contain some effect of post-seismic deformation 
that is difficult to remove. Moreover, each meth-
ods/technique has its inherent limitations. Therefore, it is 
difficult to claim which is the best coseismic rupture 
model amongst the six available for the main shock. 
However, it may be noted that all rupture models appear 
similar and constrain large slip (about 6 m) between the 
epicentres of the mainshock and its largest aftershock of 
12 May 2015, slightly north of Kathmandu valley. 
 The static CFS caused by slip dislocation patches in 
homogeneous elastic half-space considering the above 
coseismic rupture models was computed using the Cou-
lomb 3.3 code18. Interestingly, in all cases the occurrence 
of this earthquake significantly increased the Coulomb 
stress on the adjoining locked portions of the MHT in the 
updip (i.e. frontal arc region) and farther west of the co-
seismic rupture (Figure 2). This aspect has been pointed 
out by the earlier workers as well10,13,19. However, even 
after more than a year, no significant earthquake has  
occurred in this region. It could be that the stress in the 
region has not reached to a critical level, either due pos-
sibly to weak rheology, low stress conditions or structural 
controls10,13. Patterns of CFS changes farther east of the 
coseismic rupture and on the hypocentre region of the 12 
May 2015 earthquake are complicated. We observed 
positive CFS change corresponding to almost all coseis-
mic rupture models, namely M(G), M(Y1), M(W), M(U) 
and M(Y2), however, rupture model M(A), imparted 
negative CFS change in the region at a depth of 15 km 
(Figure 2). If we consider the earth to be perfectly elastic 
with no diffusion and no significant increase in the  
interseismic strain accumulation, then all aftershocks, in-
cluding the 12 May 2015 event in the Kodari region, 
should have occurred immediately after the main shock. 
It may be noted that with the present rate of slip deficit of 
~2 cm/yr in Nepal Himalaya, stress increase due to inter-
seismic strain accumulation would be only ~0.002 bar in 
the 17 days period, which is insignificant20. A delayed 
occurrence of the aftershocks with decreasing frequency 
hints at the relaxation of stress, which modified the stress 
in the region. At such a short time interval, poroelastic 
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Figure 2. Coulomb failure stress change (bars) on the Himalayan detachment (15 km depth) caused by the 25 April 2015 Gorkha earthquake, 
using different rupture models namely M(A), M(G), M(Y1), M(U), M(W) and M(Y2) (see text for discussion). Stars represent epicentre locations 
of the 25 April 2015 and 12 May 2015 earthquakes. MFT, Main Frontal Thrust. 
 
 
 
relaxation, due to redistribution of fluids may be consid-
ered as the possible mechanism2–4. Viscoelastic relaxation 
occurs over a longer period and may not be applicable 
here. 
 To understand the mechanical relationship between 
these two earthquakes (25 April 2015 Gorkha earthquake 
and 12 May 2015, Mw 7.3 aftershock), we followed that 
analytical approach of Gahalaut et al.2 and computed the 
poroelastic relaxation of coseismic pore pressure and 
modified postseismic Coulomb stress in the surrounding 
volume containing the MHT. The ultimate assumption of 
this modelling is that the stress–strain relationship is gov-
erned by linear, undrained poroelasticity and the flow of 
fluids in the porous crust follows the mass diffusion law 
described by Darcy’s law21. To compute the spatio-
temporal variation of pore pressure [p(x, y, z)] at a point 
(x, y, z) at time (t) due to poroelastic relaxation of co-
seismic pore pressure (pc), we used the Green’s function 
solution of inhomogeneous diffusion equation proposed 
by Kalpna and Chander22 which is represented as follows 
 

 c
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where c is the hydraulic diffusivity, B the Skempton’s  
coefficient, and /3 is the mean normal stress. Our  
specific interest is to quantify the change in CFS 
[CFS =  – ( – p)] due to the relaxation of  
coseismic pore pressure of the 25 April 2015 Gorkha 
earthquake to the east of its coseismic rupture, where the 
12 May 2015 Kodari aftershock occurred. In this expres-
sion,  is the frictional coefficient and  represents 
change in normal stress (), shear stress () and pore 
pressure (p). Positive CFS change encourages failure on 
the critically stressed fault system and vice versa. We 
considered all available coseismic rupture models of the 
2015 Gorkha earthquake. We used undrained Poisson’s 
ratio as 0.25, c in the range 3–10 m2/s, B as 1, and  in 
the range 0.20–0.65 that allowed a satisfactory fit to the 
data in case of triggered seismicity2,3,23–26. 
 As mentioned earlier, there is a significant difference 
in static CFS in the hypocentre region of the 12 May 
2015 earthquake derived from various rupture models. 
Thus accordingly coseismic pore pressure-induced stress 
relaxation and its temporal evolution are also different 
with respect to spatio-temporal evolution of pore pressure 
change at the hypocentre of the 12 May 2015 earthquake 
(Figure 4). For poroelastic stress relaxation and delayed 
triggering process, one condition is crucial – the trigger-
ing region must be in the coseismic dilatation zone, 
where pore pressure must increase significantly after the 
occurrence of the main earthquake. It has been noticed 
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Figure 3. Temporal evolution of pore pressure change at the hypocentre of the 12 May 2015 earthquake (Mw 7.3) in Central  
Nepal region at 15 km depth, using different rupture models (M(A) to M(Y2)), and different hydraulic diffusivity values (3, 5 and 
10 m2/s). Note rupture model M(G) shows significant increase in pore pressure after the 2015 Gorkha earthquake. 

 
 
 

 
 

Figure 4. Temporal evolution of Coulomb failure stress change (bar) at the hypocentre of the 12 May 2015 earthquake (Mw 7.3) 
in Central Nepal region at 15 km depth using rupture model M(G), for different hydraulic diffusivity values (3, 5 and 10 m2/s) and 
different coefficients of friction (0.2, first panel; 0.4, second panel and 0.65, third panel). 

 
 
that only the coseismic rupture model M(G) qualifies this 
critical criterion. All the remaining models show decrease 
in pore pressure after the occurrence of the main shock 
(Figure 5). Therefore, in the subsequent period of 17 days 
after the 2015 Gorkha earthquake, pore pressure in-

creased in the hypocentre region of the 12 May 2015 Mw 
7.3 aftershock, which further decreased the effective 
normal stress and increased CFS (Figure 5). Thus it ap-
pears that the 12 May 2015 Kodari event was possibly a 
delayed triggered aftershock of the 25 April 2015 Gorkha 
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Figure 5. Correlation between 2015 Gorkha aftershocks (Mw > 5.5, epicentre locations are from Adhikari et al.28) and spatio-
temporal variation of pore pressure due to poroelastic relaxation (shown in the upper two panels), and postseismic Coulomb 
stresses (shown in the lower two panels) at 15 km depth. Note the increase in Coulomb stress in the lower right panel. 

 
 

 
 

Figure 6. Conceptual model for the mechanism of the 12 May 2015 earthquake in Central Nepal triggered by 
the pore pressure relaxation of the coseismic stress due to the 25 April 2015 Gorkha earthquake. MHT, Main  
Himalayan Thrust. 
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earthquake. The coseismic stress change caused by the 
main shock significantly increased due to poroelastic  
relaxation and reached a critical level, which triggered 
the Kodari event (Figure 6). 
 Another conclusion which can be drawn here is that all 
the models suggest that the occurrence of these earth-
quakes certainly increased stress on the up-dip part of the 
MHT, i.e. south of the rupture and on the western part of 
the MHT. This must have increased the probability of 
earthquake occurrence in these two regions.  
 From the above analysis we summarize the following 
points (Figure 6): (1) The 12 May 2015 earthquake of Mw 
7.3 in the Kodari region, Central Nepal can be considered 
as delayed triggered aftershock of the 2015 Gorkha earth-
quake of Mw 7.8. The coseismic stresses increased due to 
pore pressure redistribution, highlighting the poroelastic 
relaxation of coseismic stress. (2) Probability of occur-
rence of large earthquakes on the locked patches of the 
MHT updip and farther west of the 2015 rupture has in-
creased significantly as stress regime has been raised well 
above the triggering thresholds due to the 2015 Gorkha 
earthquake. This result is consistent for all slip models. 
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