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ABSTRACT

Present study describes the statistical properties of  aftershock sequences
related with two major Nepal earthquakes (April 25, 2015, MW 7.8, and
May 12, 2015, MW 7.2) and their correlations with the tectonics of  Nepal
Himalaya. The established empirical scaling laws such as the Gutenberg–
Richter (GR) relation, the modified Omori law, and the fractal dimension
for both the aftershock sequences of  Nepal earthquakes have been investi-
gated to assess the spatio-temporal characteristics of  these sequences. For
this purpose, the homogenized earthquake catalog in moment magnitude,
MW is compiled from International Seismological Center (ISC) and
Global Centroid Moment Tensor (GCMT) databases during the period
from April 25 to October 31, 2015. The magnitude of  completeness, MC,
a and b-values of  Gutenberg–Richter relationship for the first aftershock
sequence are found to be 3.0, 4.74, 0.75 (±0.03) respectively whereas the
MC, a and b-values of  the same relationship for the second aftershock se-
quence are calculated to be 3.3, 5.46, 0.90 (±0.04) respectively. The ob-
served low b-values for both the sequences, as compared to the global mean
of  1.0 indicate the presence of  high differential stress accumulations
within the fractured rock mass of  Nepal Himalaya. The calculated p-val-
ues of  1.01 ± 0.05 and 0.95 ± 0.04 respectively for both the aftershock se-
quences also imply that the aftershock sequence of  first main-shock
exhibits relatively faster temporal decay pattern than the aftershock se-
quence of  second main-shock. The fractal dimensions, DC values of  1.84
± 0.05 and 1.91 ± 0.05 respectively for both the aftershock sequences of
Nepal earthquakes also reveal the clustering pattern of  earthquakes and
signifies that the aftershocks are scattered all around the two dimensional
space of  fractured fault systems of  the Nepal region. The low b-value and
low DC observed in the temporal variations of  b-value and DC before the
investigated earthquake (MW 7.2) suggest the presence of  high-stress con-
centrations in the thrusting regimes of  the Nepal region before the failure
of  faults. Moreover, the decrease of  b-value with the corresponding de-
crease of  DC observed in their temporal variations can primarily act as an
indicator for possible prediction of  major earthquakes in the study region.

1. Introduction
The physics of  earthquakes can be easily under-

stood with the help of  aftershock sequences related
with the main earthquakes [Kisslinger 1996]. The af-
tershocks are also associated with considerable amount
of  energy generated by the heterogeneous materials in
the subsurface near the source and that may not be re-
lated to the main-shock [Hamdache et al. 2004]. The
fundamental processes behind the occurrence of  main-
shock and aftershocks may be similar for relatively sim-
ple tectonics [Shcherbakov et al. 2006]. On the other
hand, in a highly heterogeneous medium, the occur-
rence of  earthquakes are demonstrated with respect to
time and space by the combined effect of  different tec-
tonic processes [Rundle et al. 2003]. Therefore, the
characteristics of  the aftershock sequence of  a particu-
lar main-shock are mostly controlled by tectonic set-
tings, mode of  fault failure and the properties of  rocks
in the affected area [Frohlich 1987, Kisslinger and Jones
1991]. The characteristics of  the aftershock sequence
always confer vital information from its spatial and
temporal distributions [Kisslinger and Jones 1991]. The
studies related to aftershock sequences are helpful in
understanding the earthquake nucleation process and
the heterogeneities of  the Earth’s crust near the asper-
ity zones for seismic hazard mitigation in a region [Utsu
1961, Scholz 1968, Dieterich 1986].

Statistical analysis of  an aftershock sequence can
provide important and valuable information related to
the physical mechanisms of  earthquake occurrences
[Utsu 1969]. However, statistical analysis of  most of  the
aftershock sequences follows different kinds of  well es-
tablished scaling laws available in the statistical seis-
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mology [Gross and Kisslinger 1994, Shcherbakov and
Turcotte 2004, Narteau et al. 2005, Shcherbakov et al.
2005, Lolli and Gasperini 2006]. In the present study,
three well known empirical scaling laws namely GR re-
lation [Gutenberg and Richter 1954], the modified
Omori law [Utsu 1961], and fractal correlation dimen-
sion [Grassberger and Procaccia 1983] are investigated
for characterizing the aftershock generation processes.
The GR law gives the frequency–magnitude character-
istics of  earthquakes [Gutenberg and Richter 1954]
while the modified Omori law models the decay of  an
aftershock occurrence with respect to time [Utsu 1961].
Fractal dimension correlates with the strength of  the
clustering of  aftershocks in a space [Grassberger and
Procaccia 1983]. The statistical parameters obtained
with these relationships can be used to describe the
characteristics of  an aftershock sequence [Shcherbakov
et al. 2005]. Several researchers have examined the ap-
plicability of  above mentioned empirical laws in vari-
ous seismic regions across the world [Reasenberg and
Jones 1989, Reasenberg and Jones 1994, Tsapanos 1995,
Guo and Ogata 1997, Felzer et al. 2004, Schorlemmer et
al. 2005, Shcherbakov et al. 2005, Nanjo et al. 2007].
The behavior of  an aftershocks in a region may satisfy
several scaling laws with a reasonably good agreement,
even though the aftershock sequence exhibits different
characteristics and may vary from place to place [Con-
sole and Catalli 2005]. 

In the present study, the statistical parameters of
the aftershock sequences related to Nepal earthquakes
(April 25, 2015, and May 12, 2015) have been examined.
Also the dependency on the magnitude of  the main-
shock and its surrounding tectonic set-up has been es-
tablished. For this purpose, both the aftershock
sequences of  Nepal are expressed in terms of  the GR
relation, the modified Omori law and the fractal di-
mension to evaluate the seismotectonics of  the Nepal
region. The temporal variations of  b-value and DC are
also evaluated to examine the highly stressed pattern
formed by the existence of  seismic faults before the im-
pending earthquakes in the Nepal region. Accordingly,
the homogenized earthquake catalog having minimum
magnitude, MW≥ 2.2 has been compiled from Interna-
tional Seismological Center (ISC) during the particular
period from April 25 to October 31, 2015. The present
study is valuable and important in the sense that this
provides statistical parameters which help in under-
standing the physics of  recent earthquake sequence in
Nepal Himalayan region. Finally, the estimated param-
eters from the above empirical scaling laws can be es-
sentially useful for assessing the probabilistic seismic
hazard, thereby integrating the role of  aftershocks in
the Nepal region.

2. Seismotectonics of  the study area
Nepal Himalaya is positioned centrally along the

great Himalayan mountains, formed during the colli-
sion between the Indian and Eurasian plates [Le Fort
1975, Bird 1978, Le Fort 1981]. This region has accu-
mulated nearly 3 m of  slip along with a converging rate
of  nearly 18 mm/yr along the Himalayan arc over the
past 182 years [Ader et al. 2012]. The Main Central
Thrust (MCT), the Main Boundary Thrust (MBT) and
the Himalayan Frontal Thrust (HFT) are the major
north dipping faults found in this region that have pro-
gressively migrated towards the south with experienc-
ing repeated slips [Gansser 1964, DeCelles et al. 2001].
Presently, the most important feature here is the Main
Himalayan Thrust (MHT), where the Indian lithospheric
plate slides down the overriding Himalayan wedges
[Schelling and Arita 1991, Zhao and Nelson 1993, Nel-
son et al. 1996]. Several researchers have carried out
various studies and found the presence of  a crustal
ramp along the MHT, which is presently locked un-
derneath the Lesser Himalaya [Bilham et al. 1997, Lar-
son et al. 1999, Cattin and Avouac 2000, Bettinelli et al.
2006]. It has been observed that most of  the earth-
quakes occur in this frictionally locked portion of  the
MHT in Nepal Himalaya [Pandey et al. 1995, 1999].
The continuous convergence of  Indian and Eurasian
plates results in the accumulation of  strain energy be-
neath Himalaya, which is periodically released during
large earthquakes [Mitra et al. 2015]. Many historical
earthquakes have ruptured the locked segment of
MHT [Lave et al. 2005, Kumar et al. 2006, Kumar et al.
2010] and this segment also has the potential to gener-
ate future large to great earthquakes [Khattri 1987, Bil-
ham and Ambraseys 2005]. However, most of  the small
to moderate earthquakes have been observed in a nar-
row belt, called Himalayan seismic belt (HSB), which lies
in between the MCT and the MBT [Ni and Barazangi
1984]. As such, the shortening rate of  the India-Eurasia
convergence is absorbed mainly by the MHT through
coseismic, preseismic and post seismic slip [Bettinelli et
al. 2006]. This absorption is generally supported by the
evidences of  crustal deformations that occurred on the
MHT [Bettinelli et al. 2006, Ader et al. 2012].

Most recently, in between the rupture zone of
1505 and 1934 earthquakes, an earthquake named as
Gorkha or Nepal earthquake of  magnitude MW = 7.8
occurred 77 km northwest of  Nepal’s capital Kathmandu
on April 25, 2015. This earthquake ruptured a 55 km
wide and shallow dipping (~7) segment of  the MHT,
which tilted the Himalaya south-westward by nearly 5
m over the Indian plate [Denolle et al. 2015, Galetzka et
al. 2015, Mitra et al. 2015]. It is also believed that the
most damaging earthquake after the 1934 Bihar-Nepal
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earthquake in the area, killing nearly 8500 people and
destroying thousands of  buildings and historical sites
in and around the Kathmandu city of  Nepal [Mitra et
al. 2015, Parameswaran et al. 2015]. The toll and dev-
astation was increased further by another major earth-
quake (MW 7.2) which ruptured on May 12, 2015, in the
eastern edge of  the rupture area of  main-shock [Mitra
et al. 2015]. However, the energy dissipated from these
two major earthquakes to the nearby faults may have
also activated earthquakes in close proximity of  the ad-
jacent areas [Avouac et al. 2015, Bilham 2015]. These
two earthquakes have generated lots of  aftershocks to
their east which make it important to study the behav-
ior of  the aftershock’s patterns related to these earth-
quakes in this region for examining the futuristic
seismicity pattern in the area.

3. Data and methodology
The data available in the ISC have been down-

loaded for carrying out the statistical analysis of  the
Nepal earthquake sequence during the time period
from April 25 to October 31, 2015. Global Centroid Mo-
ment Tensor (GCMT) database have also been explored
while converting different magnitude scales such as
body-wave magnitude (mb), surface wave magnitude
(MS) and local magnitude (ML) present in the ISC data
into a homogenized moment magnitude, MW by adopt-
ing generalized orthogonal (distanced) regression tech-
niques [Castellaro al. 2006, Lolli et al. 2014]. In this
homogenization process, all the ML and mb entries re-
ported in the catalog are initially converted into MS by
using the GOR technique established from the correla-

tions ML-MS and mb-MS (Table 1). Later, MS entries
along with the converted MS entries are finally con-
verted into MW by using the regression relationships be-
tween MS and MW. Table 1 depicts the values of  the
regression parameters estimated from different regres-
sion techniques, i.e., generalized orthogonal (GOR), or-
thogonal (OR, with h = 1), standard least-squares (SR)
and inverse standard-least squares (ISR) regressions de-
veloped in the study region. It is noteworthy to men-
tion that a total of  790 earthquakes, including the two
major earthquakes (MW≥ 7), with minimum magni-
tude equal to MW 2.2 have been documented in the ho-
mogenized catalog during this short span of  time
(Figure 1). The data comprises of  61 events (~8%) and
150 events (~19%) with magnitudes MW≥ 5.0 and
MW≥ 4.0 respectively. The first major Nepal earthquake
(MW 7.8) that occurred on April 25, 2015, was epicen-
tered at 28.28N and 84.79E. After that, 41 aftershocks
with two strong events (MW≥ 6) having almost the sim-
ilar fault plane solution with the main-shock followed
within 2 h of  the main-shock [Mitra et al. 2015]. While
the other major earthquake (MW 7.2) which also have
the same fault plane and source dynamics with main-
shock of  April 25, 2015, occurred at 27.77N and 86.17E
on May 12 after 17 days (Table 2). This earthquake was
followed by another aftershock event of  MW 6.3 and
several aftershocks having magnitude MW≥ 5 within
the next 24 hour. Figure 1 depicts the epicenters of  two
major earthquakes and aftershock sequence for the par-
ticular period from April 25 to October 31, 2015. The
earthquake parameters and the Centroid Moment Ten-
sor (CMT) solutions for two major and three strong
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Correlation
(X-Y)

Regression Intercept a Slope b h
(vy

2/vx
2)

Number
of  data points n

MS - MW GOR 1.6603 (0.099) 0.7329 (0.017) 0.46 8

OR 1.7137 (1.149) 0.7237 (0.197) 1

SR 1.8081 0.7072

ISR -1.5293 0.7557

mb - MS GOR -3.8228 (0.031) 1.9333 (0.007) 0.72 228

OR -3.5215 (0.234) 1.8568 (0.059) 1

SR -0.7536 1.1538

ISR 4.8133 2.1849

ML - MS GOR -9.3134 (0.068) 3.2956 ( 0.017) 0.72 275

OR -7.9512 (0.844) 2.9456 ( 0.216) 1

SR -0.7536 1.1538

ISR 4.8133 2.1849

Table 1. Values of  the regression parameters (intercept a, slope b, ratio of  error variances h (vy
2/vx

2) and number of  data points n) devel-
oped for the study region.



earthquakes in the sequence, reported by http://www.
isc.ac.uk/iscbulletin/seach and http://www.globalcmt.
org/CMTsearch.html are listed in Table 2. 

Here, the maximum likelihood method is em-
ployed for fitting the statistical parameters of  four dif-
ferent models of  aftershock decay to the aftershock
sequence of  Nepal earthquake by using the observed
data of  the learning period (tL) of  17 days [Ogata 1999,
Woessner et al. 2004]. Following Woessner et al. [2004],
the simple modified Omori model is finally applied to
plot the forecasted curve of  the aftershocks activity dur-
ing the forecasted period (tF) of  173 days. Goodness-of-
fit is examined for the Akaike Information Criterion
(AIC) model to the observed data by applying a Kol-
mogorov-Smirnov (KS) Test at a significance level of
0.05 as shown in Figure 2a. Even though, the AIC value
(−3316.76) is very low, the KS statistic value (0.028571)

is found below the significant level. We have seen a
strong inconsistency between the observed aftershock
activity and the forecasted curve during the forecasted
period (Figure 2a). This finally implies that the earth-
quake sequence in the period of  study cannot be fitted
by a simple modified Omori law, thereby violating the
self-similar process of  aftershock occurrences [Utsu
2002, Shcherbakov and Turcotte 2004]. However, the
plot that obtained by subtracting the forecasted from
the observed cumulative number of  aftershocks during
the period from May 12 to October 31, 2015, is found to
finally fit well by a simple modified Omori law as de-
picted in Figure 2b. Moreover, the magnitude difference
between the magnitude of  the main-shock (MW 7.8)
and its largest aftershock (MW 7.2) for this sequence is
found to be 0.6 (i.e., Dm = 0.6). This implies that the se-
quence does not obey the Bath’s law also [Bath 1965].
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Sl.
No.

Date
(yyyy.mm.dd)

Time
(hh:mm:ss)

Latitude
(N)

Longitude
(E)

Depth
(km)

Magnitude
(MW)

Focal mechanism solution

Strike Dip Rake

1 2015.04.25 06:11:26 28.28 84.79 12.0 7.8 293 7 108

2 2015.05.12 07:05:17 27.78 86.18 12.0 7.2 312 11 127

3 2015.04.26 07:09:10 27.85 86.09 17.4 6.8 296 10 108

4 2015.04.25 06:45:22 28.39 84.83 15.8 6.7 314 14 136

5 2015.05.12 07:36:51 27.51 86.19 20.1 6.2 303 23 123

Figure 1. Tectonic map of  Nepal and adjoining region drawn with the epicentral locations of  aftershock sequences of  Nepal earthquake dur-
ing the period April 25 - October 31, 2015. Well determined focal mechanism solutions of  the five largest earthquakes (listed in Table 2) are
also shown with red color beach ball in the map. Stars show the epicenter of  first (MW 7.8) and second (MW 7.2) main-shocks of  Nepal earth-
quake sequence that occurred on April 25, 2015, and May 12, 2015, respectively. 

Table 2. Details of  the earthquake parameters and focal mechanism solutions of  five largest earthquakes occurred in Nepal earthquake se-
quence. The information of  the focal mechanism solutions are provided by the Global Centroid Moment Tensor (GCMT) database whereas
the ISC catalog gives the other parameters of  these earthquakes.
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Alternatively, a slip model of  MW 7.2 [Avouac et al.
2015] event clearly indicates that the slip distribution of
the May 12 earthquake falls outside the main-shock slip
distribution. Depth section of  MW 7.2 event also falls
on the ramp of  the detachment plane which suggest
that MW 7.2 earthquake might be a triggered event
[Avouac et al. 2015]. These evidences confirmed that
the May 12 earthquake cannot be considered as an af-
tershock of  the April 25 earthquake but can be regarded
as a different earthquake, may be triggered by the main
event. The statistical properties of  both the aftershock
sequences of  the April 25 earthquake till before the oc-
currence of  the May 12 earthquake have been studied
carefully with respect to the GR frequency-magnitude
statistics, the modified Omori law, and the fractal di-
mension, DC, to assess the seismic characteristics of  the
Nepal region.

The frequency-magnitude distribution (FMD) of
earthquakes is normally found to follow the GR
[Gutenberg and Richter 1944]:

(1)

where N (≥M) gives the cumulative number of  earth-
quakes defined in a specified space and time interval
with magnitudes greater than or equal to M. Here, a-
value indicates the seismic activity of  a region and its
value depends on many factors including maximum
earthquake, background seismicity rate, area of  study

and duration of  catalog under observation [Chingtham
et al. 2014]. However, b-value can be obtained from the
slope of  the frequency-magnitude distribution of  earth-
quakes. The value lies in between 0.3 and 2, depending
on the different tectonic conditions of  the region [Utsu
1971, Udias 1999]. Hence, the crustal homogeneity
with increasing stress regime can be associated with b-
value lower than 1.0 whereas b-value more than 1.0 im-
plies the region of  crustal heterogeneity with low stress
accumulation due to continued stress release [Wyss
1973, Wiemer and Wyss 2002, Thingbaijam et al. 2009,
Yadav 2009, Yadav et al. 2012, Chingtham et al. 2014,
Chingtham et al. 2015]. Moreover, higher magnitudes
are also co-related with induced low b-value while
lower magnitudes with high b-value [Nuannin et al.
2005]. The robust technique known as maximum like-
lihood is adopted to obtain the b-value [Aki 1965, Ben-
der 1983, Utsu 1999] and is given by following relation:

where mmean and Dm are the mean magnitude and the
size of  magnitude bin respectively. The standard devia-
tion, db, of  b-value can be estimated from the boot-
strapping method [Chernick 1999, Schorlemmer et al.
2003]. This approach consists of  computing b-value sev-
eral times by random sampling with replacement of
events in the catalog.
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Figure 2. (a) The calculated model parameters and the forecast model of  aftershocks activity for Nepal earthquake sequence based on ob-
served data of  17 days learning period (tL), estimated using maximum likelihood method. The bootstrap forecast models plotted as gray lines
in the background fit with the modified Omori law. The brown line depicts the mean forecast model whereas the red bar shows the stan-
dard deviation of  forecasted events at forecasted time (tF). p, c and K indicates the modified Omori’s parameters of  the forecast model (green
line) whereas pm, cm and km shows the modified Omori’s parameters of  the mean forecast model (brown line). The value of  the standard
deviation of  the bootstrap model ((Bst)) is estimated to be 43.48. The vertical line indicates the end of  the learning period. Star at time axis
depicts the largest aftershock in learning period which is used to segregates the learning period in two time spans to fit the modified Omori’s
model parameters. (b) Observed cumulative number of  aftershocks of  the May 12 earthquake (a solid line) and the evaluated curve of  the
modified Omori formula fitted to the aftershock data during the period May 12 - October 31, 2015 (a broken line).



The temporal decay pattern of  aftershocks is con-
trolled by the modified Omori law [Utsu 1961, Utsu et
al. 1995, Scholz 2002, Utsu 2002] which is given by the
following equation:

where N(t) denotes the rate of  occurrence of  earth-
quakes at time t after the main-shock. K, c and p are the
empirical constants. The complex post-seismic relax-
ation processes of  a region can be unambiguously in-
ferred from Equation (3) [Utsu 1961, Utsu et al. 1995].
The total number of  events in a sequence defines the
constant K, i.e., the aftershocks productivity while the
parameter  depicts the values related to unsuccessful
identification of  small aftershocks occurred in the be-
ginning phase of  the sequence [Kisslinger and Jones 1991,
Utsu et al. 1995].The slope estimated from the double-
logarithmic plot between the occurrence rate of  after-
shocks and the time after the main-shock gives the
most important parameter p-value which is the steep-
ness of  the aftershock’s decay [Utsu 1961, Kisslinger
and Jones 1991, Scholz 2002]. Although, the accepted
global p-value is 1.0 for any aftershock sequence
[Omori 1894] while it varies from 0.9 to 1.5, depending
on several tectonic conditions such as geological het-
erogeneities and elastic strain buildup in the study re-
gion [Kisslinger and Jones 1991, Utsu et al. 1995].

The fractal dimension, DC, of  the earthquake de-
picts the strength of  clustering of  earthquakes through
the power law exponent obtained from the number of
pair of  earthquake epicenters or focal depths measured

at different distance intervals [Kagan 2007]. DC defines
the fractured characteristics of  the heterogeneous ma-
terial by quantifying the relative strength of  the spatial
clustering of  the events [Roy and Mondal 2009, 2012].
Hence, lower DC value is associated with higher clus-
tering of  earthquakes while higher DC value indicates
uniform or random spatial distribution of  events
[Thingbaijam et al. 2008, Yadav et al. 2012, Chingtham
et al. 2014]. Grassberger and Procaccia [1983] formu-
lated the correlation integral method for estimating DC
and is given by

where H(x) indicates the Heaviside step function whose
value is 0 if  x < 0, otherwise 1. N is the total number of
earthquakes and y denotes the epicenters of  the earth-
quakes. Finally, DC value can be estimated from the
slope of  the plot between log10(C (N, r)) and log10(r)
[Narenberg and Essex 1990] obtained from the relation
given below:

The variation of  DC, therefore, provides inclusive
information on crustal heterogeneity and stability of
the different tectonic zones in time and space [Turcotte
1986, Dimitriu et al. 1993]. Several researchers also
imagined that it manifests the characterizing fractal pat-
terns, thereby filling up the surrounding space qualita-
tively and quantitatively [Singh et al. 2012, Yadav et al.
2012, Bayrak et al. 2013]. So, clustering of  earthquake
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Figure 3. Frequency–magnitude distribution of  GR relationship (log10N = a–bM) for both the aftershock sequences of  (a) first (MW 7.8) and
(b) second (MW 7.2) main-shocks of  Nepal earthquake sequence.

(4)

(3)

(5)
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epicenters into a point will induce DC value close to
zero while the value close to 1 suggests that the epi-
centers are distributed all along the line. Moreover, the
DC having values near to 2 and 3 signify that the epi-
centers are scattered all through the fractured surface
and the crustal volume respectively [Khattri 1995, Singh
et al. 2012, Bayrak et al. 2013].

The temporal variations of  b-value and fractal di-
mension (DC) have been accomplished by considering
100 events in each consecutive window with a slide of
10 events. In this sliding windowing technique, mini-
mum 50 events with M ≥ MC in each time window are
essentially considered for determining the reliable b-
value and DC. The maximum likelihood method given
by [Aki 1965, Bender 1983, Utsu 1999] is utilized for cal-
culating b-value in each time window while DC is esti-
mated by employing correlation integral method given
by Grassberger and Procaccia [1983] for the same time
window. The reason behind the consideration of  con-
stant 100 events in each time window is to provide con-
stant accuracy of  b-value and DC throughout the period
of  study. Moreover, it also primarily increases the sta-
tistical robustness on the estimated parameters for de-
termining their potential as precursors in the highly
tectonic regime of  Nepal Himalaya [Nuannin 2006].
Later, the estimated values have been assigned to the
mean of  the corresponding time window. ZMAP soft-
ware is employed for estimating the temporal varia-
tions of  b-value [Wiemer 2001] whereas the temporal
evolution of  DC is calculated by using FactalAnalyzer
software developed by Roy and Gupta [2015]. 

4. Results and discussions
Mitra et al. [2015] suggested that the second major

earthquake (MW 7.2) is alleged to have occurred due to
the propagation of  stresses on the adjacent segment of
the same fault of  the first major earthquake (MW 7.8).
It is also accepted that the aftershock sequence of  sec-

ond major earthquake may have been corrupted by the
aftershock sequence of  first major earthquake. The
plot of  aftershock’s epicenters showed a large number
of  significant aftershocks have migrated from NNW to
SSE direction, coinciding with the strike of  one of  the
nodal plane (strike = 293, dip = 7, rake = 108) of  the
first major earthquake fault plane solution and is in ac-
cordance with the locked segment of  MHT beneath
the Nepal Himalayan region [Mitra et al. 2015]. This
migration of  aftershocks in the area shows that the rup-
ture is propagated towards SE direction of  the first
major earthquake [Avouac et al. 2015].

The FMD plots for both the aftershock sequences
of  (MW 7.8) and (MW 7.2) main-shocks of  Nepal earth-
quake sequence are presented by Figure 3a,b. The low-
est magnitude level at which all the observed earthquakes
that can be recorded in a particular space-time volume
is defined by the completeness of  magnitude, MC and is
computed by using maximum curvature method
[Wiemer and Wyss 2000]. In this study, MC is computed
for both the aftershock sequences of  first and second
main-shocks of  Nepal earthquake sequences and is
equal to 3.0 and 3.3 respectively. By considering all the
events above these completeness values, the a-value as
well as the b-value with its standard deviation, b-value
of  GR relation for both the aftershock sequences are
computed using maximum likelihood method given by
Equation (2). The a and b-values for both the aftershock
sequences are found to be 4.74 and 0.75 (±0.03) re-
spectively for first main-shock while for aftershock se-
quence related to second main-shock, the values are
found to be 5.46 and 0.90 (±0.04) respectively (Figure
3a,b, Table 3). The estimated b-values for both the se-
quences are lower than the global value of  1.0, which
reveal that the main-shocks are considerably nucleated
from a highly differential stressed regime [Wiemer and
Katsumata 1999, Wiemer and Wyss 2002]. However,
the observed low b-value for the aftershock sequence

STATISTICAL ANALYSIS OF AFTERSHOCK SEQUENCES OF NEPAL EARTHQUAKES

Aftershock
sequence

Gutenberg–Richter relation Modified Omori law Fractal
dimension, DC

Number
of  eventsMC a-value b-value c K p-value

First main-shock
(April 25, 2015,
till before the
occurrence of
May 12, 2015,
main-shock)

3.0 4.74 0.75 (±0.03) 0.051 ± 0.02 69.62 ± 5.57 1.01 ± 0.05 1.84 ± 0.04 490

Second main-
shock (May 12,
2015 - October
31, 2015)

3.3 5.46 0.90 (±0.04) 0.01 ± 0.008 19.06 ± 1.95 0.95 ± 0.04 1.91 ± 0.07 298

Table 3. Summary of  the results estimated from the established statistical parameters. 



of  first main-shock (MW 7.8), as compared to the after-
shock sequence of  second main-shock (MW 7.2) signi-
fies that the aftershock sequence of  first main-shock
comprises of  relatively larger magnitude aftershocks
with scarcity of  smaller size aftershocks. It is also no-
table that the maximum slips of  nearly 4.5 m caused by
both the April 25 and May 12 Nepal earthquakes pro-
duced large size asperities in the hypocentral areas of
the MHT plane [Galetzka et al. 2015, Zhang et al. 2016],
thereby generating larger size aftershocks which results
in low b-values for both the aftershock sequences of
Nepal earthquakes. Our results of  low b-values in large
asperity zones caused by large slips are found to be con-
sistent with the findings of  Irmak et al. [2012] for Oc-
tober 23, 2011, Turkey earthquake (MW= 7.1).

The temporal decay rates of  both the aftershock
sequences of  Nepal earthquakes are depicted by Figure
4a,b. The maximum likelihood method given by Equa-
tion (3) is employed to obtain the p, c and K-values in
the modified Omori formula. The p-values 1.01 ± 0.05
and 0.95 ± 0.04 were estimated for both the aftershock
sequences even though the maximum slip distributions
for both the main-shocks are calculated to be around
4.5 m [Zhang et al. 2016]. The observed p-values are
found to be near the global p-value of  1.0, which sug-
gests that both the temporal decay patterns of  the af-
tershock sequences can be effectively modeled by
modified Omori law with p-value typically close to 1.0.
But, the seismicity in the aftershock sequence of  first
main-shock decays relatively faster than the aftershock
sequence of  second main-shock (Figure 4 a,b). This also
implies that the aftershock activities for the first main-
shock have relatively shorter duration with respect to
the aftershock activities for second main-shock [Bayrak

et al. 2013]. Moreover, a simple modified Omori law
cannot be fitted to the high p-value region of  aftershock
sequence immediately after the April 25 earthquake be-
cause of  the presence of  large aftershocks at the early
stage of  its sequence. The associated c and K-values for
the aftershock sequence of  first main-shock (MW 7.8)
are estimated as 0.051 ± 0.02 and 69.62 ± 5.57 for 490
events between 0.005 ≤ t ≤ 17 days while 0.01 ± 0.008
and 19.06 ± 1.95 are calculated by 298 events in the sec-
ond aftershock sequence between 0.005 ≤ t ≤ 173 days
(Table 3). The incomplete removal of  the background
seismicity results in superposed sequences and subse-
quently provides large c-value for the first main-shock’s
aftershock sequence in comparison to second main-
shock’s aftershock sequence. In other words, the large
c-value in collaboration with smaller magnitude in-
completeness of  the aftershock sequence of  first main-
shock reflects the more geometrically complex rupture
propagation pattern of  the April 25 earthquake’s se-
quences relative to the May 12 earthquake’s sequences
as also observed by Yamakawa [1968] for the aftershock
sequence of  June 16, 1964, Niigata earthquake (MW 7.6).
From the final observations of  b and p-values, we can
here infer that the b-value of  the FMD is predominantly
controlled by stress heterogeneity and asperities while
the maximum slip distribution during the main-shock and
its aftershock activities governs the p-value distribution
within the aftershock zone of  Nepal earthquake.

The fractal dimensions, DC, for both the aftershock
sequences of  first and second main-shocks of  Nepal
earthquakes are estimated from the log–log plot be-
tween the correlation integral formulated by Grass-
berger and Procaccia [1983] and distance between
hypocenters as shown in Figure 5a,b. Table 3 displays
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Figure 4. Temporal change of  the number of  aftershocks per day for both the aftershock sequences of  (a) first (MW 7.8) and (b) second
(MW 7.2) main-shocks of  Nepal earthquake sequence along with their relevant respective parameters p, c and K-values in the modified
Omori’s Law.
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that the calculated DC for both the aftershock sequences
are found to be 1.84 ± 0.04 for the first main-shock and
1.91 ± 0.07 for the second main-shock. The DC close to
2 calculated for both the aftershock sequences of  Nepal
earthquake indicates that the epicentres of  the after-
shocks are scattered all around the two dimensional
space. This also implies that the fractured fault net-
works of  the Nepal region are randomly occupied by
the distribution of  aftershocks, thereby displaying the
characteristics of  two dimensions [Yadav et al. 2012].
Moreover, several researchers have done extensive stud-
ies on the relationship between the b-value of  the GR
law and the DC of  earthquakes [e.g., Hirata 1989, Tur-
cotte 1992, Scholz 2002]. While considering that seis-

mic moment is proportional to the cube of  the fault di-
mension, Aki [1981] suggested that the parameters are
inter-related by DC = 3b/c where c gives the world av-
erage scaling constant (~1.5) between the logarithm of
moment and magnitude of  an earthquake [Kanamori
and Anderson 1975]. For aftershock sequence of  first
main-shock, we have calculated c = 1.22 by assuming
DC = 1.84 and b-value = 0.75 while considering DC =
1.91 and b-value = 0.90, we have found c = 1.41 for af-
tershock sequence of  second main-shock of  Nepal
earthquake. These c-values are closer to the aforemen-
tioned statements and validate the relationship be-
tween b-value and DC in the study region.

The temporal variation of  b-value and its associ-

STATISTICAL ANALYSIS OF AFTERSHOCK SEQUENCES OF NEPAL EARTHQUAKES

Figure 5. Plots of  logC(r) against log r for determining the DC of  both the aftershock sequences of  (a) first (MW 7.8) and (b) second (MW 7.2)
main-shocks of  Nepal earthquake sequence. R2 corresponds to the correlation coefficient of  the regression line. 

Figure 6. Temporal variation of  b-value for the studied region. Dashed lines indicate the standard deviation and stars mark the times of  oc-
currence of  Nepal earthquakes for MW ≥ 7. Solid, vertical lines represent the time of  occurrence and magnitude (right scale) of  all recorded
earthquakes. Date format: dd/mm/yyyy.



ated b-value are examined with respect to the occur-
rence of  investigated earthquake (MW 7.2, May 12,
2015) in the study region during the observational pe-
riod from April 25 to October 31, 2015. The b-values
are found varying in between 0.62 and 1.71 during the
entire Nepal earthquake sequences as shown in Figure
6. However, the observed low b-values have been found
decreasing from 1.35 to 0.69, starting from May 5 till
the occurrence of  May 12, 2015 (Table 4). This low b-
value observed before the impending earthquake can
be easily associated with the tectonic stress accumula-
tion near the hypocentral region. These evidences of
the relatively low b-value before the impending earth-
quake are in good agreement with the results presented
by Wyss et al. [2000] and Wyss and Stefansson [2006].
Henderson et al. [1994] have also seen low b-value pre-
ceding large main-shocks while investigating the seis-
micity of  the southern Californian region. Various
studies have also confirmed that the temporal decrease
in the b-value with relatively low seismicity rate before
the large earthquakes may be considered as a forecast-
ing indicator [Ogata and Katsura 1993, Wu et al. 2008,
Papadopoulos et al. 2010]. In the present study, the b-
values are observed to be increased significantly and
found to remain in between 1.21 and 1.44 after the May
12, 2015, earthquake (Figure 6). These increased b-val-
ues significantly after a major earthquake can be con-
sidered as an evidence for stress reduction in and around
the rupture areas. 

Figure 7 depicts the significant temporal variation
of  DC along with its standard deviation denoted by DC.
Fluctuating nature of  DC with values varying between
0.67 and 1.72 can be seen from the temporal variation
of  DC of  Nepal earthquake sequence (Table 4). This

temporal variation of  DC have been found decreasing
from 1.50 to 0.89, starting from May 6 till the occur-
rence of  the May 12, 2015 earthquake, thereby exhibit-
ing the similar trend with the temporal variation of
b-value (Figures 6 and 7). It can be confirmed that the
observed low DC values before the impending earth-
quake (MW 7.2) signifies high clustering near the epi-
central area. This significant low DC value along with
highly clustered seismicity may indicate possible rup-
ture nucleation point of  the May 12 earthquake and can
also be considered as an index for predicting future
strong earthquake [Main 1992, Sammonds et al. 1992,
Roy and Mondal 2010]. Similar to b-value variation, the
decrease and then the increase DC values observed in
its temporal variation can be easily correlated with the
clustering and scattering of  earthquakes in a fractured
material. In other words, the temporal variation of  DC
reflects the stress accumulation and strain release pat-
tern along the Himalaya region [Roy and Nath 2007].
The present analysis of  DC of  seismicity further sug-
gests the existence of  complex stress pattern within the
heterogeneous and fractured rock mass of  the Nepal
Himalayan region [Legrand et al. 1996, Oncel and Wil-
son 2004]. A positive correlation with low values has
been observed between the temporal variations of  b-
value and DC in the studied region as shown in Figures
6 and 7. This implies that the region exhibit high-stress
concentrations with clustering of  mainly large/major
earthquakes as suggested by Oncel and Wyss [2000].
During this period of  low b-value and low DC, the re-
gion of  the Earth’s crust exhibit nearly “self-organized
critical” (SOC) state such that the rupture propagation
may eventually nucleate from this highly stressed re-
gion causing a strong earthquake [Roy and Mondal
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Figure 7. Temporal variation of  DC for the studied region. Dashed lines indicate the standard deviation and stars mark the times of  occur-
rence of  Nepal earthquake sequence for MW ≥ 7. Solid, vertical lines represent the time of  occurrence and magnitude (right scale) of  all
recorded earthquakes. Date format: dd/mm/yyyy.
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2012]. Lu et al. [2005] also suggests that the decrease of
DC with the corresponding decrease of  b-value can act
as an index for possible prediction of  earthquakes.
However, the physical characteristics for this earth-

quake triggering based on the reduction of  DC or b-
value have to be examined more carefully, especially at
critical failure, for considering this index as a reliable
predictor [Roy and Mondal 2012].

STATISTICAL ANALYSIS OF AFTERSHOCK SEQUENCES OF NEPAL EARTHQUAKES

Year b-value b-value DC DC

2015.3132 0.62 0.10 0.67 0.09

2015.3133 0.69 0.10 0.76 0.01

2015.3133 0.74 0.10 0.89 0.09

2015.3134 0.77 0.10 0.99 0.09

2015.3134 0.82 0.10 1.08 0.06

2015.3135 0.85 0.10 1.13 0.06

2015.3136 0.82 0.10 1.16 0.06

2015.3137 0.91 0.10 1.2 0.06

2015.3138 0.93 0.10 1.26 0.05

2015.3139 1.10 0.10 1.25 0.04

2015.3140 1.12 0.10 1.34 0.05

2015.3142 1.10 0.06 1.36 0.05

2015.3143 1.18 0.01 1.42 0.05

2015.3145 1.27 0.02 1.49 0.06

2015.3147 1.08 0.02 1.57 0.07

2015.3149 1.06 0.00 1.65 0.06

2015.3151 0.96 0.01 1.72 0.06

2015.3154 0.94 0.04 1.53 0.07

2015.3156 0.98 0.01 1.41 0.06

2015.3159 0.96 0.02 1.39 0.05

2015.3162 0.97 0.09 1.15 0.03

2015.3166 1.02 0.10 1.09 0.04

2015.3170 0.97 0.10 1 0.03

2015.3174 0.99 0.10 0.99 0.05

2015.3179 1.21 0.10 1.07 0.05

2015.3183 1.27 0.10 1.11 0.06

2015.3189 1.43 0.10 1.09 0.05

2015.3196 1.61 0.10 1.14 0.05

2015.3204 1.66 0.10 1.25 0.04

2015.3213 1.67 0.09 1.3 0.05

2015.3223 1.71 0.09 1.26 0.05

2015.3235 1.65 0.07 1.2 0.05

2015.3248 1.66 0.10 1.14 0.04

2015.3263 1.51 0.08 1.09 0.02

2015.3279 1.39 0.09 1.01 0.03

Year b-value b-value DC DC

2015.3297 1.42 0.07 1.07 0.06

2015.3318 1.37 0.08 1.16 0.05

2015.3344 1.32 0.08 1.22 0.06

2015.3372 1.32 0.10 1.19 0.05

2015.3404 1.35 0.10 1.37 0.05

2015.3435 0.91 0.10 1.56 0.06

2015.3464 0.77 0.10 1.59 0.04

2015.3492 0.72 0.10 1.54 0.05

2015.3518 0.71 0.10 1.42 0.07

2015.3541 0.72 0.06 1.3 0.08

2015.3563 0.69 0.10 1.19 0.07

2015.3579 0.69 0.10 1.06 0.07

2015.3591 0.69 0.10 0.91 0.08

2015.3598 0.70 0.09 0.94 0.09

2015.3602 0.68 0.10 0.89 0.08

2015.3605 0.80 0.10 0.91 0.08

2015.3608 0.93 0.07 0.99 0.08

2015.3614 1.05 0.07 1.01 0.07

2015.3623 1.12 0.02 1.08 0.08

2015.3635 1.10 0.07 1.15 0.06

2015.3649 1.21 0.09 1.15 0.06

2015.3670 1.31 0.05 1.12 0.06

2015.3700 1.31 0.08 1.17 0.05

2015.3738 1.23 0.07 1.25 0.04

2015.3782 1.28 0.10 1.37 0.03

2015.3844 1.31 0.09 1.49 0.03

2015.3924 1.33 0.10 1.5 0.04

2015.4023 1.27 0.10 1.33 0.06

2015.4148 1.32 0.09 1.23 0.08

2015.4292 1.39 0.07 1.21 0.08

2015.4478 1.30 0.10 1.22 0.09

2015.4697 1.25 0.09 1.23 0.08

2015.4947 1.31 0.10 1.21 0.06

2015.5254 1.44 0.08 1.22 0.08

Table 4. Values for each consecutive 100 events time-windows of  b-value and fractal dimension DC, during the period April 25 - October
31, 2015.



5. Conclusion 
The statistical properties of  the Nepal earthquake

sequences have been investigated to assess the seismic
characteristics of  the study region. For this purpose,
the statistical parameters such as b-value of  GR rela-
tionship, p-value of  aftershocks temporal decay and
fractal dimension, DC have been calculated and analysed
for the aftershock sequences of  first (MW 7.8) and sec-
ond (MW 7.2) main-shocks of  Nepal earthquake se-
quences, utilizing the homogenized earthquake catalog
(MW) compiled from ISC and GCMT during the period
from April 25 to October 31, 2015. The Nepal earthquake
sequence, thus, presents the complexity of  present day
tectonics in Nepal. The b-values, i.e., 0.75 (±0.03) and
0.90 (±0.04) for both the aftershock sequences that are
found lower than the global mean value of  1.0, which
implies the complexities in terms of  heterogeneities
present in the ruptured zones. The relatively low b-
value of  the first main-shock’s aftershock sequence with
respect to second main-shock’s aftershock sequence
suggests the presence of  larger magnitude earthquakes
in the sequence. This evidence is also supported by the
occurrence of  41 aftershocks after the April 25, 2015,
earthquake within 24 hours. The p-value obtained for
the aftershock sequence of  first main-shock (1.01 ± 0.05)
shows relatively faster decay pattern with lesser stress
dissipation time than the aftershock sequence of  sec-
ond main-shock (0.95 ± 0.04). The respective values of
DC for both the aftershock sequences of  first (1.84 ± 0.04)
and second (1.91 ± 0.07) main-shocks of  Nepal earth-
quake sequences indicate that the aftershocks are ran-
domly scattered all around the two dimensional planar
surface being filled up by fractures in the Nepal Hi-
malaya. Both the aftershock sequences of  the Nepal
earthquakes exhibit positive correlation between fractal
dimension (DC) and b-value, thereby following the clas-
sical Aki’s formula (DC = 3b/1.5). The temporal varia-
tions of  b-value and DC are also investigated to examine
the increased stress accumulations in the heteroge-
neous crust and the clustering of  events related to the
preparation of  earthquake processes in Nepal Himalayan
region. Furthermore, the distinct drops of  b-value
(~0.60) caused by the increased tectonic stress accu-
mulation in the study region can be easily associated
with the occurrence of  a major earthquake (MW 7.2)
on May 12, 2015. Similarly, the low DC value observed
before the impending earthquake of  May 12, 2015 (MW
7.2) also exhibits the rupture nucleation points of
stressed region of  Nepal Himalaya. However, the pos-
itive correlations between b-value and DC can act as an
indicator for possible prediction of  earthquakes in a re-
gion. Statistical parameters estimated in the present
study describe the tectonic behavior of  the study area

which infers the high stress accumulation in the het-
erogeneous and fractured rock matrix of  the Nepal
Himalayan region. More and more data is required to
get further robust results for finding the futuristic
earthquake scenarios, which in turn for characterizing
the seismic regime in a better way. 
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