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ABSTRACT
Based on active tectonics, structural orientation, focal mechanism of  
earthquakes and seismicity level, Northeast India and its surroun-
ding region has been divided into five seismogenic zones namely, the 
Eastern Himalaya as Zone 1, the Eastern Himalaya Syntaxis as Zone 
2, the Shillong plateau and Mikir hill as Zone 3, the Naga-Disang 
as Zone 4 and the Eastern Boundary as Zone 5. In the present study 
we proposed relation between earthquake mean time interval and the 
magnitude for earthquakes in these five seismogenic zones. We model 
the variation of  the mean time interval with four different distribution 
models viz. the Poisson’s, the Weibull’s, the log-Weibull and the lo-
gnormal distributions. The mean time interval is found to be following 
the log-normal model the most amongst the four models tested in this 
study. The coefficients of  the relation between logarithm of  mean time 
interval and the magnitude as estimated from the complete catalog 
selected by two time windows exhibit mild differences limited to ± one 
standard deviation uncertainty in the coefficient and decreasing with 
an increase in the catalog time window length. 

1. Introduction
Seismicity analysis assesses the behavior of  ear-

thquake occurrences with respect to previous events. 
This is one of  the important components in seismic 
hazard assessment. In the time independent probabili-
stic seismic hazard assessment the basic assumption is 
that seismicity distribution follows the Poisson’s distri-
bution in space and time according to which the next 
event from a seismic source is independent of  the pre-
vious event i.e. it is memory-less. Kagan and Jackson 
[1976], Kagan and Jackson [1991], Knopoff  et al. [1996] 
and others observed clustering in time for large earth-
quakes, and therefore, proposed other types of  distribu-
tions. Moreover for the seismic hazard and risk studies 

conducted for purposes relating to a shorter time inter-
val (e.g. insurance renewal periods), temporal variations 
in the estimated hazard level may have significant effects 
[Musson et al. 2002]. In the time dependent probabilistic 
seismic hazard analysis the activity rate of  a region is 
considered to be dependent on time delay from the last 
earthquake and time interval between two events of  the 
magnitude in the same source zone. 

There are various methods to estimate the time 
interval between two events viz. Paleoseismicity study 
[McCalpin 2009], from the slip rate on the fault assu-
ming characteristic earthquake behavior and relatively 
constant recurrence intervals [Wallace 1970] and histo-
rical catalog analysis. The slip rates on major faults in 
northeast India and its surrounding region have been 
investigated by various workers [viz. Angelier and Ba-
ruah 2009, Kundu and Gahalaut 2013, Gahalaut et al. 
2013] though the precision is not sufficient enough to 
deduce the slip rate for each potential fault in the re-
gion. Northeast India has been the source of  a number 
of  great earthquakes viz. Assam Earthquake of  ma-
gnitude Mw 8.7 in 1950, Shillong Earthquake of  Mw 
8.1 in 1897, Srimangal Earthquake of  Mw 7.6 in 1918 
and Dhubri Earthquake of  Mw 7.1 in 1930. The return 
period for the great earthquakes like the 1897 Shillong 
Earthquake of  Mw 8.1 is expected to be of  the order of  
thousand years [Bilham and England 2001]. However, 
before the present the earthquake records are close 
to complete only for earthquakes in the most recent 
200 years [Bilham 2004]. Therefore, the relationship 
between mean time interval and magnitude has be-
come important for computation of  time dependent 
activity rate in the region. 

S0223



YADAV AND NATH

2

A number of  different methods have been propo-
sed by various researchers to include time dependence 
in activity computation. A simple model proposed by 
Gere and Shah [1984] is that the longer the lapse time 
since the last event occurred, the sooner will the next 
event be nucleating. However, Davis et al. [1989] sug-
gested that the reverse might also be true. Ward and 
Goes [1993] and Goes and Ward [1994] numerically pro-
ved that in the case of  Weibull’s distribution the corre-
lation between the time lapse after the last event and 
the probability of  occurrence of  the next event may be 
positive or negative depending on the exponent of  the 
distribution. Sornette and Knopoff  [1997] analyzed this 
for other distribution models with memory and found 
that for any distribution that falls off  at a faster rate 
than an exponential function at large time intervals, the 
correlation between the time lapse after the last event 
and the probability of  occurrence of  the next event is 
negative while for any distribution model that falls at 
a slower rate than an exponential one at large time in-
tervals, the correlation between the time lapse after the 
last event and the probability of  occurrence of  the next 
event is positive. The negative correlation between 
the time lapse after the last event and the probabi-
lity of  occurrence of  the next event has resemblan-
ce with seismic gap hypothesis proposed by Fedotov 
[1965]. In the lognormal distribution the mean time 
interval is the most probable time lapse since the last 
event to the next. If  the earthquake has not occurred 
near the mean time interval, it becomes increasingly 
likely that the occurrence time will be in the tail of  
the lognormal distribution [Musson et al. 2002]. Va-
rious other distribution models have been tested by 
several workers viz. Weibull [Abaimov et. al. 2008], 
Brownian Passage time [Ellsworth 1999], lognormal 
[Musson 2002], Poisson, and gamma [Utsu  1984]. 
Time independent seismicity analysis of  Northeast 
India and its surrounding region has been performed 
by Thingabijam et al. [2008]. Yadav et al. [2010] cal-
culated the cumulative probability for earthquakes of  
magnitude greater than or equal to Mw 7.0 using 20 
events of  magnitude ranging from Mw 7.0 to Mw 8.6 
from northeast India and the surrounding region.

2. Seismotectonism and Source Zonation 
Delineation of  seismogenic source zones requires 

several parameters viz. homogeneous and complete hi-
storical catalog, neo-tectonic fault mapping and the geo-
logy of  the region. Dutta [1964] and Gupta et al. [1986] 
divided Northeast India and the surrounding region 
into four seismogenic source zones, namely, the Eastern 

Himalayan Thrust zones (in present study seismogenic 
Zone 1), the Eastern Himalaya Syntaxis zone (in present 
study seismogenic Zone 2), the Shillong plateau (in pre-
sent study seismogenic Zone 3) and the Arakon-Yoma 
subduction (in present study seismogenic Zone 4 and 
seismogenic Zone 5). Yadav et. al. [2009] divided the re-
gion into four source zones based on active tectonics, 
focal mechanism of  earthquakes and the seismicity le-
vel. Due to non-availability of  detailed map of  neo-tec-
tonism of  the region Yadav et. al. [2011] divided the 
region into four seismic zones with overlapping boun-
daries. Studies from GPS data along the Arakan-Yoma 
subduction zone indicate significant differences in slip 
distribution from the northern to the southern part of  
the fault system [Vigny et al. 2003, Maurin et al. 2010]. 
Also the structural orientation in this zone varies from 
NNE-SSW in the north to N-S in the south [Angelier 
and Baruah 2009]. Therefore, the Arakan-Yoma sub-
duction zone has been split into two seismogenic zones 
in this study, viz. the Naga-Disang (seismogenic Zone 
4) and the Eastern Boundary (seismogenic Zone 5). 
The entire Northeast India and the surrounding region 
has been divided into five seismogenic zones namely, 
the Eastern Himalaya as seismogenic Zone 1, the Ea-
stern Himalaya Syntaxis as seismogenic Zone 2, the 
Shillong Plateau and Mikir hill as seismogenic Zone 
3, the Naga-Disang as seismogenic Zone 4 and the Ea-
stern Boundary as seismogenic Zone 5 as depicted in 
Figure 1. The main tectonic features in the Eastern Hi-
malayan zone are the Main Boundary Thrust (MBT) 
and the Main Central Thrust (MCT). In the Eastern 
Himalaya Syntaxis, located in the eastern end of  the 
Himalaya, the East-West directed Eastern Himalaya 
structure intersects with the NNE-SSW Naga-Disang 

Figure 1. Seismogenic source zones from Northeast India and its sur-
rounding region (Modified considering Yadav et al. 2011, Dasgupta et 
al. 2000, Bora et al. 2014, Bora et al. 2016, Steckler et al. 2016).
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Thrust [Menahem et al. 1974]. The dominant focal me-
chanism in this zone is of  thrust fault type (Figure 2).  
The seismogenic Zone 3 comprises the Shillong Plateau 
and Mikir Hill. Shillong Plateau, the source of  the 1897 
earthquake of  Mw 8.1 has a complex tectonics. Bilham 
and England [2001] suggested a pop-up tectonics for the 
Shillong Plateau between the Oldham fault in the north 
and the Dauki fault in the south. The Mikir Hill is sepa-
rated from the Shillong plateau in the East by the Kopili 
fault. The earthquakes in this zone have focal mechanism 
varying from thrust to strike-slip types. Kayal [1987, 1996] 
and Dian et al. [1984] suggested subduction tectonics and 
dragging of  the dipping Indian lithosphere below the In-
do-Burma ranges. Chen and Molnar [1990] obtained fo-
cal mechanism solutions for 10 earthquakes which show 
pure thrust to a mixture of  reverse in the seismogenic 
Zone 4. The earthquake focal mechanism has dominant-
ly strike-slip faulting type in the Eastern Boundary zone 
[Angelier and Baruah 2009] as shown in Figure 2.

3. Methodologies
The methodology for the present analysis com-

prises of  two steps viz. 1) pre-processing of  the ear-
thquake catalog and 2) computation of  mean time 
interval and selection of  optimal model for the varia-
tion in mean time interval with magnitude. We have 
used cumulative probability to compare the variation 
in mean time interval with magnitude in four different 
model types viz. Poisson’s, Weibull’s, Log-weibull and 
Lognormal distributions for the selection of  the opti-
mum distribution model. The Kolmogorov Smirnov 
(K-S) and Chi-Square methods have been used to eva-
luate the model fit [Lilliefors 1967].

3.1 Pre-Processing of  Catalog
The earthquake catalog for the study region has 

been selected from South Asia earthquakes catalog 
prepared by Nath et al. [2010]. The selected catalog 
has been updated up to 31st December 2012. Earthqua-

Figure 2. Seismogenic zones and seismicity (Mw>5) distribution map of  Northeast India and its surrounding region (Modified considering 
Yadav et al. 2011, Dasgupta et al. 2000, Bora et al. 2014, Bora et al. 2016, Steckler et al. 2016, GCMT. Catalogue available at http://www.
globalcmt.org/CMTsearch.html).
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kes reported from various global earthquake catalogs 
viz. United States Geological Survey (USGS), Global 
Centroid Moment Tensor (GCMT), International Sei-
smological Center (ISC), India Meteorological Depart-
ment (IMD) and National Geophysical Research Insti-
tute (NGRI) served as data sources for the catalog. The 
earthquake catalog has been made homogeneous in 
moment magnitude (Mw) by using empirical relations 
between moment magnitude (Mw) with the body 
wave magnitude (mb), the surface wave magnitude 
(Ms) and the local magnitude (ML) proposed by Nath 
et al. [2010] using orthogonal regression on the ear-
thquake events included from the same study region. 

Declustering of  the catalog is the selection of  
main-shocks from a cluster of  foreshocks, mainshocks 
and aftershocks. The method of  either Gardner & 
Knopoff  [1974] or Reasenberg [1985] is mostly used 
because of  their application simplicity [Stiphout et. al., 

2012]. Gardner and Knopoff  [1974] defined the method 
to identify aftershocks and foreshocks in the earthqua-
ke catalog using inter event distance in time and space. 
But this method ignored the secondary and higher or-
der aftershocks [Stiphout et al. 2012]. The method pro-
posed by Musson [2000] is similar to the method given 
by Reasenberg [1985]. The main difference is that the 
Reasenberg’s method considers the first event of  a se-
quence as the mainshock, and a subsequent larger ear-
thquake becomes a ‘‘larger mainshock’’ [Reasenberg 
and Jones 1989] while the Musson’s method considers 
the largest event in a sequence to be the mainshock; 
in case two events of  equal magnitude occur, the first 
event is the mainshock [Musson 2000]. In the present 
analysis we applied declustering algorithm developed 
by Musson [2000] with a fixed time window of  80 days 
which has been found to be optimal for the study re-
gion. This value was determined through inspection of  

Figure 3. Frequency Magnitude Distribution (FMD) plots for the five 
seismogenic zones in Northeast India and its surrounding region. 

Table 1. Number of events after declustering within windows A 
and B in five seismogenic zones.

Seismogenic Zone Window A Window B

Zone 1 260 207

Zone2 185 164

Zone 3 136 111

Zone4 471 423

Zone 5 520 410
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several clusters of  seismicity in the catalog to establish 
an appropriate value through direct observation. 

The declustered catalogue comprises the area 
between 17°- 33° N and 86°- 100° E. The study region 
comprises of  all the five seismogenic zones and a to-
tal of  27092 events of  which 8549 events are of  Mw ≥ 
5.0 and 963 events are of  Mw ≥ 6.0. In the declustered 
catalog the number of  events with magnitude Mw ≥ 
5.0 and Mw ≥ 6.0 are 3630 and 689 respectively while 
the total events are 6209. The declustured events wi-
thin the five seismogenic zones along with faults have 

been depicted in Figure 2. The number of  independent 
events in the time completeness windows A and B wi-
thin the five seismogenic zones is provided in Table 1. 
The Frequency Magnitude Distribution (FMD) plot 
for the five seismogenic zones in Northeast India and 
its surrounding region is shown in Figure 3.

We used the method given by Zuniga and Wyss 
[1995] to infer the minimum magnitude of  complete-

Figure 4. Plots between standard deviation and mean of  occurrence 
rate with catalog time interval to extract complete catalog time win-
dow length in the five seismogenic zones, (A) catalog time window 
starting from 2012 and (B) catalog time window starting from 2005. 

Table 2. Complete catalog time length for windows A and B for 
the catalog starting from 2012 and 2005  respectively in the five 
seismogenic zones. 

Seismogenic Zone Window A Window B

Zone 1 2012 – 1982 2005 – 1985

Zone2 2012 - 1982 2005 – 1975

Zone 3 2012 - 1977 2005 – 1975

Zone4 2012 - 1962 2005 – 1965

Zone 5 2012 – 1977 2005 – 1980
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ness (Mc). The completeness time window for the cata-
log has been selected by the method suggested by Stepp 
[1973]. The Stepp’s method determines the fraction of  
the catalog time span in which the mean rate of  occur-
rence is stable for a fixed magnitude range (magnitude 
needs to be greater than Mc) using the Stepp’s plot. The 
time upto which the slope in Stepp’s plot is constant gi-
ves completeness time span of  the catalog. In the pre-

sent analysis we considered the magnitude range from 
Mw 5.0 to Mw 7.0. In order to observe the effect of  dif-
ferent time windowed catalogs on the model fit the two 
completeness time windows have been inferred from 
the two catalogs - one up to 2012 and the other up to 
2005. The plot of  standard deviation of  mean occurren-
ce rate with time length for time completeness for all 
the five seismogenic zones are shown in Figure 4. The 

Distribution Model Window A Window B

α*	 β* α*	 β*

Weibull
Zone 1

Log-normal 

Log-Weibull Poisson

2.23(±0.54)	 0.90(±0.25)
14.30(±5.18)	 1.28(±0.44)
14.30(±5.18)	 1.28(±0.44)
1.10(±0.49) 	

2.05(±0.50)	 0.82(±0.23)
11.52(±3.94)	 1.38(±0.47)
11.52(±3.94)	 1.38(±0.47)
0.87(±0.43)	

Weibull
Zone 2

Log-normal 

Log-Weibull Poisson

2.24(±0.43)	 0.77(±0.21)
13.54(±4.02)	 1.52(±0.50)
13.54(±4.02)	 1.52(±0.50)
1.01(±0.44)	  

2.23(±0.51)	 0.92(±0.25)
14.49(±4.02)	 1.28(±0.42)
14.49(±4.96)	 1.28(±0.42)
1.11(±0.47)	

Weibull
Zone 3

Log-normal 

Log-Weibull Poisson

2.43(±0.41) 	 0.70(±0.19)
15.83(±4.57)	 1.63(±0.54)
15.83(±4.57)	 1.63(±0.54)
1.17(±0.50)	

2.45(±0.40) 	 0.70(±0.19)
16.13(±4.59)	 1.66(±0.55)
16.13(±4.59)	 1.66(±0.55)
1.19(±0.50)	

Weibull
Zone 4

Log-normal 

Log-Weibull Poisson

1.99(±0.57)	 1.07(±0.28)
12.43(±4.93)	 1.03(±0.32)
12.43(±4.93)	 1.03(±0.32)
1.02(±0.43)	

1.90(±0.57)	 1.08(±0.60)
11.32(±7.61)	 1.02(±0.47)
11.32(±7.61)	 1.02(±0.47)
0.93(±0.61)	

Weibull
Zone 5

Log-normal 

Log-Weibull Poisson

1.86(±0.61)	 1.14(±0.30)
11.14(±4.62)	  0.97(±0.30)
11.14(±4.62)	 0.97(±0.30)
0.94(±0.41)	

1.97(±0.66)	 1.24(±0.32)
13.19(±5.77)	 0.90(±0.29)
13.19(±5.77)	 0.90(±0.29)
1.16(±0.47)	

Table 3. Estimated coefficients of the four distribution models by two complete catalog time windows A and B using the method of 
maximum likelihood. α* represent γ, µ and λ of the Weibull, lognormal and Poisson’ model β* is for α, σl for Weibull and lognormal 
models. The parameters for Weibull and log-Weibull are same.  

Seismogenic Window A Window B

β α σ β α σ

Zone 1 2.29(±0.08) -10.57(±0.46) 0.03 2.05(±0.15) -9.45(±0.85) 0.05

Zone 2 1.72(±0.06) -7.55(±0.35) 0.02 2.04(±0.06) -9.40(±0.37) 0.03

Zone 3 1.67(±0.05) -7.02(±0.27) 0.02 1.66(±0.06) -6.93(±0.32) 0.02

Zone 4 2.23(±0.08) -10.80(±0.48) 0.03 2.25(±0.08) -11.01(±0.45) 0.05

Zone 5 2.38(±0.05) -11.84(±0.30) 0.02 2.58(±0.08) -12.88(±0.48) 0.08

Table 4. Coefficients of  the relation between log MTI and magnitude given by equation (1), in the five seismogenic zones for two complete 
catalog time windows A and B given in Table 2.
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plots A and B for each seismogenic zone represent the 
result for the catalogs starting from 2012 onwards in 
the descending order of  the year and the other starting 
from 2005 onwards in the descending order of  the year, 
respectively. The completeness time window length for 
the catalog starting from 2012 and 2005 onwards in the 
descending order has been listed in Table 2 for all the 
five seismogenic zones. 

3.2 Computation of  Mean Time Interval
Mean Time Interval (MTI) for magnitude M is 

the average time interval between two earthquakes of  
magnitude greater than or equal to M. M varies from 
Mw 5.0 to a maximum magnitude for which there 
are at least two earthquakes in the complete catalog. 
Two complete catalogs have been given by complete-
ness time windows A and B selected using the Stepp’s 
method as explained above. The catalogs within the 
completeness time windows A and B are the complete 
catalogs with latest years 2012 and 2005. MTI is varying 
with magnitude and exhibits positive correlation with 
the increasing magnitude. 

3.3 Selection of  Model for MTI Variation 
MTI computed from the complete catalog has 

been fitted with four distribution models viz. the Pois-
son’s, the Weibull’s, the log-weibull and the lognormal 
models. We applied the method of  maximum likeliho-
od [Harrish and Stocker 1998] to infer the model para-
meters of  the four distribution functions as depicted in 
Table 3. Thereafter the variation in mean time interval 
has been fitted with the four models mentioned above 
and given in the Appendix. 

The method of  cumulative probability has been 
used to compare the fitting with four distribution fun-
ctions as depicted in Figure 5 for all the five seismoge-
nic zones. The subplots A and B in Figure 5, show MTI 
computed with the catalog windows A and B, respecti-
vely, as discussed earlier. As shown in Figure 5 the cumu-
lative probability with the lognormal model is found to 
be in good agreement with cumulative probability cal-
culated from empirical cumulative distribution function 
(ECDF), discussed in details in the result and discussion 
sections to follow. We also tested for model fit by ap-
plying appropriate method like Kolmogorov-Smirnov 
(K-S) technique which is the most appropriate approach 
for testing for the continuous distribution [Miller, 1956, 
Marsaglia et al. 2003] and is, therefore, considered for 
lognormal, Weibull’s and the log-Weibull models whi-
le for the Poisson’s model the Chi-Square test [Cochran 
1952] has been applied which is preferred for testing the 

Figure 5. Comparison of the observed Mean Time Interval (MTI) with 
four different distribution models in the five seismogenic zones, subplot 
(A) for the complete catalog with the time window starting from 2012, and 
subplot (B) for the complete catalog with time window starting from 2005. 
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discrete distributions. The lognormal model is found to 
be the optimum model for checking the variation of  
MIT with magnitude. Therefore, the MTI variations 
in all the five seismogenic zones have been fitted with 
the lognormal model as given in equation (1) using the 
method of  least square minimization;

log (MTI) = α + βM  ± σ                (1)

Where, MTI is the mean time interval for magnitude gre-
ater than or equal to M, and α and β are the model coef-
ficients which remain constant in each seismogenic zone.
 
4. Results 

Based on active tectonics, structural orientation, 
focal mechanism of  earthquakes and seismicity level, 
the Northeast India and its surrounding region have 
been divided into five seismogenic zones modified 
from Yadav et al. [2011]. In each seismogenic zone 
the minimum magnitude of  completeness is depicted 
in Figure 3 as the frequency magnitude distribution 
(FMD) plot. The time completeness test proposed by 
Stepp [1973] has been applied to the entire declustered 
catalog with a fixed magnitude range varying from Mw 
5.0 to Mw 7.0 and the results presented in Figure 4. We 
computed MTI for magnitude M varying from Mw 5.0 
to Mw 7.0, a magnitude that occurred at least twice 
in the complete catalog. The catalog with the com-
pleteness time windows A and B has been considered 
complete for the magnitude range M ≥ Mw 4.0 to M 
≤ Mw 7.0. The MTI has been fitted in four different 
distribution models viz. the Poisson’s, the Weibull’s, 
the log-Weibull and the lognormal models. Figure 5 
depicts the comparison of  the cumulative probability 
computed from the four different distribution models 
with that from ECPD. The real data represent the cu-
mulative probability computed using ECPD. 

In order to judge the effect of  different catalog 
time windows on the model fit, we performed the mo-
del fit test for MTI computed from catalog with time 
windows A and B. The subplot A and the subplot B 
in Figure 5 depict the comparison of  the cumulative 
probability computed from ECPD with four different 
models for the two catalog time windows A and B. The 
cumulative probability estimated by lognormal model 
is found to be in good agreement with the real data 
for both the time windows in all the five seismogenic 
zones. The MTI variation with magnitude has been fit-
ted in equation (1) using the least square minimization 
method as depicted in Figure 6 and Figure 7 for win-
dows A and B, respectively. 

The coefficients of  the relation given by equation 
(1) for the two complete catalogs in all the five seismo-
genic zones have been listed in Table 4. The differen-
ce in the model coefficients β between the two time 
windows A and B in the seismogenic Zones 1 and 5 is 
found to be 0.24 and 0.20, respectively, while in the sei-
smogenic Zone 3 the minimum difference is found to 
be of  the order of  0.01. Moreover for the seismogenic 
Zones 1 and 5 the standard deviation in the β value is 
0.08 and 0.05, respectively, for the time window A. 

5. Discussion
The FMD plot for the earthquakes exhibits that 

the completeness magnitude for the earthquake cata-
log in the five seismogenic zones varies from Mw 5.0 
in the seismogenic Zones 1, 2 and 3 to Mw 5.2 in the 
seismogenic Zone 5 as depicted in Figure 3. In order 
to make equal completeness magnitude in all the five 
seismogrnic zones we rounded it off  to Mw 5.0 for all 
seismogenic zones. In each of  the five seismogenic zo-
nes the largest magnitude M for which there is at least 
two events with magnitude ≥ M is smaller than Mw 
7.0. Therefore, the magnitude range from Mw 5.0 to 

Figure 6. Least square fitting of  logarithms of  MTI with magnitude 
for the catalog time window starting from 2012. Two subplots (A) and 
(B) are used to avoid intersection of  lines. 

Figure 7. Least square fitting of  logarithms of  MTI with magnitude 
for the catalog time window starting from 2005. Two subplots (A) and 
(B) are used to avoid intersection of  lines.
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Mw 7.0 has been considered for the catalogs time 
completeness test using the Stepp’s method. The 
time completeness test with two windowed catalo-
gs - one up to 2012 and the other up to 2005 exhibits 
that the former has a larger completeness time length 
as compared to the later as depicted in subplot A and 
subplot B respectively in Figure 4. Thus time span of  
the complete catalog time window A is larger than 
the time span of  the complete catalog time window 
B as given in Table 1. 

In each of  the five seismogenic zones the higher 
magnitude earthquake has larger value of  MTI. As de-
picted in Figure 5, for small values of  MTI the real data 
have higher deviations from the model derived values, 
while for large MTI the deviation is lesser, which can 
be attributed to the saturation effect in the distribution 
model. The real data represent the cumulative proba-
bility computed from MTI using empirical cumulative 
distribution function (ECDF). As shown in Figure 5, 
however, among the four models the cumulative pro-
bability computed with the Weibull’s model and the 
lognormal model is found to be comparable with the 
real data. Moreover among the two comparable mo-
dels, for the lognormal model the difference is smaller 
except in the seismogenic Zone 5 for the time window 
B. Nevertheless, for the time window B in the seismo-
genic Zone 5 the real data is not monotonic thereby 
exhibiting a misfit with both the comparable models 
i.e. the lognormal and the Weibull’s models. For both 
the time windows A and B cumulative probability 
computed from ECDF and that computed by the lo-
gnormal model are in good agreement. 

Thus lognormal model yields cumulative probabili-
ty comparable with that computed from ECDF for both 
the catalog windows A and B in all the five seismogenic 
zones, therefore, it is considered to be the best fit mo-
del for testing the MTI variation with magnitude. The 
linear fit of  logarithm of  MTI with magnitude in the 
five seismogenic zones with two catalog windows has 
been depicted in Figures 6 and 7 respectively. As given 
in Table 4, in all the seismogenic zones the estimated 
coefficients from the catalog time window A has smaller 
value of  standard deviation as compared to that for the 
catalog time window B, which can be attributed to the 
time window length. With an increase in the time span 
of  the complete catalog, the standard deviation in the 
estimated coefficients is found to be decreasing. Thus 
the coefficients of  equation (1) derived from the com-
plete catalog time window A is preferred for the estima-
tion of  MTI at various magnitudes in each seismogenic 
zone of  Northeast India and its surrounding region.

In the time dependent probabilistic seismic hazard 
assessment the activity rate for earthquake of  a magni-
tude has a functional dependence on time lapse since 
the last event occurred, the time interval (inter-arrival 
time) and the uncertainty in time interval for the ma-
gnitude. The time lapse since the last event of  an earth-
quake magnitude can be computed from an earthquake 
catalog. The computation of  MTI for a magnitude from 
the catalog need time span of  complete catalog equal to 
at least twice the MTI for the earthquake of  that magni-
tude. Northeast India and its surrounding region have 
experienced earthquakes of  great magnitudes having re-
turn period of  the order of  thousand years [Bilham and 
England 2001]. Therefore, the relation between MTI 
and the magnitude becomes an important proposition 
in the estimation of  time interval at various magnitu-
des in the seismogenic source zones of  the study region. 
The coefficients have been estimated for five different 
seismogenic zones that comprises number of  faults.

6. Conclusions 
In the present study a linear relationship between 

logarithm of  mean time interval and magnitude has 
been established for five seismogenic zones in Northeast 
India and its surrounding region. Lognormal model is 
found to be the best fit model for defining the variation 
of  mean time interval with magnitude after testing four 
distribution models. It is observed that model coefficien-
ts vary within the catalog time windows. However the 
difference observed are limited to ± one standard devia-
tion associated with the coefficients. The larger the time 
span for the complete catalog time window, the smaller 
will be the standard deviation in the model coefficien-
ts. In the absence of  fault specific slip rates for all the 
major active faults in Northeast India and its surroun-
ding region the relation between mean time interval 
and magnitude becomes an integral part for the com-
putation of  time-dependent activity rate in the region. 
The coefficients have been estimated for five different 
seismogenic zones that comprises of  numerous faults. 
The present relation estimates the mean time interval 
between earthquake of  a magnitude considering all ear-
thquakes greater than or equal to the magnitude within 
the seismogenic zone. 

7. Data and Resources 
In present analysis we have used earthquake ca-

talog for a period of  1902-2012. The online available 
sources of  the earthquake catalog used in this study 
are: National Geophysical Data Center (NGDC), Uni-
ted State Geological Survey (USGS), Global Centroid 
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Moment Tensor (GCMT), International Seismological 
Center (ISC) and India Meteorological Department 
(IMD). Link: http://www.earthqhaz.net/sacat/ 

8. Appendix
Weibull’s and Log-weibull Distribution Functions: 

Weibull’s distribution function is a two parametric di-
stribution model. The probability density function for 
Weibull’s distribution is given by,

(2)

where, t is the variable which in our case is MTI and γ 
and α are the scale and shape parameters respectively.

The cumulative distribution function for the Wei-
bull’s model is given as,

F(t)=1− e
−

t

α
⎛
⎝
⎜

⎞
⎠
⎟
γ

(3)

for the log-Weibull distribution function the cumulati-
ve distribution function is given by,

F(t)=1− e− [t−log(α )]γ( )  (4)

Poisson’s Model:
Poisson’s distribution is a discrete probability di-

stribution and is given as, 

f (t ,λ)=
λ t

t !
e−λ  (5)

where, t = 1, 2, 3…inter arrival time in month and λ 
is the model parameter. Cumulative distribution fun-
ction for Poisson’s model is given by,

F(t ,λ)= e−λ
λ i

i!i=0

i=t

∑ (6)

Lognormal Model:
The probability density function for the lognor-

mal distribution is given as,

(7)

where, t is a variable and µ and σ are the model para-
meters. The cumulative distribution function of  the lo-
gnormal model is given as,

(8)
where, ϕ is the cumulative distribution function of  the 
normal distribution. In the present analysis we applied 
maximum likelihood method to estimate the model 
parameters that has been given in Table 3 for all four 
different distribution models.

f (t ,γ ,α)=
γ
t

t

α
⎛
⎝
⎜

⎞
⎠
⎟
γ

e
−

t

α
⎛
⎝
⎜

⎞
⎠
⎟
γ

f (t ,µ,σ l )=
1

2πσ lt
e
−

[log(t )−µ]2

2σ l
2

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

F(t)=Φ
log(t)

σ l

⎛

⎝
⎜

⎞

⎠
⎟

Acknowledgments. The critical review of  the manuscript by 
the Associate Editor, the anonymous reviewer and the constructi-
ve suggestions made thereof  enhanced the scientific exposition 
of  the article in its finally revised form. The apt handling of  the 
manuscript by Dr. Francesca Bianco, the Seismology, Volcanology, 
Geodesy & Geochemistry Sector Editor of  the Journal is greatly 
appreciated. Manik Das Adhikari helped in editing and finalizing 
the diagrams of  the article.

References
Abaimov, S.G., Turcotte D.L, Shcherbakov R, Rundle J. 

B, Yakovlev G, Goltz C, W.I. Newman (2008). Ear-
thquakes: recurrence and inter occurrence times, 
Pure. Appl. Geophys. 165, 777–795.

Angelier, J., and S. Baruah (2009). Seismotectonics in-
Northeast India: a stress analysis of  focal mecha-
nism solution of  earthquakes and its kinematric 
implecations. Geophy. J. Int, 178, 303-326.

Bilham, R (2004). Earthquakes in India and the Hima-
laya: tectonics, geodesy and history, Ann. Geophy 
47(2), 839-858.

Bilham, R., and P. England (2001). Plateau pop-up 
during the great 1897 Assam earthquake, Nature 
(Lond) 410, 806-809.

Bora, D.K., D. Hazarika, K. Borah, S.S. Rai, S. Baruah 
(2014). Crustal shear-wave velocity structure benea-
th northeast India from teleseismic receiver function 
analysis, Journal of  Asian Earth Sciences 90, 1-14.

Borah, K., D.K. Bora, A. Goyal, R. Kumar (2016). Cru-
stal structure beneath northeast India inferred from 
receiver function modeling, Physics of  the Earth 
and Planetary Interiors 258, 15-27.

Chen, W.P., and P. Molnar (1990). Source parameters 
of  earthquakes and intraplate deformation benea-
th the Shillong Plateau and northern Indo-Burman 
Ranges, J. Geophys. Res. 95, 12527– 12552.

Cochran, W.G. (1952). The χ2 test of  goodness of  fit, 
Ann. Math. Stat. 25, 315-345.

Dain, L.A.Y., P. Tapponnier, and P. Molnar (1984). Acti-
ve faulting and tectonics of  Burma and surroun-
ding regions, J. Geophys. Res. 89, 453– 472.

Dasgupta, S., P. Pande, D. Ganguly, Z. Iqbal, K. Sanyal, 
N.V. Venaktraman, S. Dasgupta, B. Sural, L. Haren-
dranath, K. Mazumdar, S. Sanyal, A. Roy, L.K. Das, 
P.S. Misra, H. Gupta (2000). Seismotectonic Atlas 
of  India and its Environs, Geological Survey of  In-
dia, Calcutta, India, Special Publicaiton, 59, p 87.

Davis, P.M., D.D. Jackson and Y.Y. Kagan (1989). The 
longer it has been since the last earthquake, the 
longer the expected time till the next?, Bull. Seism. 
Soc. Am. 79, 1439-1456.

Dutta, T.K. (1964). Seismicity of  Assam-zone of  tecto-
nic activity, Bull. Nat. Geophy. Res. Inst.2, 152–163



RELATION OF MEAN TIME INTERVAL WITH MAGNITUDE IN NORTHEAST INDIA

11

Ellsworth, W.L., M.V. Matthews, R.M. Nadeau, S.P. Ni-
shenko, P.A. Reasenberg, and R. W.Simpson (1999). 
A physically-based earthquake recurrence model 
for estimation of  long- term earthquake probabi-
lities, United State Geological Survey Open-File 
Rept. 99-522,23pp

Fedotov, S.A. (1965). Regularities of  the distribution 
of  strong earthquakes in Kamchatka, the Kuril- 
islands and northeast Japan, Tr. Inst. Fiz- Zemli. 
Acad. Nauk. SSSR 36, 66-93.

Gardner, J.K., and L. Knopoff  (1974). Is the sequence 
of  earthquakes in southern Catifornia, with after-
shock removed, Poissnian, Bull. Seismol. Soc. Am. 
64(5), 1363-1367.

Gahalaut, V.K., K. Bhaskar, S.S. Laishram, J. Catheri-
ne, A, Kumar, M. Devchandra, R.P. Tiwari, S.K. 
Samanta, A. Ambikapathy, P. Mahesh et al.(2013). 
Aseismic plate boundary in the Indo- Burmese we-
dge, northwest Sunda Arc, Geology 41, 235-238.

Samanta, A. Ambikapathy, P. Mahesh et al.(2013). Asei-
smic plate boundary in the Indo- Burmese wedge,

northwest Sunda Arc, Geology 41,235-238.
Gere, J.C., and H.C. Shah (1984).Terra Non Firma: Un-

derstanding and Preparing for Earthquakes, W.H. 
Freeman, New York.

Goes, S.D.B., and S.N. Ward (1994). Synthetic seismici-
ty for the San Andreas fault, Ann. Geof.(Rome) 37, 
1495–1513.

Gupta, H.K., K. Rajendran and H.N. Singh (1986). Sei-
smicity of  the northeast India egion: Part I: The 
data base, J. Geol. Soc. India. 28, 345–365.

Harris, J.W., and H. Stocker (1998). Maximum Like-
lihood Method, Handbook of  Mathematics and 
Computational Science. New York: Springer-Ver-
lag, 21.10.4 p. 824.

Kagan, Y., and D.D. Jackson (1991). Long-term earth-
quake clustering, Geophys. J. Int. 104, 117-133.

Kagan, Y., and L. Knopoff  (1976). Statistical search for 
non-random features of  the seismicity of  strong 
earthquakes, Phys. Earth. Planet. Inter 12, 291-318.

Kayal, J.R. (1987). Microseismicity and source mecha-
nism study: Shillong plateau, northeast India, Bull. 
Seisol. Soc. Am.77, 184-194.

Kayal, J.R. (1996). Earthquake source processes in nor-
theast India -a review, Himalayan. Geol. 17, 53-69.

Knopoff, L., T. Levshina, V.I. Keilis-Borok and C. 
Mattoni (1996). Increased long-range intermedia-
te-magnitude earthquake activity prior to strong 
earthquakes in California, J.Geophys.Res.101, 
5779–5796.

Kundu, B., and V.K. Gahalaut (2013). Tectonic geodesy 

revealing geodynamic complexity of  the Indo-Bur-
mese arc region, North East India, Current Science 
104(7), 10.

Lilliefors, H.W. (1967). On the Kolmogorov–Smirnov 
test for normality with mean and variance unk-
nown, J. Am. Stat. Assoc. 62, 399–402.

Marsaglia, G., W. Tsang, and J. Wang (2003). Evaluating 
Kolmogorov’s Distribution, J. Statis. Soft. 8(18), 1-4.

Maurin, T., F. Masson, C. Rangin, U. Than Min, and 
P. Collard (2010). First global positioning system 
results in northern Myanmar: Constant and loca-
lized slip rate along the Sagaing fault, Geology 38, 
591–594, doi:10.1130 /G30872.1.

Menahem, B.A., E. Aboodi and R. Schild (1974). The 
source of  the great Assam earthquake – an inter-
plate wedge motion, Phys. Earth. Planet. Inter. 9, 
265–289.

Miller, L.H. (1956). Table of  Percentage Points of  
Kolmogorov Statistics, J. Am. Stat. Assoc. 51(273), 
111–121.

Musson, R.M.W. (2000). Generalised seismic hazard 
maps for the Pannonian Basin using probabilistic 
methods, Pageoph 157(1/2), 147 –169.

Musson, R.M., W.T. Tsapanos and C. T. Nakas (2002). 
A Power-Law Function for Earthquake Interarrival 
Time and Magnitude, Bull. Seismol. Soc. Am 92(5), 
1783–1794.

Nath, S.K., K.K.S. Thingbaijam and S. K. Ghosh (2010). 
Earthquake catalogue of  South Asia – a generic Mw 
scale framework, www.earthqhaz.net/sacat .

Reasenberg, P.A. (1985). Second-order moment of  cen-
tral California seismicity, 1969-82, J.Geophys. Res., 
90, 5479-5495.

Reasenberg, P.A., and L.M. Jones (1989). Earthquake 
hazard after a mainshock in California, Science 243, 
1173-1176.

Sornette, D., and L. Knopoff  (1997). The paradox of  
the expected time until the next earthquake, Bull. 
Seism. Soc. Am. 87, 789–798.

Steckler, M.S., D.R. Mondal, S.H. Akhter, L. Seeber, L. 
Feng, J. Gale, E.M. Hill, M. Howe (2016). Locked 
and loading megathrust linked to active subduction 
beneath the Indo-Burman Ranges, Nature Geo-
science 9(8), 615-618.

Stepp, J.C (1973). Analysis of  completeness of  the ear-
thquake sample in the Puget Sound area, in Seismic 
Zoning, S. T. Harding Editor, NOAA Tech. Report 
ERL 267- ESL30, Boulder, Colorado.

Stiphout, V., T.J. Zhuang and D. Marsan (2012). Sei-
smicity declustering, Community Online Resource 
for Statistical Seismicity Analysis, doi:10.5078/cors-



YADAV AND NATH

12

sa-52382934. Available at http://www.corssa.org .
Thingbaijam, K.K.K., S.K. Nath., Y. Abhimanyu, R. 

Abhishek, M.Y. Walling and W.K. Mohanty (2008).
Recent seismicity in Northeast India and its adjoi-
ning region, J. Seismol.12(1), 107-123.

Utsu, T. (1984). Estimation of  parameters for recurren-
ce models of  earthquakes, Bull. Earthq. Res. Inst., 
Univ. Tokyo, 59, 53–66

Vigny, C., A. Socquet, C. Rangin, N. Chamot-Rooke, 
M. Pubelier, M.N. Bouin, G. Bertrand and M. 
Becker (2003). Present day crustal deformation 
around Sagaing fault, Myanmar, J. Geophys. Res. 
108, 2533, doi: 10.1029/2002JB001999.

Ward, S.N., and S.D.B. Goes (1993). How regularly do 
earthquakes recur A synthetic seismicity model 
for the San Andreas fault, Geophys. Res. Lett. 20, 
2131–2134.

Wallace, R.E. (1970). Earthquake recurrence intervals on 
San Andreas Fault, Bull. Geol. Sec Am 81, 2875-2890.

Yadav, R.B.S. (2009). Seismotectonic modeling of  NW 
Himalaya: A perspective on future seismic hazard. 
Ph.D. Thesis, Department of  Earthquake Enginee-
ring, IIT Roorkee, India, pp 124.

Yadav, R.B.S., J. N. Tripathi, D. Shanker, B.K. Rastogi, 
M.C. Das and V. Kumar (2011). Probabilities for the 
occurrences of  medium to large earthquakes in 
northeast India and adjoining region, Nat. Haz. 56, 
145–167 DOI 10.1007/s11069-010-9557.

Yadav, R.B.S., J.N. Tripathi, B.K. Rastogi, M.C. Das, and 
S. Chopra (2010). Probabilistic assessment of  earth-
quake recurrence in Northeast India and adjoining 
region, Pure. Appl. Geophys.doi: 10.1007/s00024-
010-0105-1.

Zuniga, F.R. and M. Wyss (1995). Inadvertent chan-
ges in magnitude reported in earthquake catalogs: 
Their evaluation through b-value estimates, Bull. 
Seismol. Soc. Am. 85, 1858–1866. 5, 7.

___________ 

*Corresponding author: Prof. Sankar Kumar Nath 
Department of  Geology & Geophysics
Indian Institute of  Technology Kharagpur-721302, Midnapore 
(West) West Bengal, INDIA.
Email id: nath@gg.iitkgp.ernet.in

2017 by Istituto Nazionale di Geofisica e Vulcanologia.
All rights reserved


