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Seismic data for 100 years (1918-2018) were analysed
for probabilistic analysis in the forecast of probable
future earthquakes above M, =>5.0 in North East
India (20°-30°N and 86°-98°E) and its vicinity. The
best distribution for seismic data allows probabilistic
analysis to ascertain mean occurrence period E(7) for
earthquakes of M,, > 5.0. Here, Kolmogorov—Smirnov
statistics has been utilized constrained by Weibull
distribution to achieve the best fit on the dataset. E(7)
is found to be 74 days approximately with 50% prob-
ability. Similarly, cumulative probability function
indicates a time period of 140 days with 80% proba-
bility, while 400-500 days of recurrence time period is
embedded with 90-100% probability for an earth-
quake of M,, = 5.0 to recur following the occurrence of
the last earthquake.
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EARTHQUAKES are catastrophic events that occur without
a hint, causing huge loss to life and property. Earthquake
prediction studies started way back in late 1970, and a
landmark was the short-term prediction of the Heicheng
earthquake of 4 February 1975 in China'. Earthquake
prediction is a complex process to determine exactly
when and where an earthquake will occur’. The North
East (NE) India region is highly vulnerable to earth-
quakes falling in seismic zone-V (ref. 3). This provides a
huge opportunity in finding the precursor to an earth-
quake, and successful prediction might also be possible in
the near future. A successful medium-term prediction of
the 6 August 1988 earthquake (M, ~7.5) NE India
encouraged such studies in the country®. Earthquakes are
random phenomena and statistical analysis is a prominent
tool for earthquake prediction studies.

Probability analysis measures the likelihood of an
event to occur and is derived from the term ‘probable’
(Latin ‘probabilis’), meaning approvable’. The scientific
application of probability today is from advanced modern
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mathematics, which can be dated back to 16th century®.
Another significant application of probability theory in
everyday life is reliability. In 1805, Legendre’ proposed
the theory of least squares, and introduced it in his new
methods for determining the orbits of comets. There are
several proposed probabilistic approaches for forecasting
the time of future earthquake®’. Several distributions like
double exponentiallo, Gaussian®, Weibull®®, log—normaln,
gamma'” and Pareto" are used to compute and analyse
the conditional probability of occurrence of future earth-
quakes. The probabilistic seismic hazard analysis in NE,
India has been performed by various researchers'*™".
Yadav et al."®, in their analysis of earthquakes of M,, > 7
reported that the estimated cumulative and conditional
probabilities show similar recurrence period of about 13—
20 years from the occurrence of the last earthquake
(1995) for future large earthquakes in the study region. In
Japan earthquakes were observed to occur at regular time
intervals and these models were applies by Utsu'’. He
comparatively studied the models using various distribu-
tions and proposed that all models were acceptable. Riki-
take'® applied Weibull and log-normal models to study
seismic hazard in Japan, and predicted that the probabili-
ty of seismic risk is very high in that country. Nishenko
and Bullard'' normalized the recurrence time of large
earthquakes for different earthquake provinces and the
recurrence time was analysed by applying log—normal
and Weibull distributions. They concluded that log—
normal distribution was the best fit. Various researchers
have emphasized that probabilistic analysis is a promi-
nent tool for earthquake prediction studies. Significantly
difficulty arise for selecting the best distribution that fits
the temporal earthquake data, which is random and
further depends on the seismicity pattern and behaviour
pertinent to study region.

In the present study, Kolmogorov—Smirnov statistics is
applied to establish the recurrence time having proper
distribution for earthquakes of magnitude M,, > 5.0 in NE
India and its vicinity during 1918-2018. This study is an
approach towards assessment of seismic hazard besides
forecasting probable future earthquakes in which seismic
recurrence time has been estimated in a probabilistic
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framework. The theory of probability can be applied in
everyday life for assessment of risk and modelling based
on the population with specific distribution'®. For fore-
casting techniques, in general, stationary condition is
required and it plays prominent hypothetical standard or
criteria in the analysis of time-series data. The recurrence
time for earthquakes of magnitude M,, 25.0 in NE India
and its vicinity indicates stationary condition. So a distri-
bution has to be established such that it satisfies the anal-
ysis and fits the observed recurrence time well in order to
fit an appropriate time-series model towards long-term as
well short-term successful forecast of earthquakes.

Seismotectonic features of the region

One of the most complex tectonic regions of the world,
NE India and its adjoining area is one of the sixth most
seismically active regions of the world*. The region
wedges between the collision boundaries of the Hima-
layan plate in the north and Indo-Burmese plate in the
east (lat. 20°-31°N and long. 86°—98°E). It has produced
two great earthquakes (M > 8.0) since 1897. The plate
boundary zones and intraplate area are the main compo-
nents of NE India®’. In the middle of plate boundary
zones, the broad tectonic domains are the Eastern Hima-
layan collision belt to the north, which includes the
Trans-Himalayan Tethyan zone; the Andean-type grano-
diorite margin comprising the main boundary thrust
(MBT) and main central thrust (MCT), and the Assam
syntaxis zone where the Himalayan and Burmese arc
meets the Mishmi Block. This zone is folded and thrusted
by the Lohit and Mishmi Thrust and the Indo-Burma sub-
duction zone to the east, where the Indian lithosphere is
considered to be subducting below the Indo-Burma
Ranges. The intraplate part of the region comprises the
Shillong Plateau, the Mikir Hills and the Assam valley
jawed between the Himalayan and Burmese arc, Tripura
folded belt, Brahmaputra Valley and the intermountain
depression of upper Assam®'. During the last 120 years or
more, the region experienced 20 large (M,, = 7.0) and two
great earthquakes, viz. 12 June 1897 (M,, >8.5)* and 15
August 1950 (M,, ~ 8.7)>%°. These two great earthquakes
have caused extensive destruction in the region®*?’. The
Kopili and Bomdila Faults in NE India comprise Neo-
gene—Quaternary sediments, which were deposited direct-
ly over the Archean basement. The Kopili Fault zone is
approximately 300 km long and 100 km wide. It is a
NW-SE trending strike—slip fault*****’. The tectonic dis-
position of this fault delineates the two Precambrian mas-
sifs on either side — the Shillong Plateau and the Mikir
Hills. It is bounded by the MBT to the north and by the
NE-SW trending Belt of Schuppen to the south (Figure
1). The Bomdila Fault trends along WNW-ESE direction
and is a strike—slip fault about 400 km long. The northern
part of the fault mostly lies in the Gondwana, Paleogene
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and Neogene sediments. This fault is bounded to the east
and south by the Belt of Schuppen, and to the west by the
Mikir massif. In the north, the fault also cuts across the
Himalayan fold belt*.

The Kopili Fault was the seat of two large earthquakes
(Figure 1). One of these events occurred during 1869
(M,, ~7.7) at the southeastern end of the fault transgress-
ing Naga-Disang Thrust, while the other event (1943;
M,, ~ 7.2) occurred further north of the 1869 event, with-
in a span of about 75 years (ref. 31). Intense seismic
activity has been observed to a depth of about 50 km
beneath the Kopili Fault, and it continues to the MCT in
the Bhutan Himalaya. Although the MCT is dormant™,
intense activity is observed at the region where the Kopili
Fault meets the MBT and MCT***. This is evidenced by
the 19 August 2009 earthquake (M,, ~5.1) in the Assam
Valley that occurred at the centre of the Kopili Fault zone
and the 21 September 2009 strong Bhutan Himalaya
earthquake (M,, ~6.3) which occurred at the northern end
of the Kopili Fault where it meets the MCT**. The earth-
quakes of 19 August 2009 and 21 September 2009, are
shallow focus (depth ~10km), showing right lateral
strike—slip faulting®®. This indicates that the Kopili Fault
zone is under compressional stress from the Indo-Burma
arc to the east and from the Himalayan arc to the north,
and is characterized by transverse tectonics. The Bomdila
Fault lies in a tectonically active region which criss-
crosses the MCT, MBT and Naga-Disang Thrust along
the NW-SE direction. The earthquake events along
Bomdila Fault occur in a diffused pattern having
post-collisional intracratonic characteristics’’. Characte-
ristically, the Upper Brahmaputra Valley between the
Bomdila Fault and almost near NW-trending Mishmi
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Figure 1. Earthquake events of M, =5 during 1 January 1918 to 12

September 2018 in North East India and its border region (20°-30°N
and 86°—98°E) subjected to probabilistic analysis.
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Thrust in the northeast is mostly devoid of any earth-
quakes, which is known as the Assam Gap®.

Seismic data

The seismic data accrued for probabilistic analysis
pertain to earthquakes of magnitude M, =5.0 for 100
years during the period 1 January 1918 to 12 September
2018. A catalogue was prepared from seismological bul-
letins of CSIR-NEIST, Jorhat; ISC, USGS, GEM. The
fundamental assumption for utilizing earthquake cata-
logue for data analysis should follow a stationary Poisson
process and should occur independent of each other. The
catalogue should consist only of main shocks, whereas
fore- and aftershocks are rejected. We have adopted the
declustering method of Reasenberg®’, which is governed
by the cluster method. After declustering of the database,
we have used the maximum likelihood algorithm provided
by ZMAP?® to perform a Gutenberg—Richter regression’’.
Here, the magnitude range of earthquake catalogues
indicate relatively high magnitude of completeness
(M= 4.7) for the region. Most of these data are carefully
chosen so that earthquakes of magnitude M, > 5.0 alone
are considered for probabilistic analysis towards estima-
tion of a suitable time frame for the occurrence of future
probable earthquakes, having M,, > 5, in the NE-India re-
gion.

Methodology

Earthquakes are random phenomena and statistical analysis
is a prominent method for exemplifying seismic hazard.
Here, we have chosen time in units of days and frequency
distribution as series unit of recurrence time***'. The
Kolmogorov—Smirnov statistics has been utilized to es-
tablish proper distribution for the earthquakes datasets.
To compare the calculated statistics, the D-critical table
value can be determined as

1.36
D005 = W (1)

where n > 35.

The critical table value is estimated to be 0.06028 for
n =509 and o= 0.05, and hence the calculated test stati-
stics evinces that Weibull distribution probably fit the
earthquake data better than other statistics. The approach
also establishes the mean occurrence period E(?).

To establish the earthquake recurrence time, Weibull
distribution is found to be the most suitable for earth-
quake dataset. Accordingly when two earthquakes occur,
the random variable time T (in days) between the two
earthquakes gives the probability density function of T
(a random variable) as*
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1t a, B) = pa’t? exp(-a’t),
0<t <o, >0, >0, )

where « is continuous scale parameter and £ is conti-
nuous shape parameter.

The cumulative distribution and reliability can be
expressed as

F(f) = 1 — exp(—(t/a)P), (3)
R(f) = exp(—(t/ a)P. 4)

From Weibull Law for two parameters, the moment of the
kth order can be given by

k
E(*) = Za"ri, (5)
i=1

where gamma function (I')) is

oo

T, =T(+if)= jzf/ﬁe‘Xdz. (6)
0

Thus E(#) can be represented by

E(t)=al(1+1/B). 7)

In addition, a reliability function is also established,
which is a function of time, in that every reliability
value has an associated time value. Here reliability func-
tion is derived after cumulative density function is ascer-
tained.

Results and discussion

Earthquakes of magnitude M, >5.0 for 100 years (1
January 1918 to 12 September 2018) in NE India and its
vicinity are considered here for probabilistic analysis and
forecast from seismic recurrence time-frame for future
earthquakes (M,, =5.0) in the same region (Figure 1). The
depth of the events are mostly shallow (about 79.6% of
the total earthquakes) to intermediate (about 20.4% of the
total earthquakes) which ranged from 4 to 183 km.
Applying Dickey—Fuller statistics to the recurrence time,
we estimated alpha = 0.05, and P-value <0.0001 during
1918-2018. The computed P-value is observed to be
lower than the significance level o= 0.05, and hence we
disregard the null hypothesis and accept the hypothesis
that there is no unit root for the series and the series is
stationary.

To find the best distribution for recurrence time of
earthquakes in NE India and its vicinity, various distribu-
tions were applied to the data. In order to find the best fit
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among the distributions, Kolmogorov—Smirnov test sta-
tistics was applied to seismic recurrence time data of M,,
>5 in NE India and its vicinity. Table 1 shows the calcu-
lated Kolmogorov—Smirnov test statistics and best fits
listed rank-wise. It is observed that the Weibull analysis
fits best for the earthquake dataset utilized (Figure 2).
The parameters « (continuous scale parameter) and S
(continuous shape parameter) estimated using maximum
likelihood estimation (MLE) are 56.81 and 0.68 respec-
tively. Substituting the values of & and £ in eq. (2), the

Table 1. Kolmogorov—Smirnov test statistics calculated values for the
establishment of proper distribution for earthquake data

Rank Distribution Kolmogorov—Smirnov statistics
1 Weibull 0.08858
2 Gamma 0.11858
3 Lognormal 0.1276
4 Exponential 0.19891
5 Rayleigh 0.40273
1
e = Exponential = Gamma
0.8 Lognormal = Rayleigh
0.7 = Weibull
__ 06
Ko
I o5
04
0.3
0.2
0.1
0
0 0.1 0.2 0.3 04 0.5 0.6 07 08 0.9 1
Observed cum. probability
Figure 2. Plot showing analysed probability function of some wide-

spread distributions considered to have the best fit for the analysis of
random phenomena. It is noticeably discernible that Weibull distribu-
tion has the best fit for the earthquake dataset.
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Figure 3. Cumulative probability function graph showing the occur-
rence risk of an earthquake with M,,>5 in NE India and its border
region. The probability of occurrence of an earthquake (M,, > 5) pre-
ceding the last earthquake in NE India and its border region with
M,, ~ 5 or above in 140 days is estimated to be 80%.
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earthquake dataset is best modelled by the Weibull distri-
bution as

f(t; o, B) = (0.68)(56.81)"65 081
X exp(—56.817 6% 0-68)23 (8)

The mean occurrence period E(?) is estimated using eq.
(7). The mean occurrence time of earthquakes (,, =5.0)
in NE India and its vicinity is found to be 74 days
approximately. Figure 3 shows the occurrence time of an
earthquake with M,, 25.0 in the region. While estimating
E(?), the cumulative probability function indicates a time
period of 140 days with 80% probability for an earth-
quake of M,, 25.0 to recur following the occurrence of an
earthquake in NE India and its vicinity. Alternatively,
400-500 days of recurrence time period is observed with
90-100% probability respectively for an earthquake of
M,, 25.0 to recur following the occurrence of an earth-
quake (Figure 3). The validation of these estimates is
constrained by the estimation of reliability function.
Figure 4 indicates the probability of occurrence of an
earthquake having magnitude M,, > 5.0 in NE India and
its vicinity at an interval of ¢ days after the occurrence of
an earthquake of magnitude M,, > 5.0. Since the date of
occurrence of the last earthquake is 12 September 2018,
probabilistic analysis used in this study envisages the
occurrence of three more earthquakes of magnitude
M,, > 5.0 (Table 2). These are found to occur well within
the estimated mean occurrence time period E(f). The
occurrence time period of these events is 59, 18 and 29
days respectively, from the preceding earthquake event.
Table 3 shows the percentage of recurrence time of earth-
quakes from 1918 to 2018 of M,, =5 in NE India and its
vicinity. It is observed that 83.49% of recurrence time
ranges within 100 days. On 4 April 2016 (IST), a shallow
depth (55 km) earthquake event of M, ~6.7 occurred
30 km west of Imphal, India. This particular event
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Figure 4. Plot showing the reliabilty function (R(f)) for an earthquake
in NE India and its vicinity (20°-30°N and 86°-98°E).
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Table 2. Listing of earthquakes that followed the one on 12 September 2018 used for the probabilistic analysis of M, =5 along with the
occurrence time period. The three earthquake events had occurrence time period ranging between the calculated E(#)
Magnitude Occurrence time Latitude Longitude
Date of occurrence (M.,) period (days) (°N) (°E) Depth Place
12 September 2018 5.3 - 26.3711 90.1611 10 Sapatgram, North East India
10 November 2018 5.2 59 23.9724 93.3925 52.39 Churachandpur, NE India
28 November 2018 5.4 18 27.1986 96.9185 11 Tezu, NE India
27 December 2018 5 29 23.3862 94.5614 90.96 Mawlaik, NE India—Myanmar border

E(?) is mean occurrence time/period of earthquake of M,, > 5 in North East India and its vicinity.

Table 3. Percentage of recurrence time of earthquakes of M, =5
from 1918 to 2018 in NE-India and its vicinity

Recurrence time range (days) Percentage of earthquakes (%)

Within 100 83.49705

101-200 10.21611

201-300 2.946955
301-400 0.982318
401-500 0.196464
501-600 0.392927
601-700 0.196464
701-800 0.196464
801-900 0.196464
>901 1.178782

Table 4. Weibull distribution parameters and mean occurrence period
estimated for the four zones of the study region

Parameters Zone | Zone 11 Zone 111 Zone IV
Alpha 263.87 161.95 1770.86 97.82
Beta 0.691487 0.558575 0.817586 0.78344
E(?) 337.98 269.30 1976.14 112.54
1 -
0.9 A
0.8 -
0.7 A For t=25, 133
days reflected a
0.6 probability of
< e ~92.6%
T 0.5
0.4 A
0.3 A
0.2 -
0.1 - t=10 t=15 t=20 ——t=25
s ——b—r—rr--—T—rrr
0 50 100 150 200
Time (days)
Figure 5. Cumulative probability function graph of regrouped and

segmented data of recurrence period for different time windows: =0
(1918), t=5 (1923), t=10 (1933), t =15 (1948), t =20 (1968), t =25
(1993). It is discernible that the estimated cumulative probabilities
show similar recurrence period of about 15-25 years from the occur-
rence of the last earthquake (1933) for the forecast of large earthquakes
(M,, 25) in the NE India region and its vicinity.
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Figure 6. Map showing different zones of the study region depending

on the number of earthquakes during the period of study: zone I bet-

ween 27.0°-30.0°N and 88.5°-98.0°E; zone II between 25.0°-26.99°N

and 89.7°-93.3°E; zone III between 21.0°-24.99° and 90.7°-93.3°E,
and zone IV between 20.2°-26.99°N and 93.31°-97.4°E.

recurred following the last earthquake of M,, 25 with a
recurrence time of 133 days. By regrouping and segment-
ing the data of different time windows —#=0 (1918),
t=5(1923), t=10 (1933), =15 (1948), =20 (1968),
t=25(1993) — it is observed that recurrence time of 133
days (for t=15, t =20, t =25) reflects a probability of
nearly 92.6% (Figure 5). The present analysis indicates
that the estimated cumulative probabilities show similar
recurrence period of about 15 (1948) —25 (1993) years
(Figure 5) from the occurrence of the last earthquake
(1933) for the forecast of large earthquakes (M, =5) in
NE India and its vicinity.

The study region has been divided into four source
zones based on tectonic-cum-structural regime, with a
number of the earthquakes (M, 25.0) in each zone (Fig-
ure 6). To evaluate the recurrence time, the four zones are
divided as follows: zone I between 27.0°-30.0°N and
88.5°-98.0°E; zone II between 25.0°-26.99°N and 89.7°—
93.3°E, zone III between 21.0°-24.99°N and 90.7°-93.3°E,
and zone IV between 20.2°-26.99°N and 93.31°-97.4°E.
Figure 7 shows the cumulative distribution function esti-
mated for the various zones. The mean occurrence period
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Cumulative probability function graph showing the occurrence risk of an earthquake with M,, =5 in (@) zone I,

(b) zone 11, (¢) zone III and (d) zone IV. Risk grading inside each zone shows that zone IV has the highest risk followed

by zones II, I, III with zone III having the least risk.

E(t) was estimated to be 337.98, 269.30, 1976.14 and
112.54 for zones I-1V respectively (Table 4). Zone IV
was found to be more risky in the first 500 days, followed
by zones 11, I and III. Zone III was found to be the least
risky relative to the other zones in the region. Figure 4
shows that the probability of occurrence of another earth-
quake of M,, >5.0 with a recurrence time of 1 year (337-
365 days approximately) in zones IV, II, I and III in the
region is 93.84%, 78.68%, 71.39% and 21.06% respec-
tively. Further, the risk of another earthquake of M,, 25.0
with a recurrence time of 100—133 days in zones IV, 11, |
and III of the region is 63.85%, 53.61%, 40.86% and
10.34% respectively. In order to exemplify the probabi-
lity of occurrence of earthquakes associated with each
zone, it is concluded that zone IV indicates the highest
probability, followed by zones II and I, while zone III
indicate the least probability.

Conclusion

In this study, the probability of earthquake occurrence in
NE India (20°-30°N and 86°-98°E) and its adjoining
border region is analysed. The depth of the events (1918—
2018) is mostly shallow (79.6%) to intermediate (20.4%),
ranging from 4 km to 183 km. Earthquakes of magnitude
M, 25.0 in the region are observed to have occurred at a
fairly uniform interval with 83.49% of recurrence time
within 100 days. It is also apparent that the seismic recur-
rence time series of M, >5.0 for the studied region
portrays stationary condition, which improves the hypo-
thetical standards or criteria for the synchronization of
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time series model for the required forecasting. The mean
occurrence period E(f) of an earthquake in the region has
been estimated to be 74 days. The last earthquake of M,
>5.0, on 12 September 2018, since 1918 used for the
probabilistic analysis was followed by three more earth-
quakes of M,, > 5.0 in the region, and reflected an occur-
rence time period of 59, 18 and 29 days respectively,
from the preceding earthquake. The occurrence time
period is in the range of the estimated mean occurrence
period E(f). It is also observed that the probability of an
earthquake (M,, 25.0) to occur following the last earth-
quake in NE India with magnitude 5 or above within 140
days is 80%. The analysis concludes that the estimated
cumulative probabilities indicate a similar recurrence
period of about 15-25 years from the occurrence of the
last earthquake for the forecast of large earthquakes (M,,
>5) in NE India and its vicinity. These observations are
based on the output of statistical data analysis of earth-
quakes of M, 25.0 that occurred within 20°-30°N and
86°—98°E. In addition, the mean occurrence time period
for M,, 25.0 in the studied region is short and renders a
higher probability of occurrence of an earthquake follow-
ing the preceding one. Further, regarding the probability
of time of occurrence associated to different zones, it is
concluded that zone IV has the highest probability fol-
lowed by zones II and I, while zone III is characterized
by the least probability.

1. Adams, R. D., The Haicheng, China, earthquake of 4 February
1975; the first successfully predicted major earthquake. Earthgq.
Eng. Struct. Dyn., 1976, 4, 423-437.

CURRENT SCIENCE, VOL. 117, NO. 7, 10 OCTOBER 2019



RESEARCH ARTICLES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Pham, V. and Geller, R. J., Comment on ‘Signature of pending
earthquake from electromagnetic anomalies’ by k. Eftaxias et al.
Geophys. Res. Lett., 2002, 29, 18-11-18-12.

BIS, Criteria for earthquake resistant design of structures. Part 1,
Bureau of Indian Standards, India, 2002, 1893, 1.

Verma, M. and Bansal, B. K., Earthquake precursory studies in
India: scenario and future perspectives. J. Asian Earth Sci., 2012,
54, 1-8.

Richard, J., Probability and the Art of Judgment, Cambridge Uni-
versity Press, 1992.

AbouJaoude, A., The paradigm of complex probability and analyt-
ic nonlinear prognostic for vehicle suspension systems. Syst. Sci.
Control Eng., 2016, 4, 334-378.

Legendre, A. M., Nouvelles méthodes pour la détermination des
orbites des cométes. Paris: Cour cier, 1806; VIII p. 55; in 4;
DCCC {10, 1806.

Rikitake, T., Probability of earthquake occurrence as estimated
from crustal strain. Tectonophysics, 1974, 3, 299-312.

Hagiwara, Y., Probability of earthquake occurrence as obtained
from a Weibull distribution analysis of crustal strain. Tectono-
physics, 1974, 3, 313-318.

Utsu, T., Aftershocks and earthquake statistics: analyses of the
distribution of earthquakes in magnitude, time and space with
special consideration to clustering characteristics of earthquake
occurrence. J. Fac. Sci., Hokkaido Univ. Ser. 7, 1972, 5, 379-441.
Nishenko, S. P. and Buland, R., A generic recurrence interval dis-
tribution for earthquake forecasting. Bull. Seismol. Soc. Am., 1987,
4, 1382-1399.

Utsu, T., Estimation of parameters for recurrence models of earth-
quakes. Bull. Earthq. Res. Inst., 1984, 59, 53-55.

Ferrdes, S. G., Probabilistic prediction of the next large earth-
quake in the Michoacéan fault-segment of the Mexican subduction
zone. Geofisi. Int., 2003, 1, 69-81.

Yadav, R. B., Tripathi, J. N., Rastogi, B. K., Das, M. C. and
Chopra, S., Probabilistic assessment of earthquake recurrence in
northeast India and adjoining regions. Pure Appl. Geophys., 2010,
11, 1331-1342.

Yadav, R. B, Tripathi, J. N., Shanker, D., Rastogi, B. K., Das, M.,
C. and Kumar, V., Probabilities for the occurrences of medium to
large earthquakes in northeast India and adjoining region. Nat.
Hazards, 2011, 1, 145-167.

Main, I. G., Earthquakes as critical phenomena: implications for
probabilistic seismic hazard analysis. Bull. Seismol. Soc. Am.,
1995, 5, 1299-1308.

Das, S., Gupta, I. D. and Gupta, V. K., A probabilistic seismic hazard
analysis of northeast India. Earthquake Spectra, 2006, 22, 1-27.
Rikitake, T., Assessment of earthquake hazard in the Tokyo area,
Japan. Tectonophysics, 1991, 1, 121-131.

Vapnik, V. N., An overview of statistical learning theory. /EEE
Trans. Neural Networks, 1999, 5, 988-999.

Nandy, D. and Dasgupta, S., Seismotectonic domains of northeastern
India and adjacent areas. Phys. Chem. Earth, 1991, 18, 371-384.
Curray, J., Structure, tectonics, and geological history of the nor-
theastern Indian Ocean. In The Ocean Basins and Margins, 6: The
Indian Ocean, 1982, pp. 399-450.

Oldham, R., The great earthquake of 1897, Memoir of Geological
Survey of India, 1899.

Kayal, J. R. et al., Shillong plateau earthquakes in northeast India
region: complex tectonic model. Curr. Sci., 2006, 91(1), 109-114.
Rao, M., A compilation of papers on the Assam earthquake of 15
August 1950. Cent. Board Geophys. Publ., 1953, 1, 112.

Poddar, M. C., The Assam earthquake of 15 August 1950. Indian
Miner., 1950, 4, 167-176.

Kayal, J. R., Baruah, S., Baruah, S., Gautam, J. L., Arefiev, S. S.
and Tatevossian, R., Himalayan tectonic model and the great

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

earthquakes: an appraisal. Geomat. Nat. Haz. Risk, 2010, 1, 51—
67.

Baruah, S. ef al., Moment magnitude—local magnitude relationship
for the earthquakes of the Shillong—Mikir plateau, northeastern
India region: a new perspective. Geomat., Nat. Haz. Risk, 2012, 4,
365-375.

Bhattacharya, P. M., Mukhopadhyay, S., Majumdar, R. and Kayal,
J., 3D seismic structure of the northeast India region and its impli-
cations for local and regional tectonics. J. Asian Earth Sci., 2008,
33, 25-41.

Bhattacharya, P. M., Kayal, J., Baruah, S. and Arefiev, S., Earth-
quake source zones in northeast India: seismic tomography, fractal
dimension and b value mapping. Pure Appl. Geophys., 2010, 167,
999.

Nandy, D., Geodynamics of Northeastern India and the Adjoining
Region, ACB Publications, Calcutta, 2001, p. 209.

Kayal, J., Microearthquake seismology and seismotectonics of
South Asia. Microearthquake Seismology and Seismotectonics of
South Asia by JR Kayal, Berlin, Springer, 2008; ISBN:978-1-
4020-8179-8.

Ni, J. and Barazangi, M., Seismotectonics of the Himalayan colli-
sion zone: geometry of the under thrusting Indian plate beneath
the Himalaya. J. Geophys. Res.: Solid Earth, 1984, 89, 1147—
1163.

Nandy, D. and Dasgupta, S., Seismotectonic domains of northeas-
tern India and adjacent areas. Phys. Chem. Earth, 1991, 18, 371—
384.

Kayal, J. et al., The 2009 Bhutan and Assam felt earthquakes (M,,
6.3 and 5.1) at the Kopili fault in the Northeast Himalaya region.
Geomat., Nat. Hazards Risk, 2010, 1, 273-281.

Kayal, J. et al., Large and great earthquakes in the Shilling pla-
teau — Assam valley area of Northeast India region: pop-up and
transverse tectonics. Tectonophysics, 2012, 532, 186—192.

Khattri, K., Wyss, M., Gaur, V., Saha, S. and Bansal, V., Local
seismic activity in the region of the Assam gap, Northeast India.
Bull. Seismol. Soc. Am., 1983, 73, 459-469.

Reasenberg, P., Second-order moment of central California seis-
micity, 1969-1982. J. Geophys. Res.: Solid Earth, 1985, 90,
5479-5495.

Wiemer, S., A software package to analyse seismicity: ZMAP.
Seismol. Res. Lett., 2001, 72, 373-382.

Gutenberg, B. and Richter, C. F., Frequency of earthquakes in
California. Bull. Seismol. Soc. Am., 1944, 34, 185—188.

Yilmaz, V., Erisoglu, M. and Celik, H. E., Probabilistic prediction
of the next earthquake in the Nafz (North Anatolian Fault Zone),
turkey. Dogus Univ. Dergisi, 2011, 5, 243-250.

Yilmaz, V., Aras, H., Aras, N. and Celik, H., Estimation of
monthly wind speed by using least squares and exponential
smoothing technique. In International Symposium Cappadocia-
Urgup, Turkey, 2004, pp. 14-16.

Yilmaz, V. and Erisoglu, M., The use of statistical parameter es-
timation methods in the calculation of the parameters of Weibull
distribution and the application of Weibull distribution to earth-
quake data. J. Stat. Res., Turkey, 2003, 2, 203-217.

ACKNOWLEDGEMENTS. We thank the Ministry of Earth Sciences,
Government of India, for funds to CSIR-North East Institute of Tech-
nology, Jorhat to establish Multiparametric Geophysical Observatory
for monitoring of earthquake precursors in Mikir Hills Plateau, Assam.

Received 2 April 2019; revised accepted 19 June 2019

doi: 10.18520/cs/v117/i7/1167-1173

CURRENT SCIENCE, VOL. 117, NO. 7, 10 OCTOBER 2019

1173




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


