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ABSTRACT ARTICLE HISTORY
Regular seismic hazard assessment requires essentially an updated and Received 23 December 2016
refined homogenous earthquake catalogue for the study region. Here, we Accepted 2 June 2017
have compiled the earthquake data for Northeast region of India in a
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chronological order from International Seismological Centre and Global
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Centroid Moment Tensor databases during the period 1 January 1900 to 31 regression; homogenization;
April 2016. For this purpose, the regression techniques such as least square Mg a-value and b-value;
(SR), inverse least square (ISR), orthogonal (OR) and generalized orthogonal Northeast India

(GOR) which is the best one, out of that are employed for converting
different types of magnitude scales, such as surface-wave magnitude (Ms),
body-wave magnitude (m,) and local magnitude (M,) into a single
homogenized moment magnitude, My,. The homogenized catalogue is then
treated with ‘runs test’ to estimate p-value of 0.8421 which suggest no
spurious reporting on the catalogue. The prepared catalogue has also been
declustered using standard procedure. Furthermore, the magnitude of
completeness for space and time with 90% confidence level has been
achieved. The seismicity parameters, namely magnitude of completeness M,
a-value and b-value are found to be 4.6, 7.50 and 0.95(£0.023), respectively.
The observed low b-value implies that the study region is tectonically very
active with the presence of asperity.

Introduction

The Northeast region of India is seismically very active and its seismicity is primarily attributed to
the Indian-Asian plates collision in the north and Indian-Sunda plates interaction in the Indo-Bur-
mese arc in the east (Bilham and England 2001; Kayal et al. 2012). The mechanical deformations
due to these interactions resulted in the formation of the most seismically active Himalayan thrust
faults in the north, Arakan-Yoma, Naga Hills and Tripura folded belt in the east and also the uplift
of Shillong plateau in the zone-III (Thingbaijam et al. 2008). As per the seismic zonation map of
India, the region lies in zone-V, the highest seismic active zone (Bureau of Indian Standards 2002).
Bhatia et al. (1999) estimated the peak ground acceleration (PGA) which was found within the
range, 0.35-0.45g for the Global Seismic Hazard Assessment Programme. Moreover, Das et al.
(2016) also estimated the mean PGA value for 50%, 20%, 10%, 2% and 0.5% probabilities of exceed-
ance in 50 years, corresponding to return periods of 100, 225, 475, 2475 and 10,000 years respec-
tively and found to be 0.19, 0.251, 0.323, 0.5 and 0.68 g in this region. Several large to great
earthquakes namely, 12 June 1897 Shillong (M, = 8.1), 15 August 1950 Assam earthquake
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Table 1. List of some notable earthquakes 1869, 1897, etc., in the Northeast Indian region.

Place Date Latitude Longitude Magnitude Description
Cachar earthquake 10 January 24.66 92.85 My~7.3  Damaging in the region from Dhubri to east of
1869 Imphal and between Nowgong and Silchar

Shillong earthquake 12 June 1897  26.00 91.00 My~ 8.1  Damaged every stone house, 13 deaths. Damages
were observed in Umananda Island temple and

railway lines
Dhubri earthquake 3 July 1930 25.93 90.18 My7.1  In Dhubri area, damages of the buildings. No
fatalities
Assam earthquake 29 July 1947  28.50 94.00 My~7.3  Cracks in walls at Guwahati area. Failure of
electricity observed
Assam earthquake 15 August 26.6 96.5 My~ 8.6 1500 people were killed and the drainage affected
1950
Near Moirang, 1 July 1957 24.40 93.80 My~7.2 10,000 people died
Southern Manipur
East of Imphal (Indo- 6 August 25.14 95.12 Myr7.2  Three people killed and 12 injured and
Myanmar Border 1988 considerable damage and landslides in the
region) Guwahati-Sibsagar-Imphal region
Sikkim earthquake 18 September  27.72 88.06 My~6.9 111 people were killed. Most of the deaths
2015 occurred in Sikkim. Several buildings collapsed
in Gangtok
Manipur earthquake 3 January 24.83 93.65 My~6.8 11 people killed, 200 others injured and buildings
2016 damages

(Myw = 8.6) and 6 August 1988 Manipur-Myanmar earthquake (My, = 7.2) which collectively
claimed thousands of lives and devastated poor structured buildings have occurred in this region
(Table 1, Oldham 1899; Bilham 2004). Additionally, several damaging earthquakes having magni-
tude ~7, although with their relatively low recurrence intervals, made this region seismically prone
and vulnerable to hazard. Hence, using a reliable and accurate catalogue, quantification of seismicity
parameters are essential and necessary for developing a probabilistic and deterministic hazard map
for safety of millions of lives living in and around the region.

Usually earthquake catalogue comprises of many magnitude scales such as M, m;, and Mg based
on the recordings of their wave types of the earthquakes. M;, commonly known as Richter local
magnitude, is found to be widely used magnitude scale in the world. However, this scale gives inac-
curate magnitude for the large earthquakes due to its saturation above magnitude 6 (Hutton and
Boore 1987). Based on body waves, body wave magnitude, m, is established to overcome the satura-
tion problem but the scale fails for the 6-8 magnitude (Gutenberg and Richter 1956). Another mag-
nitude scale known as surface-wave magnitude scale, Mg was introduced by Gutenberg and Richter
(1956) for resolving the same saturation issue. But still, Mg tends to saturate above magnitude 8 and
hence another alterative magnitude scale based on seismic energy was required to be introduced.
The saturation of these magnitude scales is completely dependent on the amplitudes of their wave
types. As such, Kanamori (1977) proposed another magnitude scale, moment magnitude scale
(Myy), which is based on seismic energy in order to measure for any larger earthquakes without any
saturation. Hence, it can be concluded that My is recognized as a stable scale for measuring large
earthquakes (Lay and Wallace 1995). However, the presence of inhomogeneities in the magnitude
scale due to various magnitudes should be corrected before robust estimation of any statistical analy-
ses (Chingtham et al. 2014). Therefore, homogenization of different magnitude scales into a single
magnitude scale by using different regression techniques is a basic requirement (Gutenberg and
Richter 1956; Bath 1968; Chingtham et al. 2016). By doing so, one magnitude scale can be converted
into other magnitude scale by establishing the empirical relationships between the correlated events
(Marshall 1970; Gibowicz 1972; Das and Wason 2010; Nguyen et al. 2011). But, the conversion of
one magnitude scale into another magnitude scale is accepted only when the estimated standard
deviations associated with the regression parameters are negligibly low (Stromeyer et al. 2004; Joshi
and Sharma 2006; Thingbaijam et al. 2008; Das et al. 2011). Several authors (Thingbaijam et al.
2008; Ristau 2009; Yadav et al. 2009; Mousavi-Bafrouei et al. 2014; Chingtham et al 2015;
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Chingtham et al. 2016) have used least square (ISR), orthogonal regression (OR) and generalized
orthogonal regression (GOR) techniques for converting the different magnitude scales into a single
magnitude scale in different tectonic settings of the world. During the period 1905-2007, Thingbai-
jam et al. (2008) and Thingbaijam (2009) utilized the International Seismological Centre (ISC) and
Global Centroid Moment Tensor Solution (GCMT) databases to compile the homogenized earth-
quake catalogue (My,) by using GOR technique in Northeast region of India. For the same region
using ISC and GCMT, Yadav et al. (2009) converted the different magnitude scales into single seis-
mic moment, My, by adopting SR technique during the period 1905-2007. However, Das et al.
(2012) used the period of 1978-2006 for events in ISC, GCMT and National Earthquake Informa-
tion Centre (NEIC) catalogues for the conversion of m, and Mg magnitudes into the unified
moment magnitude, My, by adopting orthogonal least square regression (OSR) relationships in
Northeast India. In northwest Himalaya and its surrounding region, Chingtham et al. (2014)
adopted GOR technique to convert different magnitude scales into My for the India Meteorological
Network (IMD) seismological network covering a period from 1 June 1998 to 30 June 2011 in the
Northwest Himalaya and its surrounding region. Empirical relationships among M;, teleseismic m,,
My, have been firmly established though SR, ISR and GOR techniques for homogenization of cata-
logue in New Zealand by using GeoNET and GCMT catalogue during the period 1977-2008 (Ristau
2009). Mousavi-Bafrouei et al. (2014) used the regression relations such as SR, ISR, OR and GOR
for converting different magnitude scales into My, for Iran and its adjacent regions by using histori-
cal, ISC and NEIC catalogues since fourth century BC until 2012.

In this study, we have applied the GOR technique for converting different magnitude scales such
as M;, m;, and M into My, by using the ISC and GCMT catalogues during the period 1 January
1900 to 31 April 2016. Subsequently, we have also considered the historical and modern earthquake
catalogues complied by several authors/agencies in the Northeast region in order to not to miss a
single event in the homogenized catalogue. The known or published My is finally used to replace
the compiled M,y in the catalogue. The reason behind the conversion of different magnitude scales
into single moment magnitude M,y lies on the fact that it remains unsaturated over all the magni-
tude scale with accuracy found to be two or three times higher than other magnitude types. Uhr-
hammer (1986) established the declustered technique for removing the foreshocks and aftershocks
by applying the space-time window around the mainshocks from the homogenized moment magni-
tude Myy. Later on, for this study region we have calculated the magnitude of completeness in terms
of space and time for frequency magnitude distribution (FMD) at 90% confidence level, the primary
parameter for analysis of a-value and b-value for our study region. Wiemer and Wyss (2000) devel-
oped the maximum curvature method for estimation of the magnitude of completeness Mc. A
graphical technique well known was proposed as Mulargia and Tinti (1985) the visual cumulative
method to check the stable and significant recording of events. Then, the magnitude of complete-
ness, M¢ and its associated parameters a-value and b-value have been estimated from this declus-
tered catalogue using maximum curvature method developed by Wiemer and Wyss (2000). Finally,
we have also examined the plot between the cumulative number of earthquake and hour of the day
to investigate the extraneous recordings obtained from the possible quarry blast.

Seismotectonic setting of the region

The study region, bounded by the latitude 21°N-30°N and longitude 87°E-98°E, is surrounded by
the EW trending Himalaya belt to the north, NS trending Arakan-Yoma belt to the east and the
Bengal basin to the south (Figure 1). The EW trending Himalaya belt is associated with the collision
between the Indian and the Eurasian plates while the Arakan-Yoma belt is associated with the inter-
action of Indian plate beneath the Burma plate (Dasgupta et al. 2000). Notably, the alluvium of
Brahmaputra River and the Shillong-Mikir plateau that are observed in the study region are found
to be sandwiched between these tectonic belts (Nandy 2001). The tectonics of the study region can
also be characterized by the splays of north dipping major thrust faults formed during the Indian
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Figure 1. Seismotectonic map of Northeast India and adjoining region drawn with the declustered earthquake having minimum
magnitude My, > 3 during the period 1 January 1900 to 31 April 2016. Another seismotectonic map drawn from the catalogue
before declustering has been attached as a supplementary file (S1) for comparing the spatial distributions of earthquake occur-
rences between the clustered and declustered earthquake catalogues.

and Eurasian plate’s convergence. In this region, the major faults include the Main Central Thrust
(MCT), Main Boundary Thrust (MBT), Main Frontal Thrust (MFT). Besides, the tectonic features/
lineaments such as the Mishmi thrust, Lohit thrust, Po-Chu fault and Tidding suture also character-
ize the tectonic settings of the study region (Thingbaijam et al. 2008). It is here noteworthy to men-
tion that the NE trending Mishmi Thrust illustrates the formation of the Eastern Himalaya due to
the convergence of Indian and Eurasian plates (Thingbaijam et al. 2008).

On the basis of seismicity, geological features and orientation of the faults, the region can primar-
ily be classified into four main seismogenic source zones, i.e. the Eastern Syntaxis (zone-I), the Ara-
kan-Yoma Subduction Belt (zone-II), the Shillong Plateau (zone-IIT) and MCT and MBT of the
Himalayan Frontal Thrusts (zone-IV) (Dutta 1964; Gupta et al. 1986; Roy et al. 2015). In zone-I, the
NW-SE trending thrust faults such as Lohit Thrust, Mishmi Thrust and strike-slip Po-Qu fault rep-
resent the major fault systems observed in the study region. As such, the right lateral strike slip
earthquake, i.e. 15 August 1950 Assam earthquake (My, = 8.6) that caused irreparable damages to
the mankind is associated with the NW-SE trending Po-Qu fault (Kayal 2014). Zone-II, commonly
known as the Arakan-Yoma subduction zone is characterized by the subduction of Indian plate
underneath the Burmese plate. Due to this, the seismicity is relatively high in comparison to other
zones and subsequently, the shallow to intermediate depth earthquakes are distributed along the
subducting Indian plates. From the focal mechanism of earthquakes, this zone is also found to be
characterized by crustal thickening along with N-S compression. Towards the Indian plate and
away from the colliding plates, there lie the Shillong plateau that can be categorized into zone-IIL
The Assam valley that exhibit ENE-WSW trending lies in between Shillong plateau and the eastern
Himalayan tectonic belt. Besides the plateau, the zone is also characterized by several shear faults
and lineament. The intraplate shallow seismicity observed in this zone is contributed by the move-
ment/uplifting of the Shillong plateau along the major thrust/strike-slip Dauki fault (Bilham and
England 2001). As such, the focal mechanisms of the observed earthquakes display significant thrust
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component along with strike-slip motion. Moreover, the differential velocity of the Indian plate
observed towards the northward and eastward makes this zone highly compressive stresses and dis-
tortions (Bilham and England 2001; Vernant et al. 2014). Zone-IV (the Himalayan Thrusts Zone)
demarcates the boundary between the Indian and Eurasian plate continent-continent collision.
Hence, the seismicity of this zone is associated with the EW striking, northward dipping MBT and
MCT. In this zone, Manipur and Nagaland hills that primarily comprise the northern part of the
Indo-Burma ranges merge to the Himalayan arc at the syntaxis zone. In the northeast region of
India, several thrust zones are appearing, for example the Naga Thrust along the Naga Hills and the
Churachandpur Mao Thrust along the Manipur hills. However, the NE-SW trending Naga thrust
demarcates Assam valley zone or the Brahmaputra basin that lies on northern part of this zone. The
Naga and Disang thrust are found to the southeast direction of the Kopili fault. In addition, the rec-
ognition of the Indian plate subduction zone boundary can be understood by the presence of the
East Boundary Thrust (EBT) in the east direction. The appearance of Mishmi thrust in the north
direction of syntaxis zone is connected to the Sagaing fault zone in the central Burma basin. The
Bengal basin characterized by tertiary sediments is separated from the Precambrian shield by E-W
Dauki fault and its conjugate active fault is Dapsi fault in the plateau (Baruah et al. 2012). Thus, the
movement of the Shan Sagaing fault towards east direction is the primary reason of EBT zone
demarcation.

Data adopted and methodology

Earthquake catalogue plays an important parameter for assessing seismic hazard of any seismotec-
tonic regimes of the world. In this study, two international data centres such as ISC, United King-
dom (since 1964; http://www.isc.ac.uk/search/ bulletin, last accessed June 2016), covering the period
of 1 January 1900 to 31 April 2016 and the GCMT, Columbia University (http://www.globalcmt.
org, last accessed July 2016) during the period 1 January 1976 to 31 April 2016 are adopted. How-
ever, ISC and GCMT catalogue comprises of several magnitude scales such as M;, my, Mg and My,
which are instrumentally recorded on the basis of types of magnitude waves produced during the
occurrence of an earthquake. Richter (1935) proposed the local magnitude, M;, consider as a first
magnitude scale defined by the trace amplitudes of earthquakes recorded on Wood-Anderson seis-
mographs (Lay and Wallace 1995). Depending on the radiation pattern and travel path, M; may
vary considerably from station to station. On the other hand, the body-wave magnitude scale (m,)
was introduced specifically by Gutenberg and Richter (1956) to highlight the deep-focus earthquake
and long distances P-wave amplitude recorded with a period of about 1s. The surface wave magni-
tude scale (M) is measured from the ground amplitude of surface waves on standard long-period
seismogram with a period of about 20s (Gutenberg 1945a, 1945b).

These magnitude scales such as Mj, m;, and M; exhibit non-uniformity at different levels of large
earthquakes and subsequently these scales fail to measure large to great earthquakes due to its
saturation issues, thereby resulting magnitude error in the estimated earthquake. In the late 1970,
Kanamori (1977) presented another type of magnitude scale, popularly known as moment magni-
tude scale, M. This scale is predominantly based on the scalar seismic moment, M, and hence valid
for all size of earthquake. Theoretically, the reliability of the scale is ascribed by the fault size and the
dislocation associated with the seismic moment. Hanks and Kanamori (1979) established the empir-
ical relation between M, and M, as given by

2
Mw = glogloMo — 605, (1)

where M, is the scalar seismic moment in N. m.
Different magnitude scales present in the catalogue needs to be homogenized into a single consis-
tent magnitude, M. As mentioned earlier, My is adopted because it can measure for all ranges of
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earthquakes irrespective of large or small, local or teleseismic, shallow or deep epicenters. This can
be accomplished by utilizing regression techniques such as SR, ISR, OR and GOR thereby establish-
ing empirical relations My, m,;, Mg and My, from the entries of the same earthquakes in the cata-
logues derived from the ISC and GCMT databases (e.g. Stromeyer et al. 2004; Bormann et al. 2007).
SR technique is valid for the variances 62 — 0 and oﬁ > 0. As such, the best fitting line drawn
through this SR technique considers only the errors of the vertical distances between the experimen-
tal points (X;, y;) and their equivalents on the regression line (X;, Y;) (Bormann et al. 2007). This
leads to

n

> i - i — ol ©)

i=1
where (X;, Y;) and (x;, y;) indicate the true variable and variable affected by measurement errors
respectively and « is a constant whereas § is a function of the regression slope.

ISR is similar to SR method but valid only for Ui — 0 and 02 > 0. This indicates that the best

fitting line includes only the errors of the horizontal distances between the experimental points
(x5 Y;) and their equivalents on the regression line (X;, Y;). Equation (2) can thus be modified by

n 2
Z [xi_yi/;a] . 3)

i=1

However, the GOR regression relationship technique accounts the measurement errors on both
the linearly related variables. In other words, this technique simply minimizes the orthogonal resid-
uals for both the variables obtained from their orthogonal projections on the GOR line (Das et al.
2011, 2013). On the contrary, this technique introduces biased estimations of the dependent vari-
able, because the abscissa of the true points on the GOR line corresponding to given magnitude data
pairs have been simply replaced by the abscissa of the observed error corrupted points for establish-
ing the GOR regression relationship among the different magnitude scales (Das et al. 2012; Wason
et al. 2012; Das et al. 2014b; Das et al. 2014c). Conversely, the GOR technique can be established
only when a priori information on the values of the errors associated with the two variables is known
and 1 # 1 (Thingbaijam et al. 2008; Yadav et al. 2009; Das et al. 2012; Chingtham et al. 2014). Here,
the error variances 7 are estimated by following relation:

n = oy/oy. (4)

The general orthogonal regression estimator can thus be obtained by minimizing the given
equation,

n

) {yi - ﬁ;{" + - X)), (5)

i=1

OR is simply the GOR that considers the measurement errors on both variables. The only dissim-
ilarity is that the value of n given by Equation (4) is 1. If the true » is unknown or deliberately
ignored, OR gives robust result than GOR when considering the errors occurred in both types of
magnitude (Castellaro et al. 2006; Castellaro and Bormann 2007; Ristau 2009). Here, GOR relation-
ship is applied for establishing empirical relationships among the magnitude scales. The standard
regression relation used for the conversion of entries, n = 1662 of M; into my,, is shown by the given
relation,

my = 0.9721(40.002) * My + 0.1065( £ 0.008),  for 2.5>M; >5.1 (6)
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The correlation of Mg to my, for the entries, n = 1798 is observed to follow the relation:
my, = 1.3278( £0.003) * Mg — 1.7665( £0.013),  for 3>Ms >6 7)

Also, the established regression relation based on the entries, n = 69 for converting Mg to My are
listed below,

My = 1.1590( £ 0.005) * Ms — 0.8168( +0.0238),  for 3.8> Mg >5.8 (8)

Moreover, the regression relation to convert M into My, from the entries, #n = 13 are depicted by
the following relation:

My = 1.6019(£0.179) Mg — 3.2919( £ 1.134),  for 5.9> Mg >7.2 9)

Finally, the obtained regression relation for converting m; to My, from the entries, n = 255 are
shown by the given relation,

My = 1.0312( £0.007)  my — 0.0123(£0.036)  for 4.3>m; >6.2 (10)

The details of the regression equations among different magnitude scales obtained from SR, ISR,
OR and GOR are given in Table 2. ‘Runs test’ is then treated to the homogenized catalogue obtained
from these regression equations for checking the spurious reporting in the catalogue. Finally, the dif-
ferent empirical based statistical methods have been adopted by several authors/scientists (Utsu
1969; Gardner and Knopoft 1974; Reasenberg 1985; Uhrhammer 1986) for filtering the dependent
events, i.e. foreshocks and aftershocks, thereby applying the space-time window around the main-
shock. The basic differences among these methods can be primarily attributed to the size of the win-
dow, duration of the sequences after the mainshock and finally the magnitude of the earthquakes.
Here, the method given by Uhrhammer (1986) has been utilized to clean the foreshocks and

Table 2. lllustration of the regression parameters-intercept «, slope B, ratio of error variances n = ai/aﬁ, and number of events, n
of various regression technique.

X--y Regression o B n n
M_my GOR 0.1065(4-0.008) 0.9721(40.002) 0.52 1662
OR 0.9079(40.194) 0.7559(40.052)
SR 1.9381 0.4780
ISR 1.9429 1.5250
my_Ms GOR —1.7665(1+0.013) 1.3278(+0.003) 0.67 1798
OR —1.3776(1-0.087) 1.2319(+0.021)
SR 0.2983 0.8188
ISR 3.0390 1.6414
my_My, GOR —0.0123(4-0.036) 1.0312(+0.007) 0.82 255
OR 0.1115(£0.231) 1.0072(+0.045)
SR 1.1179 0.8119
ISR 1.1191 1.2461
M_My GOR 2.2624(1+0.174) 0.6600(£0.038) 0.29 26
OR 3.2271(41.584) 0.4502(40.344)
SR 3.6579 0.3564
ISR —0.5421 1.0344
Ms My (3.8 > Ms > 5.8) GOR —0.8168(10.0238) 1.1590(+0.005) 127 69
OR —0.8291(40.272) 1.1616(+0.058)
SR —0.7122 1.1367
ISR 0.9176 1.1805
Ms My (59 > Ms > 7.2) GOR —3.2919 (£1.134) 1.6019(£0.179) 137 13
OR —3.3593(+2.811) 1.6125(+0.445)
SR —3.0576 1.5647

ISR 3.4789 1.6315
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aftershocks from the mainshocks. Later, the magnitude of completeness (M) that defined the mini-
mum magnitude at which the power law fit as best fit for FMD is obtained at 90% confidence level
is calculated for the study region. This is an essential parameter for estimating a-value and b-value
for hazard assessment in any tectonic regimes. In this study, ‘maximum curvature’ method given by
Wiemer and Wyss (2000) is adopted to estimate Mc. This involves the finding of maximum curva-
ture from the graph constructed in between the magnitude and the logarithm of the cumulative
numbers of events above this magnitude. Moreover, the information of the time of completeness for
different magnitude range is essential for quantifying the seismicity parameters. A well-known
graphical technique, i.e. visual cumulative method established by Mulargia and Tinti (1985), is used
here for calculating the time period of catalogue completeness. The technique comprises of fitting a
straight line to the slope of the data observed in the graph that are constructed between time and
cumulative number of events for a particular magnitude range. Therefore, the completeness of small
to moderate earthquakes is found within instrumental period whereas the completeness of large
earthquakes can be traced back to pre-instrumental era (Yadav et al. 2009).

Results and discussions

In this study, a homogenized earthquake catalogue pertaining to Northeast India and its adjoining
region (lat. 21°-30°N and long. 87°-98°E) has been compiled by using different regression techni-
ques during the time period 1 January 1900 to 31 April 2016. For this purpose, 14,031 events, having
magnitude on different scales such as M;, m;, and Mg have been assessed from ISC database. For
these magnitude scales, the regression techniques such as SR, ISR, OR and GOR are adopted to
establish the correlation relationships in between Mg-m,, my-M;, Ms-My, My-M;, My-my, and My,
Mg as shown by Figure 2(a-f) and Table 2. From Figure 2(b,c), we have observed that both the corre-
lations of m;,-M; and Ms-M; are found to be valid up to M, of 5.2. Furthermore, the relationship
between m,-Ms is found to be valid for Mg having maximum value of 6.3 as shown in Figure 2(a).
We have also segregated the range of Mg into two parts (i.e. 3.8 > Mg > 5.8; 5.9 > My, > 7.2) based
on the linearity of observed data for converting Ms into My,. Similar observations have also be found
in their established regression relations for converting Mg into My, by several authors/scientists
(Scordilis 2006; Das et al. 2014a). Beyond these magnitudes, the magnitude scales will saturate and
subsequently leads to mild incoherency between the linear regressions. Notably, the n value of the
GOR obtained through the iterative search and that correspond to the lower standard deviation of
is found to be considerably low, i.e. below 1 for all the correlations between different magnitude
scales. This simply implies that the 8 associated with OR is found to be affinity towards 8 associated
with SR for all the regression relationships except the correlation Mg-M;. It is also observed that the
relations derived from this GOR technique have significantly lower errors in their regression param-
eters than the corresponding relations established from other techniques as shown in Table 2
(Thingbaijam et al. 2008; Yadav et al. 2009). Consequently, as mentioned earlier, the equation
obtained through this technique gives comparably low standard deviation for 8 (Table 2) and hence
only GOR equations are adopted for conversion process. Also, as compared to the corresponding
SR relation established by Scordilis (2006), this GOR technique is also associated with lower uncer-
tainties. These results are intriguing and found unison with the understandings of Castellaro and
Bormann (2007). It is also noteworthy to mention here that the GOR regression relations derived
(Equations (6)-(10)) are found to be consistent with the existing regression equations established by
several authors in this region (Thingbaijam et al. 2008; Yadav et al. 2009; Das et al. 2011; Das et al.
2012; Das et al. 2014a). By using this regression technique, we can easily convert one magnitude
scale into another scale through the equation, y = « + B.x. However, any magnitude scale can be
converted into another scale through connection of the entries in other catalogues on one-one cor-
respondence, if the correlations cannot be established directly between the magnitude scales. In this
study, M; and M; entries found in the catalogue have been converted and scaled into m,, through
Equations (6) and (7), respectively. Finally, the total magnitude scale m, obtained is scaled into



GEOMATICS, NATURAL HAZARDS AND RISK 9

6553 -
6
550 e ]
5 0% £
45 -
s 4
35
? “—-OR R
25 =="SR ==:SR
ol -’ -=|SR -==|SR
15 % ) _ [=GORn=067  GOR¥0.52
™ 25 3 35 4 45 5 55 6 65 %25 3 35 4 45 5 55 6
ll'lb L
(b)
- 8
7
i 75
,'
7
65
6
55
- 5
e 45p.=20
4
:_gs 35 =GR
3
ISR --ISR
- 25 —GOR,1=0.29
— GOR,N=0.65 Al
6 7 8 %75 3 35 4 45 5 55 6 65 7 75 6
M
L
(d)
85—
pr 8[ 02
" Qa
i 750 01 E :
,
o T %
,"‘ 65 f
; 6
Z 55
= 5
- ---OR
oF
-=SR b -='SR
ISR 4 ISR 17127
) —GOR,1=0.82 35 —GOR3137
1 I 1 1 1 1 1 n 1 n n
22533544555566577588598510 495 425 55 6 65 7 75 § 85
mb
S
(e) ()

Figure 2. Regression relation between Ms-m;, my-M;, Ms—M;, My-M;, My-m;, and My~Ms through the SR, ISR, OR, GOR technique
shown in Figure 2(a—f) for the Northeast region of India.

moment magnitude scale My, by establishing the relationship between My,-m, (Equation (10)),
using GOR technique. For such conversion process, we have utilized the M, entries recorded by
GCMT in the study region during the period 1 January 1976 to 31 April 2016. However, the correla-
tion between My,-my, is valid up to m,, of 6.3 (Figure 2(e)) and hence beyond this value of m;,, will
contribute errors in the derived Equation (10) due to its saturation. Similar to Equation (8), the n
value of the GOR is found to be low, thereby exhibiting B associated with OR affinity towards g
associated with SR. However, the associated errors with the variables are found to be high in the
regression equation for converting Mg into My, and hence Mg-M;, regression relation is not
employed during the homogenization process (Equations (8) and (9)). Then, the large My, entries
documented in different literatures have been used for replacing the M;, entries found in the
homogenized catalogue. Here, we have also observed that the absolute average difference between



10 A. K. PANDEY ET AL.

our homogenized catalogue (Myy) and the other existing catalogues (My,) differs by 0.4 m.u. and this
can be primarily correlated with the adopted earthquake databases and the duration of the catalogue.
For this study region, Thingbaijam et al. (2008) established the empirical relationships among the
magnitude scales, adopted from ISC and GCMT for scaling m;, and Mg into My, during the period,
1906-2006. Yadav et al. (2009) compiled the homogenization earthquake catalogue in My, with the
help of earthquake databases (e.g. India Meteorological Department (IMD); Geological Survey of
India (GSI); NEIC of USGS; ISC) spanning the period 1846 to 1995 for the same study region. The
basic difference between these two authors lies on the fact that Thingbaijam et al. (2008) utilized
GOR technique while Yadav et al. (2009) adopted OR technique for the homogenization process.
Moreover, Das et al. (2011) compiled a unified moment magnitude in My, by utilizing orthogonal
standard regression (OSR), while Baruah et al. (2012) established empirical relation between M
and My, by using linear regression analysis (OSR), thereby classifying the Northeast India into dif-
ferent tectonic zones. Several authors (e.g. Thingbaijam et al. 2008; Baruah et al. 2012) from their
studies revealed that M; and My, exhibit almost similar magnitude values, which is also corrobo-
rated by several researchers in different tectonic regimes of the world (Ristau et al. 2005; Deichmann
2006). However, Yadav et al. (2009) strongly argued this conclusion by mentioning that the similar-
ity between M, and My, holds true only for small magnitudes not for large magnitudes. During the
study period, the My, homogenized earthquake catalogue consists of 18,477 earthquakes with
magnitude My, > 2.5. However, this earthquake catalogue comprises of several dependent shocks
(i.e. foreshocks and aftershocks) as depicted in Figure 3. A declustering technique adopted
by Uhrhammer (1986) is utilized to remove the foreshocks and aftershocks from the mainshocks.
Therefore, this method removes 41.1% of dependent events (foreshocks and aftershocks) from the
12,223 clusters formed in the entire catalogue (Figure 4). Moreover, Yadav et al. (2009) and Das
et al. (2011) adopted the Uhrhammer (1986) method for declustering the homogenized catalogue in
this region. From this declustered catalogue, the value of M is estimated to be 4.6 from the FMD of
earthquakes as shown in Figure 5. While considering all the earthquakes above this M value, the
associated parameters a-value and b-value are estimated from the ‘maximum curvature’ method
given by Wiemer and Wyss (2000). Here, a-value and b-value are found be 7.50 and 0.95(10.023)
respectively in this study region (Figure 6). The high a-value in the study region implies that the
hazard level in terms of seismicity is predominantly high with observed large earthquakes occurring
in the region. Moreover, the low b-value of 0.95 (£0.023) revealed the seismogenesis of the study
region. Comparison to global b-value of 1, the estimated b-values confirmed that the study region
comprises of several asperity zones with highly build up differential stress (Wiemer and Katsumata
1999; Wiemer and Wyss 2002). Furthermore, Nuannin et al. (2005) also highlighted that the
induced low b-value are primarily due to the observed large earthquake occurrences in the region.
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Figure 3. Time-latitude plot of the earthquakes having minimum magnitude, My, > 3 before the declustering of catalogue in the
study region during the period 1 January 1900 to 31 April 2016.
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Figure 4. Time-latitude plot of the earthquakes having minimum magnitude, My, > 3 after the declustering of catalogue in the
study region during the period 1 January 1900 to 31 April 2016. The method of Uhrhammer (1986) is applied to the earthquake
events for declustering the foreshocks and aftershocks (dependent events) using magnitude-dependent space and time windows.

The results for these parameters have been found similar with those findings of several researchers
in Northeast India (Thingbaijam et al. 2008; Yadav et al. 2009). In addition; the completeness analy-
sis with time has been checked by using visual cumulative method given by Mulargia and Tinti
(1985). From such studies, we have observed that the magnitudes My, > 3.0, My, > 4.0, My, > 5.0
and My, > 6.0 have been found complete starting from 1902, 1963, 1986 and 1993, respectively. The
sole responsible for this improvement in the M values is the increased number of networks along
with the increased azimuthal coverage of these networks in the study region. Thingbaijam et al.
(2008) found that the completeness with respect to time has been confirmed for magnitudes My, >
4.0, My, > 4.5, My, > 5.0 and My, > 5.7 since 1964, 1963, 1921 and 1924, respectively. Whereas,
Yadav et al. (2009) exhibited that the recordings for the magnitudes, My, > 4.0, My, > 4.5, My, >
5.0, My > 5.5 and My, > 6.0 are stable and complete starting from the years 1987, 1975, 1963, 1921
and 1914, respectively. However, our result for this completeness of magnitude with time
approaches to the values obtained by Yadav et al. (2009). Later, the plot in between the number of
events and hour of the day exhibit that our final catalogue does not contain any spurious recordings
resulting from bomb blasting, quarry blasts etc. (Wiemer and Baer 2000). This has also been con-
firmed from the ‘runs test’ that check the random distribution above and below the average number
of events per hour, i.e. 153 as shown in Figure 7. The p-value of 0.8421, as obtained from this test
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Figure 5. Graph showing the analysis of completeness period of the earthquake by plotting between time (years) and cumulative
numbers of events for various range of earthquake magnitudes.
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Figure 6. Plot of frequency-magnitude distribution relationship for Northeast India and its adjoining region. The magnitude of
completeness is estimated to be 4.6 with b-value of 0.95 (£0.023).

suggests that the hypothesis can be considerably non-rejected. This improved and upgraded homog-
enized earthquake catalogue can provide the strong foundation for seismic hazard assessment and
other related seismological studies in this highly tectonic seismic regime.

Bayliss and Burton (2007) used the Gutenberg-Richter cumulative frequency-magnitude method
to analyse the magnitude distribution for Bulgaria and the surrounding Balkan area. The authors
have estimated the seismicity parameters, Mc, a-value and b-value, and found to be 4.6, 4.62
(££0.18) and 0.820 (££0.03), respectively, for his study region. Using EMR method, Pailoplee (2014)
calculated the M¢, a-value and b-value as 3.8, 4.01 0.54(£0.02) for Thailand region during the
period of 1998-2009. Moreover, Panzera et al. (2015) followed the maximum curvature method
(Wiemer and Wyss 2000) to estimate the M and b-value while maximum likelihood method is
adopted by Utsu (1965) to estimate the b-value. Through their studies, we can conclude that no

Figure 7. Plot of the cumulative number of events against hour of the day in the study region.
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significant differences have been observed in the adopted methodologies for estimating the Mc, a-
value and b-value.

Conclusions

In this study, the raw events that are documented by the ISC and GCMT databases during the
period 1 January 1900 to 31 April 2016 and 1 January 1976 to 31 April 2016, are accessed to convert
the different magnitude scales such as M;, m, and M into a single moment magnitude, My,. For
this purpose, the GOR approach has been utilized to establish the empirical relations among the
magnitude scales (M, m;, and Ms). The reason behind the adoption of GOR technique lies on the
fact that the technique considers both the uncertainties associated with the dependent and indepen-
dent magnitudes, thereby reducing the errors in the regression process. After the homogenization of
earthquake catalogue in My, the known or published My, documented in several literatures are
used to replace the existing My, in the catalogue. Later, the catalogue is treated with declustering
method for removing the 41.1% of dependent events (foreshocks and aftershocks) from the 12,333
clusters formed in the entire catalogue. Using the maximum likelihood method, the M, a-value and
b-value are estimated to be 4.6, 7.50 and 0.95(=£0.023), respectively. The completeness with respect
to time has also been checked by simply visual cumulative method and hence the magnitudes My, >
3.0, My > 4.0, My, > 5.0 and My, > 6.0 are found to be complete and stable since 1993, 1986, 1963
and 1902, respectively. The p-value of 0.8421 obtained from the ‘runs test’ reveal that our final cata-
logue is found to be uncontaminated and did not contain any extraneous recordings. This can also
be verified by the random distribution above and below the average number of events per hour,
ie. 153. Hence, the prepared upgraded and homogenized earthquake catalogue in My, can
significantly reflect the true values of seismicity parameters for assessing the seismicity hazard level
in this earthquake prone region.
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