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Abstract
In Gutenberg–Richter (GR) earthquake frequency magnitude relationship the b-value plays an important role and is 
required for the seismic hazard analysis of any region. In this study, both the Gumbel’s extreme distribution and the GR 
methods are used to estimate the b-value for Sylhet region of Bangladesh. Due to the geological location this region is 
the most seismically vulnerable area of the country. Sylhet region is situated on the south eastern part of the Dauki fault. 
The frequency of seismic activity at the Dauki fault zone has lessened after the great Indian earthquake that occurred 
in 1897. Therefore, energy may be stored in this fault region, which leaves possibilities that Sylhet may encounter an 
earthquake. The Sylhet region has experienced nearly 184 earthquakes of magnitude ranging from 4 to 7.2 during the 
last 101 years. In this study, the probability of recurrence of earthquakes of various magnitude has also been investigated 
using USGS catalogue which has been prepared by taking moment magnitude (Mw) as a homogenous magnitude. The 
least square regression method has been applied to compute the b-value by the GR relationship, which resulted in the 
b-value to be 0.75. Nevertheless, the regression analysis through Gumbel’s extreme value displays a satisfactory result. 
Further the regression analysis through Gumbel’s method estimated the b-value to be 0.91 and using this the earthquake 
recurrence probability and the return period for different magnitudes have been calculated. From the probabilistic 
analysis it has been found that the probability of recurrence of an earthquake (R) of Mw ≥ 6.5 in 100 years is 85% and its 
return period (Tr) is 53 years in this region. The earthquake recurrence probability of significant damaging earthquakes 
affecting Sylhet and their return periods have also been investigated. It has been observed that the probability of recur-
rence of an earthquake equal or greater than 1885 Bengal earthquake (Mw ≥ 7.0) in 100 years is 48.5% in this region and 
its return period (Tr) is 151 years.
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1 Introduction

The probable level of ground shaking and the recurrence 
of the earthquakes are defined as seismic hazard [1], 
though it is impossible to precisely estimate the occur-
rence of earthquake time. However, in order to minimize 
the economic consequences of an earthquake it is essen-
tial to assess the seismic hazard.

Estimating the probability and return period of an 
earthquake based on previous information may be one 
of the most significant parts of the hazard reduction pro-
gram. The prediction method of an earthquake can be 
either the statistical prediction based on previous events 
or the deterministic prediction based on the earthquake 
signatures [2]. The Guttenberg–Richter relationship is a 
statistical prediction method which plays an important 
part to understand the earthquake probability and the 
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return period. Gutenberg and Richter [3] proposed the 
mostly known empirical relationship between earthquake 
magnitude (M) and frequency of earthquakes (N) that is 
applied extensively to predict earthquakes and finding out 
the rate of exceedance of an event.

This relationship is:

Here a and b are the constant parameters where the 
value of a denotes the seismicity level in an area where b 
is the slope of magnitude frequency curve. This is a well-
recognized equation which is implied to predict the earth-
quake occurrence. Several researchers demonstrate that 
the b-value is normally close to 1 and the global average 
value of b-value is generally taken as 1 [4–10]. The b-value 
plays an important role in GR relationship. As it helps to 
structure a clear idea about the seismic pattern and the 
seismic stress level of an area [4, 11], the calculation of 
b-value is a fundamental step for the seismic hazard analy-
sis of any zone [4, 12, 13].

In this study, two statistical methods, Guttenberg and 
Richter frequency magnitude relationship [3] and Gumbel’s 
extreme value method [14], have been used to compute 
the b-value. Ahmed et al. [4] reported that the GR method 
delivers better output in terms of the presence of numer-
ous earthquake events ranging from low to moderate mag-
nitude. On the contrary, when the magnitude is low, the 
b-value gets deviated from its constant value of 1 [4, 5, 15]. 
In a tectonically active region, the b-value is usually close 
to 1 [16–18].

In this study, regression analysis through GR relation 
yields the b-value of 0.75, which indicates inadequate seis-
mic events [4, 8].

Therefore, this study has been conducted by using 
Gumbel’s extreme value method [14] on the calculation 
of b value for Sylhet region where large earthquake events 
have been available. The reason behind this implication is 
the exploitation of the maximum magnitude of each year, 
resulting in a reduction of uncertainty due to lack of his-
toric data [4, 19, 20]. The main objective of this study is to 
estimate the earthquake recurrence probability and return 
period from the better b-value obtained for Sylhet region.

2  The geotectonic and seismicity of Sylhet 
region

Bangladesh is critically vulnerable to earthquakes for its geo-
logical position as it forms the northeast part of active Indian 
subcontinent [21, 22]. The Indian plate collides with the Eura-
sian plate and underthrusts the Myanmar plate as well. These 
events symbolize the tectonic framework of this region [23, 
24]. For the past 40 million years the Indian part subcontinent 

(1)logN = a − bM

has been pushing northward against the Eurasian plate at an 
estimated rate of 5 cm/year, giving rise to the severe earth-
quakes and most diverse landforms known [25, 26].

The existence of Dauki fault system of eastern part of the 
Sylhet zone, and the highly disturbed southeastern Assam 
region with the Haflong fault, Naga thrust, and Disang thrust 
endangers the Sylhet region with a risky seismic coefficient 
of 0.08 [27]. Sylhet City has a high potential for damaging 
earthquake resulting in losses with a huge population to a 
large percentage of structures that have not been designed 
to resist earthquake forces [28]. The Sylhet Trough is a tec-
tonically complex province of tectonically active northeast 
Indian subcontinent. The transition between this Sylhet 
Trough and the Shillong Plateau is represented by the Dauki 
fault system with huge vertical displacements [29]. Figure 1 
shows the position of Dauki fault with surrounding tectonic 
details. Morino et al. [30–32] first identified the active Dauki 
fault in the trench at Gabrakhari village, where their study 
displayed the rupture of Dauki fault commencing in AD 
1548. The historical seismic event of AD 1500–1630 occurred 
in this Gabrakhari trench site, on the western part of the 
Dauki fault. This event is consistent with the 1548 earth-
quake which is the most recognized first large earthquake 
felt in Bangladesh [22, 31, 33]. It is believed that the Shillong 
plateau has a thrust plane underneath it and is enduring a 
southward thrusting, which disproves the concept of vertical 
tectonism along the Dauki fault, with a notably high seismic 
status [34]. All these past events, and geological analysis con-
clude that the Sylhet region is higher in seismic vulnerability 
compared to other regions of the country, and thus makes 
itself an ideal place for studies and researches on seismic 
hazards. The analysis of observed extremes and forecast of 
future extremities for any phenomena has been conducted 
through the implication of the statistical theory of extreme 
values [14]. In the earthquake engineering research works, 
this theory has been applied effectively by many researchers 
in the past few decades [20, 35–37] in various regions of the 
world. Siddique [38] analyzed the seismicity in Bangladesh 
through the Guttenberg-Richter law. Though a few research 
works, for instance, loss estimation due to earthquakes [25], 
vulnerability assessment of buildings due to earthquakes 
[21, 39, 40] were conducted on Sylhet city, but no significant 
research works have been carried out to calculate the vari-
ation of b-value and estimate the probability of recurrence 
and return period of earthquakes for the Sylhet region.

3  Catalogue completion and magnitude 
conversion

Bangladesh has no record of historical earthquake data of 
its own. Though one analog seismograph was installed in 
1954 in Chittagong but no data is available in the public 
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domain [41]. There are thirty-four strong motion accelero-
graphs (SMA) installed in the different location of Bangla-
desh in 2006 but these accelerometers cannot record small 
earthquakes. To make an effective decision, a complete 
earthquake dataset of both big and small earthquakes is 
necessary [41]. Here, the study has been carried out using 
the earthquake catalogue from USGS [42]. To obtain a better 
result for the period of 1918–2018 (up to April 2018) for Mw ≥ 
3, a total number of 184 events recorded in USGS catalogue 
within the area about 370 km of Sylhet region have been 
used in this study. In their research, Ahmed et al. [4] consid-
ered the study zone with a distance range of 300 km. Con-
ferring to their statement, this range is largely suitable for 
examining seismic hazards, though the occurrence of events 

is less in number. The authors [4] further stated that the dam-
aging impact of the earthquakes beyond this range are not 
significant, because the medium and distance diverges from 
the source to site, even if the magnitude is large.

Geographically the study area is circumscribed by lati-
tude 24 N–26 N and longitude 91E–94E covering a total 
area of 137,558  km2. In order to understand the pattern of 
earthquake occurrence, a seismicity map of Sylhet region 
has been prepared as shown in Fig. 2.

To obtain a better result, duplicates, foreshocks and 
aftershocks have been removed from the catalogue and 
further corrections were made. However, conversion is 
required to formulate a homogenous magnitude as all 
the earthquakes in the catalogue were not homogenous. 

Fig. 1  Tectonic map of North-
East region of Bangladesh 
showing that the Dauki fault 
passes along the southern 
margin of the Shillong Massif 
[23]
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Thingbaijam et al. [43] developed various conversion rela-
tions for different magnitude scales into moment magni-
tude, in their study on Northeast India and its adjacent 
regions. However, this study implies the relation devel-
oped by Scordilis [44] for conversion purposes. The for-
mula follows below:

where Mb= body magnitude, Mw = moment magnitude.
The validity of Scordilis relation is limited to magnitudes 

ranging from 3.5 to 6.2, which can also be identified in 
Fig. 3. The magnitude conversion process began with all 
the moment magnitudes (Mw) being plotted as same as 
it was in the catalogue, putting a high priority on them 
(Mw). Next, the body magnitudes (Mb) were converted into 
the moment magnitudes (Mw) as well. However, surface 

(2)Mw = 0.85Mb + 1.03; 3.5 ≤ Mb ≤ 6.2

magnitude conversion was not done because of the una-
vailability of sufficient data.

4  Calculation and results

4.1  The calculation of b‑value

Two approaches, Guttenberg and Richter frequency mag-
nitude relationship and Gumbel’s annual extreme values 
method were used, to compute the b-value for Sylhet 
region.

4.1.1  The estimation of b‑value by GR relationship

GR relation Eq. (1) is implied to obtain the value of coefficient 
a and b, which establishes the following GR relationship.

Fig. 2  Seismicity map of Sylhet 
region
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184 seismic events were used in this case and an esti-
mated b-value of 0.75 was obtained. Though the value found 
from the study appears to be satisfactory but genereally, 
the b-value of 1 is more expected when the study area is 
a highly seismically active zone like Sylhet with numerous 
occurrences of events [4]. Furthermore, as the foreshocks 
and aftershocks were excluded, it eventually decreased the 
value of b [4]. According to Ahmed et al. [4] the value of b 
may increase if the foreshocks and aftershocks are included 
in the calculation, increasing the amount of seismic events, 
it is safe to choose the main events only to lessen the uncer-
tainty. The earthquake frequency-magnitude relationship for 
Sylhet region is shown in Fig. 4.

4.1.2  The estimation of b‑value of Sylhet region 
by Gumbel’s extreme values method

Many quantitative methods have been applied over the 
years to estimate the earthquake probabilities and return 
period in several regions of the world. Among them, the 
Gumbel’s extreme value method which is concerned with 
the largest earthquakes in the past has been found to be 
largely useful and meaningful [20]. The probability of not 
surpassing the earthquake possessing a magnitude of more 
than M in 1 year is given by [45]

where α and β are regression coefficient and M is the mag-
nitude of the earthquake.

The coefficient of Gumbel’s and GR relation could be 
associated as follows [4, 20]:

(3)logN = 3.5117 − 0.75Mw

(4)G(M) = e
�e−�M

(5)� = 10a, a = log �

(6)� = b∕ log e, b = � log e

Table  1 shows the regression constants obtained 
through the selection of maximum earthquakes of the 

(7)N = �e−�M = − ln [G(M)]
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Fig. 4  Relationship between earthquake frequency and magni-
tude, for Sylhet region

Table 1  Calculations of parameters for Gumbel’s annual maximum 
distribution

M j f G(M) N = − lnG log(N)

4.1 1 0.005 0.005 5.220356 0.717700
4.2 1 0.005 0.011 4.527209 0.655831
4.3 11 0.059 0.070 2.655406 0.424131
4.4 10 0.054 0.124 2.084862 0.319077
4.5 11 0.059 0.184 1.693995 0.228912
4.6 19 0.103 0.286 1.250064 0.096932
4.7 20 0.108 0.395 0.929896 − 0.031565
4.8 14 0.076 0.470 0.754448 − 0.122371
4.9 26 0.141 0.611 0.492968 − 0.307181
5.0 21 0.114 0.724 0.322516 − 0.491449
5.1 7 0.038 0.762 0.271596 − 0.566077
5.2 8 0.043 0.805 0.216410 − 0.664724
5.3 7 0.038 0.843 0.170500 − 0.768276
5.4 8 0.043 0.886 0.120489 − 0.919051
5.5 4 0.022 0.908 0.096392 − 1.015960
5.6 2 0.011 0.919 0.084557 − 1.072848
5.7 2 0.011 0.930 0.072861 − 1.137503
5.8 1 0.005 0.935 0.067064 − 1.173509
5.9 1 0.005 0.941 0.061301 − 1.212536
6.0 5 0.027 0.968 0.032970 − 1.481881
6.2 1 0.005 0.973 0.027399 − 1.562266
6.7 1 0.005 0.978 0.021859 − 1.660374
6.8 1 0.005 0.984 0.016349 − 1.786505
7.1 1 0.005 0.989 0.010870 − 1.963784
7.2 1 0.005 0.995 0.005420 − 2.265995
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year 1918–2018. At the end, the least square method is 
used to calculate the values of a and b, implying Eqs. (5) 
and (6). The values are plotted in Fig. 5. The values of a and 
b are 4.20 and 0.91 respectively, whereas Gumbel’s regres-
sions coefficients are estimated as α = 16,121.3 and β = 2.10 
by using these values of a and b.

4.2  Calculation of earthquake recurrence 
probability and their different return periods

The probability of recurrence of the earthquake of magni-
tude M or risk for 1 year (R1) and for D years (RD) and the 
return period (Tr) have been calculated using the following 
formulas [20, 37, 46].

The estimation of the recurrence probability and the 
return period is computed for Mw = 4 to 8. Table 2 shows 
the earthquake occurrence probabilities calculated 

(8)R1(M) = 1−e−N(M)

(9)RD(M) = 1−e−DN(M)

(10)Tr = 1∕N(M)

for periods of T = 1, 50, 100 years and for a magnitude 
range of Mw = 4.0 –8.0. From the study, it has been found 
that the probability of recurrence (R) of an earthquake 
of Mw ≥ 6.5 and Mw ≥ 7 in 100 years is 85% and 48.5% 
respectively and their return period (Tr) is 52 years and 
151 years respectively. Figures 6 and 7 shows the cross-
plots of the magnitude and the recurrence probability 
and return period of each earthquake, respectively. The 
study reveals an inverse relationship between magni-
tude and return period. A similar relationship has been 
observed between the magnitude and recurrence prob-
ability of an event.

4.3  Calculation of earthquake recurrence 
probability (risk) of significant damaging 
earthquakes and their return periods

The Sylhet region has been severely affected by a num-
ber of prominent historical earthquakes. The significant 
damaging earthquakes that have affected Sylhet since 
the middle of the last century are presented in Table 3 
[25, 34, 42].

log(N) = 4.2074 -0.9123Mw
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Fig. 5  Relationship between magnitude and frequency (log N) for 
Sylhet region according to Gumbel’s method

Table 2  Probabilities of 
earthquake recurrence for 
different periods

Mw N(M) R1 50N R50 100N R100 Tr

4.0 3.616 0.973 180.788 1.000 361.576 1.000 0.277
4.5 1.265 0.718 63.244 1.000 126.488 1.000 0.791
5.0 0.442 0.358 22.124 1.000 44.249 1.000 2.260
5.5 0.155 0.143 7.740 1.000 15.479 1.000 6.460
6.0 0.054 0.053 2.708 0.933 5.415 0.996 18.467
6.5 0.019 0.019 0.947 0.612 1.894 0.850 52.790
7.0 0.007 0.007 0.331 0.282 0.663 0.485 150.904
7.5 0.002 0.002 0.116 0.109 0.232 0.207 431.370
8.0 0.001 0.001 0.041 0.040 0.081 0.078 1233.105
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The probabilities of earthquake recurrence of these 
damaging earthquakes are calculated for periods of T = 1, 
50 and 100 years are presented in Table 4. From the study it 
has been found that the probability of recurrence (R) of an 
earthquake equal or greater than 1885 Bengal earthquake 
in 100 years is 48.5% and its return period (Tr) is 151 years. 
The probability of recurrence of Dhubri, Srimangal and 
Cachar earthquakes in 100 years varies in the range of 
20.70–41.6% with a return period of 186–431 years. The 
magnitude and recurrence probability of these damaging 
earthquakes and their return period are cross plotted in 
Figs. 8 and 9 respectively. In a study, Alam et al. [40] found 
out that most of the buildings of Sylhet city are non-engi-
neered, poorly designed and are of poor quality. Islam et al. 
[33] demonstrated that an earthquake with Mw ≥ 7 will 

result in major human causality and economic loss due to 
the collapse of a large number of buildings in major cities 
of Bangladesh. In another study, Ansary et al. [25] identified 
probable damage of 59% of buildings and 7% fatalities at 
night in Sylhet city from an event similar to the 1918 Sri-
mangal earthquake. Therefore, considering regional seis-
micity, seismic history and seismic risk for Sylhet region, 
proper measures need to be taken and buildings should be 
designed and constructed in this area following building 
codes to safeguard properties and life.
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Table 3  Magnitude, EMS intensities and distance from Sylhet of 
some major historical earthquakes

Name of earthquake Magnitude Intensity at 
Sylhet

Distance from 
Sylhet (km)

1869 Cachar 7.5 VIII 92
1885 Bengal 7.0 V 234
1897 Great Indian 8.7 IX 151
1918 Srimangal 7.2 VII 71
1930 Dhubri 7.1 VI 195

Table 4  Probabilities of 
earthquake recurrence of 
damaging earthquake for 
different periods

Name of earthquake Mw N(M) R1 50N R50 100N R100 Tr

1869 Cachar 7.0 0.007 0.007 0.331 0.282 0.663 0.485 150.904
1885 Bengal 7.1 0.005 0.005 0.269 0.236 0.537 0.416 186.179
1897 Great Indian 7.2 0.004 0.004 0.218 0.196 0.435 0.353 229.699
1918 Srimangal 7.5 0.002 0.002 0.116 0.109 0.232 0.207 431.370
1930 Dhubri 8.7 0.000 0.000 0.009 0.009 0.019 0.018 5365.498
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5  Conclusions

In this research, both Gumbel’s annual extreme value 
method and GR relationship have been applied to ana-
lyze the consequence of the catalogue on the b-value of 
Sylhet region. The estimated b-value based on GR rela-
tionship is 0.75 which may be considered suitable, but 
this study aimed to find out more appropriate b-value 
for this region. The b-value is very much dependent on 
the seismo-tectonic setting of a seismically active zone 
or region. In a seismically highly active zone, the b-value 
is normally close to 1.0 [16, 18, 47]. Therefore, in accord-
ance to the seismo-tectonic settings of the study area, 
the b-value of 0.91 calculated based on Gumbel’s distri-
bution was found to be more relevant and hence this 
value has been implied in this study to obtain the return 
period and probability of recurrence of earthquakes. The 
probability of occurrence, according to Gumbel’s statisti-
cal analysis, of an earthquake for magnitudes 6.5, 7.0, 7.5 
and 8.0 tends to be 85%, 48.5%, 20.7%, and 7.8% respec-
tively in 100 years. The return periods of the mentioned 
are 52.79, 150.90, 431.37 and 1233.11 years respectively. 
The return periods of significant damaging earthquakes 
with recurrence probability have also been identified in 
this study.
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