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ABSTRACT 

 The Shillong Plateau and Northeast India constitute a seismically active region, influenced by the 

Himalayan orogeny and the ongoing collision between the Indian and Eurasian plates. This study 

focuses on the seismicity of the Shillong Plateau, with particular emphasis on recent earthquakes 

occurring along previously inactive faults, such as the Kulsi Fault. The objective is to understand the 

implications for future large seismic events. An earthquake catalog compiled for the period 815–2022, 

containing 2,966 events, has been analyzed. Notably, a recent earthquake of magnitude mb 4.3 occurred 

in the West Khasi Hills district of Meghalaya, India, on July 16, 2023. Within a 100 km radius of the 

Kulsi Fault, 40, 108, and 56 earthquakes of magnitude ranges 4.0–5.0, 3.0–3.9, and 2.0–2.9, 

respectively, have been recorded over the past decade. Additionally, the region has experienced six 

major earthquakes of magnitude greater than 6.0. The magnitude of completeness (Mc) for the catalog 

is estimated at 3.0, with spatial variations ranging from 2.7 to 3.8. The calculated b-value and a-value 

for the entire study area are 0.62 ± 0.04 and 4.8, respectively. Spatial mapping of the b-value indicates 

that the northeastern segment of the Kulsi Fault is more highly stressed compared to its northwestern 

counterpart. Return periods for an earthquake of magnitude 5.8 have been estimated for each of the four 

seismic zones delineated. Furthermore, a strike-slip nature for the Kulsi Fault has been identified based 

on terrestrial gravity data, with Bouguer anomaly variations ranging from 32.05 to 8.40 mGal across 

the fault. Deflected Bouguer anomaly contours along the fault line further corroborate its existence. The 

increased frequency of earthquakes in recent years, particularly in the central portion of the Shillong 

Plateau, suggests the emergence of a new hub of seismic activity. These findings provide critical 

insights for seismic hazard assessment and risk mitigation in the region. 
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INTRODUCTION 

 The northward-moving Indian plate has led to its oblique collision with the Eurasian plate in the 

north and the Burmese plate in the east, forming the Himalayas in the north and the Indo-Burmese 

ranges in the east, respectively. Flanked by these two active mountain belts, northeast India represents 

one of the most seismically active regions of the Indian subcontinent and lies in seismic zone V, the 

highest hazard according to the seismic zoning map of India (BIS 2002). The Shillong Plateau (SP) is 

a unique tectonic feature within northeast India, characterized by a pop-up structure bounded by two 

major reverse faults dipping towards each other, resulting in significant tectonic uplift. SP has 

experienced many major to great earthquakes in past, such as 825, M = 8; 1787, M = 7.8; 1869 Cachar 

earthquake, Mw = 7.5; 1897 Assam earthquake, M = 8.1; 1923 Meghalaya earthquake, Mw =7.1; 1930 
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Dhubri earthquake, Ms =7.1; 1943 Assam earthquake, Ms = 7.1; 1950 Assam earthquake, Mw = 8.7; 

1954, M = 7.3 etc. (Oldham 1882, 1899; Iyengar et al. 1999; CNDM 2002; Rajendran et al. 2004). A 

number of studies have been performed by various researchers to examine the seismicity of northeast 

India using various techniques due to its active, prolonged seismic history and complex tectonics 

(Bhattacharya et al. 2002; Khan 2005; Thingbaijam et al. 2008; Yadav et al. 2009, 2023; Khan et al. 

2011; Pandey et al. 2017, 2019; Borgohain et al. 2018a, b; Bora et al. 2022; Sharma et al. 2022; Sharma 

and Biswas 2022; Kumar et al. 2024). Previous researchers have considered different statistical methods 

to quantify the seismicity of the region; however, very few studies are focused on the Shillong plateau. 

Bhattacharya et al. (2002) estimated the b-value and fractal dimension of northeast India using very 

limited earthquake data from the International Seismological Center (ISC), National Geophysical 

Research Institute (NGRI), Hyderabad, and the Regional Research Laboratory Jorhat (RRLJ). Khan 

(2005) mapped b-value using earthquake data from only the NGRI, Hyderabad, and RRLJ, and 

estimated the Bouguer gravity anomaly to examine the seismicity of the Shillong plateau. Thingbaijam 

et al. (2008) estimated seismicity parameters and fractal dimension of northeast India using earthquake 

data of ISC and Global Centroid Moment Tensor (GCMT) for the period 1906 to 2006. Yadav et al. 

(2023) estimated the b-value and fractal dimension of northeast India using earthquake data of ISC, 

GCMT, India Meteorological Department (IMD), and United States Geological Survey (USGS) for the 

period 1897 to 2016. Pandey (2019) estimated the b value of the northeast India using earthquake data 

of ISC and GCMT for the period 1963 to 2012. Borgohain et al. (2018a) examined the seismicity of the 

SP using earthquake data of ISC, USGS, RRLJ, and NGRI for the period 1966 to 2013. Bora et al. 

(2018) and Bora et al. (2022) estimated the b-value of the Indo Burman Range using earthquake data 

of ISC for the period 1964 to 2016 and 1964 to 2018, respectively. Sharma et al. (2022) performed a 

Spatio-temporal analysis of the b-value prior to the 28 April 2021 Assam earthquake. Kumar et al. 

(2024) estimated the spatial variation of seismicity parameters in Meghalaya. Sharma and Biswas 

(2024) estimated the seismic hazard and delineated the seismic sources around the Kopili fault. 

Relatively fewer studies have been specifically focused on the Shillong Plateau using updated datasets 

and high-resolution analyses. Earlier works, though insightful, often relied on limited earthquake 

records (from ISC, NGRI, RRLJ) and did not integrate modern seismic catalogues, gravity anomaly 

data, or recent earthquake activity around emerging structures like the Kulsi Fault. In recent years, the 

Shillong Plateau has witnessed rapid urbanization, population growth (~30 million), and the 

development of critical infrastructure, significantly increasing the seismic risk exposure. The recurrence 

of moderate earthquakes around the Kulsi Fault, including the recent 16 July 2023 mb 4.2 event, further 

emphasizes the need for a dedicated and updated seismic hazard assessment. In addition, Verma and 

Mukhopadhyay (1977) collected the gravity data in northeast India, and they found a high positive 

Bouguer anomaly over the Shillong Plateau and suggested that it may be due to high irregularities in 

the crustal and mantle structures. Afterwards, a different group of scientists has also reported a higher 

Bouguer anomaly over the Shillong Plateau than its adjoining regions, and they argued that it is due to 

high magmatic material beneath it as well as its pop-up basement (e.g., Nayak et al., 2008; Ravi Kumar 

et al., 2020; Sarkar et al., 2022). 

 In the present study, we analyze the current seismicity, tectonic framework, and earthquake 

occurrence potential of the Shillong plateau and adjoining region, focusing particularly on the area 

within 100 km of the recently occurred 16 July 2023 Kulsi earthquake (mb 4.2). and estimated the 

seismicity parameters of the study region as a continuous increase in the occurrence of earthquakes near 

the Kulsi fault. In addition, we delineate seismic source zones based on updated seismicity and tectonic 

information and estimated seismic hazard parameters for each zone. Furthermore, we also identify the 

major faults from the gravity anomaly map and establish the relationship between the seismicity and 

active faults (both exposed and blind faults). 

DATA AND METHODS 

 In the present study, we considered a region within 100 Km of the epicenter of the mb 4.2 Kulsi 

fault earthquake, which is bounded by 24.5°N-26.5°N latitude and 90.5°E-92.5°E longitude, as shown 

in Figure 1. Two different data sets, like earthquake data and gravity data, have been used. We have 

compiled an earthquake catalogue from various national and international agencies, as well as literature, 
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covering the period from 815 to 2022. Gravity data have been obtained by field surveys using a Worden 

gravimeter. 

SEISMICITY ANALYSIS 

1. Homogeneous Earthquake Catalogue  

 An earthquake catalogue compiled by Shahabuddin and Mohanty (2025) is used in the present 

study. It incorporates data from multiple national and international agencies, including the ISC, GCMT, 

and NCS, as well as various published sources. Duplicate events have been removed manually. The 

earthquake magnitudes are heterogeneous, as different agencies report using different magnitude scales 

(Richter 1935; Cornell 1968; Hanks and Kanamori 1979; Choy and Boatwright 1995). Many of these 

magnitude scales are known to saturate at higher magnitudes, except for moment magnitude (MW) 

(Richter 1935; Kanamori 1983; Lay and Wallace 1995). All reported magnitudes are homogenized to 

moment magnitude (MW) using regression relations developed between various magnitude scales by 

Shahabuddin and Mohanty (2025). The compiled earthquake catalogue contains 2,966 earthquakes for 

the period of 815-2022. Hypocenter depth of the majority of earthquakes lies between 10 and 45 Km       

Figure 2). 

 

Fig. 1 Seismicity of the SP and adjoining region and M 4.2 Kulsi fault earthquake (black star). BF: 

Barapani fault, BRF: Brahmputra Fault, CHF: Churachandpur Fault, DF: Dauki Fault, DDF: 

Dudhnoi Fault, EH: Eocene Hinge, KF: Kulsi Fault, MDF: Madhubani Fault, OF: Oldham 

Fault, SF: Sylhet Fault. 

 

Fig. 2  Hypocentral distribution of the compiled earthquake catalogue. 
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2. Seismic Source Zonation 

 The study region is divided into four seismic source zones based on the seismicity and tectonics of 

the area, as shown in Figure 1. Zone 1 comprises the Brahmaputra Fault (BRF) and includes 233 

earthquakes, with a maximum magnitude of 5.8, located north of the Shillong Plateau. Zone 2 comprises 

the Churachandpur Fault (CHF) and the Dudhnoi Fault (DDF), with a maximum magnitude earthquake 

of 8.1. A total of 143 earthquakes have occurred in Zone 2. Zone 3 includes the Kopili Fault (KF), 

Oldham Fault (OF), and Barapani Fault (BF), along with the M 4.2 West Khasi Hills earthquake. This 

zone has experienced 397 earthquakes, including a maximum observed magnitude of 8.1. Zone 4 

comprises the Dauki Fault (DF), Sylhet Fault (SF), Eocene Hinge (EH) tectonic region, and Madhubani 

Fault (MDF), located south of the Shillong Plateau. A total of 200 earthquakes have occurred in this 

zone, with a maximum magnitude of 7.2. 

 The delineated seismic source zones are validated through a comprehensive approach to ensure 

their geological, tectonic, and seismological consistency. First, the source boundaries are cross-verified 

against the regional tectonic framework, active fault maps, and gravity anomaly data to confirm 

alignment with known geological structures and major fault systems. Second, the historical and 

instrumental earthquake distributions are superimposed onto the defined zones to assess whether 

seismic activity clusters correspond logically to the zonation. Third, seismicity parameters, including 

the b-value and magnitude of completeness (MC), are computed separately for each source zone to 

verify internal homogeneity; significant variability within a zone would indicate the need for further 

subdivision. Fourth, available focal mechanism solutions were reviewed to ensure that each zone 

exhibits relatively consistent styles of faulting appropriate to the tectonic setting. Fifth, the delineated 

zones are compared with previous seismic source models developed for the region (e.g., BIS, 2002; 

Bhatia et al., 1999) to ensure consistency while incorporating updated knowledge and higher-resolution 

data. Through this multi-criteria validation process, we ensured that the defined seismic source zones 

provide a robust basis for reliable estimation of seismic hazard parameters. 

3. Magnitude of Completeness 

 We utilized the maximum curvature technique aided with bootstrapping and a correction factor of 

MC = MC (MAXC) + 0.2 as proposed by Woessner and Wiemer (2005) for the estimation of MC using 

ZMAP software (Wiemer and Wyss 2000; Wiemer 2001; Schorlemmer et al. 2003; Woessner and 

Wiemer 2005). MC is estimated at each node of a 0.5×0.5 Km grid. The spatial distribution map of 

estimated MC values is generated by plotting the calculated values at each grid node using ArcGIS. 

4. b-Value Estimation 

 We used the maximum likelihood method, proposed by Aki (1965) and corrected by Utsu (1965), 

commonly known as the Aki-Utsu maximum likelihood method, for the estimation of the b-value for 

the study region. The formula suggested is given as (Aki 1965; Utsu 1965), 

 𝑏 =  
log𝑒 10

𝑀− (𝑀𝐶− 
∆𝑀𝑏𝑖𝑛

2
)
 (1) 

Where 𝑀 is the average magnitude, 𝑀𝑏𝑖𝑛 is the magnitude bin. Standard deviation of b-value, δb, can 

be estimated using Shi and Bolt (1982) formula given as (Shi and Bolt 1982): 

 𝛿𝑏 = 2.30    (𝑏2)   √∑
𝑀𝑖−𝑀

𝑛(𝑛−1)
𝑛
𝑖=1

2
 (2) 

 b-values are estimated at each node of a 0.5×0.5 Km grid, taking a minimum of 50 events at each 

node and 100 bootstraps. The spatial distribution map of estimated b-values is generated by plotting the 

calculated values at each grid node using ArcGIS. 
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Fig. 3  MW derived frequency-magnitude distribution. A straight line is the best fit using the G-R 

relationship. 

ESTIMATION OF SOURCE PARAMETERS 

 Source parameters of each seismic source are estimated. We used Kijko–Sellevoll–Bayes (K-S-B) 

method to estimate the maximum magnitude of each zone, Table 1 (Kijko 2004). Return period of 

earthquakes of magnitude greater than M 5.8 is also estimated and listed in Table 1. 

Table 1: Seismicity parameters of each zone 

Zones M
max

 obs No of EQs M
max

 K-S-B RP (Years) 

( M 5.8) 

Zone 1 5.8 233 5.90 ±0.26 52.5 

Zone 2 8.1 243 8.60 ±0.33 13.4 

Zone 3 8.1 397 8.32 ±0.33 17.3 

Zone 4 7.2 200 7.29 ±0.31 13.3 

GRAVITY DATA ANALYSIS 

1. Gravity Data Acquisition 

 We have conducted field surveys to obtain the gravity data of the study regions. We used the 

Worden gravimeter, which has a sensitivity of 0.01 mGal (1mGal=10-5m/s2), to obtain the gravity 

values. A total of 203 gravity observations are measured over the study area along one east-west profile 

(108 observations) and one north-south profile (95 observations) with a station interval of 2.5 km, as 

shown in Figure 4. The gravity measurements obtained from the study area are tied to the nearest 

absolute gravity base station at the Jorhat engineering college (Absolute gravity value (gn) = 978885.4 

mGal). Station locations (latitude and longitude) and elevations are obtained by using differential global 

positioning system (DGPS). 

2. Gravity Data Processing 

 A gravity survey involves certain uncertainties, including instrument error, which limits the ability 

to detect variations smaller than the sensitivity of the instrument, as well as drift correction, tidal 
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correction, latitude correction, topographic (free air and Bouguer correction), and terrain corrections. 

Tidal variations are generally very small, often below the instrument's sensitivity, and are sometimes 

neglected for this reason. It was processed to calculate the free air and Bouguer anomaly by correcting 

for instrument drift, then latitude correction, followed by free air and Bouguer correction. 

 All the raw gravity data are processed to reduce them to the datum plane value. First, we account 

for instrumental drift by occupying the base station twice, once at the beginning and again at the end of 

each working day. The instrument drift is estimated by dividing the gravity reading difference by the 

time difference between the beginning and end of the survey. It is estimated to correct the instrument 

drift caused by temperature. Corrected readings are obtained at each station by subtracting the drift from 

each station's measurements. Free-air and Bouguer corrections are then applied to isolate the subsurface 

density distribution. The theoretical gravity value is calculated using the 1967 Geodetic Reference 

System (GRS67). The free-air correction is derived using the standard free-air gradient of 0.3086 

mGal/m (neglecting higher-order terms). To compute the Bouguer correction, an average crustal density 

of 2670 kg/m³ is used. In addition to removing the gravity effect due to hilly and undulatory terrain, 

which surrounds gravity stations, a correction was applied using the recent ultrahigh resolution terrain 

gravity correction model, SRTM2gravity (Hirt et al., 2019). 

 

 

Fig. 4 Bouguer anomaly map of the study area. The black dots are the gravity station points. KF- Kulsi 

Fault, DF- Dauki Fault, BVF- Brahmaputra Valley Fault, BSZ- Barapani Shear Zone. The black 

star mark is the July 2023 earthquake epicenter. 

RESULTS AND DISCUSSION 

We considered the study region within a 100 km radius centered on the epicenter of the recently 

occurred West Khasi Hills earthquake, which had a magnitude of 4.2. The homogenized and compiled 

earthquake catalogue consists primarily of shallow crustal earthquakes (10–40 km) (Figure 2). The 

Gutenberg-Richter Frequency-Magnitude power law fit results show an average magnitude of 

completeness (MC) of 3.0, with a mean b-value of 0.62±0.04 and an a-value of 4.8 (Figure 3). As the b-
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value is inversely related to regional stress (Scholz 1968; Wyss 1973; Urbancic et al. 1992; Wyss et al. 

1997), this lower mean b-value indicates that the region is highly stressed. The spatial distribution of 

MC ranges from 2.7 to 3.8, estimated at each node of a grid with 0.5×0.5 km intervals, considering a 

minimum of 50 events nearest to the grid center and applying a bootstrap of 100 iterations (Figure 5). 

Around the epicenter of the West Khasi Hills earthquake, the MC ranges from 2.7 to 3.0. To the northeast 

of the epicenter, MC ranges from 3.30 to 3.40, while in the surrounding areas closer to the epicenter, it 

varies between 2.70 and 3.20. To the northwest and south of the epicenter, MC ranges from 3.50 to 3.60. 

The b-value of the region is estimated by considering earthquakes with magnitudes above 3.0 (MC), i.e., 

using only the complete catalogue, and applying the maximum likelihood method. The spatial 

distribution of b-values shows variation from 0.49 to 1.06. The b-value at the epicenter of the West 

Khasi Hills earthquake ranges from 0.59 to 0.67, while in the northern area of the epicenter, it ranges 

from 0.49 to 0.59, and in the eastern and western sides, it ranges from 0.67 to 0.75. The spatial 

distribution of b-values shows that the epicentral region of the West Khasi Hills earthquake is highly 

stressed as compared to the outer regions, as shown in Figure 6. The a-value indicates seismic activity 

of the region, and its spatial distribution shows that it ranges from 3.44 to 5.34. We delineated four 

seismic source zones based on seismotectonics (Figure 1) and estimated Mmax and return period for zone 

1, zone 2, zone 3, and zone 4 (Figure 7 and Table 1). The estimated Mmax values are 5.90±0.26, 

8.60±0.33, 8.32±0.33, and 7.29±0.31 for zone 1, zone 2, zone 3, and zone 4, respectively. The return 

periods of an earthquake M=5.8 are 52.5 years for zone 1, 13.4 years for zone 2, 17.3 years for zone 3, 

and 13.3 years for zone 4, which indicates zone 2 and zone 4 are very less active compared to zone 1 

and zone 3 for M=5.8 (Figure 7). 

 

Fig. 5 Spatial distribution of the magnitude of completeness (MC). 
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Fig. 6 Spatial distribution of the b-values. 

 

 

Fig. 7 Return period vs magnitude for delineated 4 zones. 
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 The Bouguer gravity anomaly over the SP varies from – 90 mGal on the northern side to + 50 mGal 

on the southern side (Figure 4). The local disturbances of the Bouguer anomaly can be seen across some 

major faults on the Bouguer anomaly map (Figure 4). A smaller variation can be observed across the 

southerly dipping reverse Brahmaputra reverse fault. The Bouguer anomaly variation across the sinistral 

slip Barapani Shear Zone is observed due to the transition from high-grade metamorphic rocks to a low-

grade meta-sedimentary unit, so-called the Shillong Group. Similarly, variation from negative to 

positive Bouguer anomaly can be identified towards the west of our study area, where a recent 

earthquake has been observed near the Kulsi fault. Large disturbances in the Bouguer anomaly can be 

observed towards the southern side of the Shillong Plateau, possibly due to the presence of some highly 

dense material as well as the presence of north-dipping, steep reverse Dauki fault, which marks the 

southern Boundary of the Shillong Plateau. The two reverse faults that are dipping towards each other, 

the Brahmaputra reverse fault and the Dauki fault, mark the boundary of the Shillong Plateau, along 

which the plateau has been uplifted and formed the most enigmatic tectonic feature, also called the pop-

up structure, in northeast India. Some faults have low b-values around them, suggesting areas with high 

earthquake vulnerability. 

CONCLUSIONS 

 In the present study, the following key observations have been made: 

 The mean magnitude of completeness (MC) for the compiled earthquake catalogue is 3.0, with a 

spatial distribution ranging from 2.7 to 3.8. 

 The mean b-value and a-value for the entire study area are 0.62 ± 0.04 and 4.8, respectively. 

 The spatial variation plot reveals a significantly low b-value in the epicentral region of the West 

Khasi Hills earthquake compared to the surrounding areas, indicating a region of tectonic stress 

accumulation. 

 Lower b-values are also observed in regions to the northeast and south of the epicenter, suggesting 

that these areas may be prone to future earthquakes. 

 The return periods of an earthquake M=5.8 are 52.5 years for zone 1, 13.4 years for zone 2, 17.3 

years for zone 3, and 13.3 years for zone 4. 

 The variation of the Bouguer gravity anomaly map demarcates major faults within the study region, 

identifying the earthquake-prone zone between the Shillong Plateau and the Brahmaputra Valley. 

These findings provide valuable insights that can be used for seismic hazard estimation in the region. 
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