
ARTIC
LE

 IN
 PRESS

Article in Press

Updated comprehensive probabilistic seismic 
hazard analysis of the Andaman-Nicobar and 
Sumatra regions

Scientific Reports

Received: 18 March 2026

Accepted: 27 July 2026

Cite this article as: Saini S., 
Shahabuddin M. & Roy P.N.S. Updated 
comprehensive probabilistic seismic 
hazard analysis of the Andaman-
Nicobar and Sumatra regions. Sci 
Rep (2026). https://doi.org/10.1038/
s41598-026-64505-9

Saurabh Saini, Mohd Shahabuddin & Paresh Nath Singha Roy

We are providing an unedited version of this manuscript to give early access to its 
findings. Before final publication, the manuscript will undergo further editing. Please 
note there may be errors present which affect the content, and all legal disclaimers 
apply.

If this paper is publishing under a Transparent Peer Review model then Peer 
Review reports will publish with the final article.

https://doi.org/10.1038/s41598-026-64505-9

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do 
not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the 
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

https://doi.org/10.1038/s41598-026-64505-9
https://doi.org/10.1038/s41598-026-64505-9
https://doi.org/10.1038/s41598-026-64505-9
http://creativecommons.org/licenses/by-nc-nd/4.0


Updated Comprehensive Probabilistic 
Seismic Hazard Analysis of the 

Andaman-Nicobar and Sumatra 
Regions

Saurabh Saini¹*, Mohd Shahabuddin¹*, Paresh Nath Singha Roy¹

¹ Department of Geology and Geophysics, Indian Institute of Technology Kharagpur, Kharagpur, West 
Bengal, 721302, India

* Correspondence to: saurabhsaini01998@gmail.com; mohdshahabuddin3@gmail.com

Abstract

The Andaman-Sumatra subduction zone is among the most seismically active regions on Earth and has 

generated several great earthquakes (Mw ≥ 8.0) in recent decades. This study presents an updated 

probabilistic seismic hazard assessment (PSHA) for the Andaman-Nicobar and Sumatra regions using a 

homogenized earthquake catalog spanning 1881-2025 comprising 37,660 events compiled from multiple 

global and regional agencies. The catalog was homogenized to moment magnitude (Mw) using region-

specific conversion relations, declustered using established techniques, and evaluated through temporal and 

magnitude completeness analyses. Seismic sources were represented using three complementary 

approaches: tectonically defined areal source zones, fault-based linear source zones, and a gridded point 

source model constructed on a 0.1° × 0.1° spatial grid. Seismicity parameters were estimated using source 

specific magnitude of completeness (Mc) values derived from frequency-magnitude distribution analysis. 

Four ground motion prediction equations (GMPEs) were selected from an initial set of eleven through 

statistical evaluation of strong motion records and weighted using a log-likelihood approach. Epistemic 

uncertainties were incorporated through a 72-branch logic tree framework. The resulting hazard maps 

indicate peak ground acceleration (PGA) values of 0.25-0.40 g for 10% probability of exceedance (PoE) in 

50 years, increasing to 0.40-0.70 g for 2% PoE along the Sunda megathrust and Nicobar segment. The 
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results highlight the significant seismic hazard associated with both megathrust and intraplate sources and 

provide an improved regional hazard framework for engineering design and seismic risk mitigation.

Keywords: Probabilistic seismic hazard assessment; Andaman-Sumatra subduction zone; Sunda 

megathrust; seismic sources; seismicity; ground motion prediction equations; peak ground acceleration; 

spectral acceleration.

Introduction

Subduction zones are among the most seismically active regions on Earth and generate nearly 80% of the 

world’s largest earthquakes, particularly megathrust events with Mw ≥ 8.01,2. Major megathrust earthquakes, 

including the 1960 Chile, 2004 Sumatra-Andaman, and 2011 Tohoku events, have demonstrated the 

catastrophic potential of subduction zone seismicity and its implications for regional seismic hazard 

assessment.

The Andaman-Sumatra subduction zone represents a highly complex tectonic environment, resulting from 

the oblique convergence of the Indo-Australian Plate beneath the Burma-Sunda Plate. Geodetic 

observations indicate significant along-strike variation in convergence rates, ranging from about 5.7 cm/yr 

near Java to about 3.9 cm/yr in the Andaman sector3,4. The convergence azimuth also varies significantly, 

ranging from almost orthogonal in the southern part to almost trench-parallel near the Andaman Islands5. 

These variations strongly influence rupture segmentation and regional seismic hazard.

Since the beginning of the 21st century, the Andaman-Sumatra region has experienced multiple great 

earthquakes (Mw ≥ 8.0), establishing it as one of the most seismically hazardous regions on Earth. The 

December 26, 2004 Sumatra-Andaman earthquake (Mw 9.0-9.3) ruptured more than 1,000 km of the Sunda 

megathrust and generated a catastrophic Indian Ocean tsunami. The event caused more than ~230,000 

fatalities and remains one of the deadliest earthquakes in recorded history6–8. The subsequent March 28, 

2005 Nias-Simeulue earthquake (Mw 8.6-8.7) ruptured an adjacent megathrust segment and highlighted 

along-strike variations in rupture behavior and mechanical characteristics9–11. In contrast to these 
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megathrust events, the April 11, 2012 earthquake sequence in the equatorial Indian Ocean consisted of two 

great intraplate strike-slip earthquakes (Mw 8.6 and Mw 8.2) occurring within the subducting Indo-

Australian plate12–14. These earthquakes demonstrated active intraplate deformation within the Wharton 

Basin.

Against this backdrop of major megathrust and intraplate seismicity, numerous studies have attempted to 

quantify seismic hazard in the Andaman-Nicobar and Sumatra regions. Kataria et al.15 performed the only 

dedicated Deterministic Seismic Hazard Analysis (DSHA) for the Andaman-Nicobar Islands. Kolathayar 

and Sitharam16 conducted the first regional PSHA for the Andaman-Nicobar Islands using an earthquake 

catalog up to 2010 and global GMPEs. However, their study employed limited source zonation, equal 

weighting of GMPEs, and global magnitude homogenization relations, highlighting the need for improved 

datasets and GMPE selection. Sitharam and Kolathayar17 later added parts of the Indian region that were 

close to the PSHA framework. They highlighted the elevated seismic hazard associated with the Andaman 

subduction interface despite limited offshore seismic data. Mishra et al.18 represented a major advancement 

by doing a regional PSHA for the Andaman-Nicobar and Sumatra regions using long term seismicity and 

extreme value theory. They reported pronounced spatial variability in seismic hazard across the region. 

Collectively, these studies demonstrate that earlier hazard assessments were constrained by limited offshore 

data, simplified source representations, and incomplete treatment of epistemic uncertainty. Recent studies 

have also highlighted the importance of intraplate deformation and complex rupture processes within the 

Wharton Basin for regional seismic hazard assessment12,13,19–21. Recent regional PSHA studies employing 

logic tree frameworks and statistically weighted GMPEs22–24 have demonstrated the importance of rigorous 

uncertainty quantification in hazard assessments for tectonically complex regions. These studies 

collectively demonstrate the need for updated PSHA frameworks incorporating improved catalog 

completeness, refined source characterization, and robust uncertainty treatment. These aspects constitute 

the principal objectives of the present study.
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Seismic hazard in tectonically active subduction systems can be evaluated using deterministic and 

probabilistic approaches25–27. Because the Andaman-Sumatra region contains multiple interacting seismic 

sources with variable recurrence characteristics, PSHA provides a more suitable framework for regional 

hazard assessment. Despite these advances, existing PSHA studies for the Andaman-Sumatra region remain 

limited by outdated earthquake catalogs, simplified source zonation, reliance on global magnitude 

conversions, and equal weight GMPE logic trees that do not adequately represent epistemic uncertainty. 

Furthermore, intraplate deformation within the Wharton Basin, now recognized as a major contributor to 

regional seismic hazard, has not been consistently incorporated.

Accordingly, this study presents a comprehensive and updated PSHA for the Andaman-Sumatra subduction 

zone, integrating an extended homogenized earthquake catalog (1881-2025), multiple declustering 

schemes, refined source characterization, including intraplate deformation, and statistically weighted 

GMPEs within a robust logic tree framework.

Study Area and Seismotectonics

The Sumatra-Andaman subduction zone is globally known for its high seismicity and tectonically complex 

plate boundaries (Fig. 1). The Indo-Australian Plate converges obliquely beneath the Burma-Sunda Plate, 

resulting in partitioned deformation expressed through megathrust slip along the Sunda subduction 

interface, strike-slip motion along the Sumatra Fault System, and intraplate deformation within the Wharton 

Basin28,29. This tectonic framework has generated numerous great megathrust and intraplate earthquakes, 

making the region highly susceptible to severe seismic hazard. This study delineates the Andaman-Sumatra 

region spatially between 90°E-102°E longitude and 2°N-15°N latitude, including the Andaman-Nicobar 

Islands, the northern Sumatra segment of the Sunda megathrust, the adjacent forearc and back arc regions, 

and the intraplate deformation zone of the Wharton Basin. The region hosts multiple seismogenic sources 

operating at shallow, intermediate, and deep depths. This complex seismotectonic setting makes the region 

particularly suitable for a comprehensive probabilistic seismic hazard assessment (PSHA).
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Fig. 1. Seismotectonic framework of the Andaman-Sumatra subduction zone showing the spatial distribution of earthquake 
epicenters (Mw 2.4-9.0), major active fault systems, country boundaries, and the Sunda subduction zone. Earthquake epicenters 
are classified according to magnitude ranges to illustrate regional seismicity patterns and tectonic clustering associated with the 
Andaman-Sumatra plate boundary system. Major tectonic structures, including the West Andaman Fault, Central Andaman Rift, 
North Andaman Rift, Sumatra Fault System, and Seuliman Fault are superimposed on shaded bathymetric topographic relief for 
enhanced tectonic interpretation. Red stars denote great earthquakes (Mw ≥ 8.0), highlighting the principal seismic sources 
controlling regional seismic hazard in the study region. Latitude and longitude are shown in decimal degrees, and a uniform scale 
bar (0-100-200 km) is provided for spatial reference. Map generated by the authors using Esri ArcGIS Desktop 10.8.2 (ArcMap; 
Esri Inc., Redlands, CA, USA; https://www.esri.com).

Data and Methodology

Earthquake catalog compilation

Data

A composite earthquake catalog for the Andaman-Sumatra subduction zone is compiled by merging 

earthquake datasets obtained from multiple agencies, including the United States Geological Survey 

(USGS), Global Centroid Moment Tensor (GCMT), National Center for Seismology (NCS), International 
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Seismological Centre (ISC), and Incorporated Research Institutions for Seismology (IRIS). The resulting 

raw catalog comprises 52,333 events with magnitudes ranging from 1.2 to 9.3, spanning the period 1881-

2025 (Table S1). Duplicate events (12,628) are identified and removed based on origin time, hypocentral 

location, depth, and magnitude, following priority criteria suggested by Tan30 and Shahabuddin and 

Mohanty31, 39,705 unique events remained for subsequent analysis. The decadal distribution of earthquakes 

by magnitude ≥ 4.0 subset (Table 1) illustrates long term seismicity trends and temporal variations in 

catalog completeness.

Table 1. Decadal distribution of earthquakes across different magnitude ranges in the Andaman-Sumatra subduction zone, 
illustrating long term seismicity trends for earthquakes with Mw ≥ 4.0.

Magnitude RangeYears

4.0-
4.49

4.5-
4.99

5.0-
5.49

5.5-
5.99

6.0-
6.49

6.5-
6.99

7.0-
7.49

7.5-
7.99

8.0-
8.49

8.5-
8.99

9.0-
9.5

Total

2021-2025 1412 918 341 111 15 1 1 0 0 0 0 2799

2011-2020 4190 3424 772 203 49 17 4 1 0 1 0 8661

2001-2010 7333 8195 2513 641 198 41 21 8 1 0 1 18952

1991-2000 821 1140 379 93 24 3 1 0 0 0 0 2461

1981-1990 451 1235 505 103 25 8 1 0 0 0 0 2328

1971-1980 72 467 281 71 19 2 2 0 0 0 0 914

1961-1970 0 119 160 46 22 10 1 2 0 0 0 360

1951-1960 0 0 3 39 6 2 1 0 0 0 0 51

1941-1950 0 0 4 30 25 5 0 1 1 0 0 66

1931-1940 0 0 2 53 33 6 1 3 0 0 0 98

1921-1930 0 0 0 27 8 4 1 0 0 0 0 40

1911-1920 0 0 0 5 7 5 2 0 0 0 0 19

1901-1910 0 0 0 1 0 2 0 1 1 0 0 5

1891-1900 0 0 0 0 0 0 0 0 0 0 0 0

1881-1890 0 0 0 0 0 0 0 1 0 0 0 1

Total 14279 15498 4960 1423 431 106 36 17 3 1 1 36755

To select suitable ground motion prediction equations (GMPEs), a dataset of strong motion records is 

compiled for statistical validation. The dataset comprises station-event pairs with associated moment 

magnitude (Mw), hypocentral parameters, epicentral distance, and Peak Ground Acceleration (PGA). All 

waveform records are obtained from the Engineering Strong Motion (ESM) database (https://esm-db.eu, 

last accessed May 18, 2026), and processed following standardized procedures, including baseline 
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correction and band pass filtering32. These processed ground motion records are used for statistical 

evaluation of selected GMPEs through LLH-based comparison (Table S2).

Homogenisation

To ensure magnitude consistency across the compiled earthquake catalog, the 39,705 distinct events 

reported in different magnitude scales were homogenized to moment magnitude (Mw). Previous regional 

hazard studies such as Kolathayar and Sitharam16, Kataria et al.15 and Mishra et al.18 commonly adopted 

global magnitude conversion relations proposed by Scordilis33. In the present study, however, region 

specific conversion relations developed by Shahabuddin and Mohanty31 were preferred to better represent 

the seismotectonic characteristics of the Andaman-Sumatra region.

Reported body wave (mb), surface wave (MS), and local magnitude (ML) values were converted to Mw using 

regionally calibrated empirical relations. Since mb, MS, and ML exhibit saturation at moderate to large 

magnitudes, particularly for Mw > 6.0, region specific conversion relations were considered more 

appropriate than generalized global models. The conversion relationships were developed using standard 

least squares (SR), inverted standard least squares (ISR), and generalized orthogonal regression (GOR) 

techniques, and the optimal relations were selected based on statistical performance measures including 

residual distribution, coefficient of determination (R²), and standard deviation. The adopted relations are 

provided in Eqs. S1-S11, markedly diminishing magnitude uncertainty and guaranteeing uniformity in 

ensuing PSHA calculations31,34–36.

As microearthquakes have relatively high uncertainty and limited influence on regional seismic hazard, 

events with Mw < 3 were excluded from the catalog. Consequently, 2,045 events were removed, resulting 

in a final homogenized catalog comprising 37,660 earthquakes. A comparison between the regional and 

global magnitude conversion relations is presented in Table S3, demonstrating the improved consistency 

and reduced uncertainty achieved through the adoption of region specific magnitude conversion models for 

the Andaman-Sumatra region. Fig. 2 illustrates the complete methodological framework adopted for the 

present study.
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Fig. 2. Methodological framework of the present study depicting earthquake catalog compilation and processing, catalog 
completeness assessment, seismic source characterization, treatment of epistemic uncertainties through GMPE selection and logic 
tree approach, and implementation of PSHA.

Declustering

Four commonly used declustering methods, namely : Gardner and Knopoff37, Reasenberg38, Uhrhammer39 

and Grünthal40, were evaluated for the compiled earthquake catalog. Since the present study adopts a 

classical time independent PSHA framework based on the Poisson assumption of earthquake occurrence, 

declustering was performed to obtain statistically independent background seismicity for recurrence 

analysis and hazard estimation16.

The use of declustered catalogs in PSHA remains an active topic of discussion in recent seismological 

studies. While several studies have suggested that removal of dependent events may influence seismicity 

characteristics and hazard estimation in clustered or time dependent models41–44, declustered catalogs 

continue to be widely used in conventional PSHA applications and National Seismic Hazard Models45–48.

Declustering was implemented using ZMAP software40. The Reasenberg38 method did not adequately 

satisfy the Poissonian assumption of temporal independence for the present dataset and was therefore 

excluded from further analysis. Consequently, Gardner and Knopoff37, Uhrhammer39 and Grünthal40 

methods were comparatively evaluated (Table 2).
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The Uhrhammer39, Gardner and Knopoff37, and Grünthal40 methods yielded average coefficients of 

variation (CV) of inter event times of 1.82, 1.54, and 1.47, respectively. Although the Grünthal40 method 

produced lower CV values, it also removed a substantially larger number of events, resulting in lower b-

values and slightly higher Mc values, suggesting possible over declustering of the catalog. In contrast, the 

Uhrhammer39 method retained comparatively stronger clustering characteristics. The Gardner and 

Knopoff37 method provided a balanced outcome by preserving the overall seismicity characteristics while 

maintaining reasonable temporal independence, producing stable b-values, moderate CV values, and 

consistent magnitude completeness estimates.

Based on this comparative statistical evaluation and consistency with previous regional studies Kolathayar 

and Sitharam16, the Gardner and Knopoff37 declustered catalog was selected for subsequent seismicity 

analysis and PSHA. The final declustered catalog consists of 10,094 independent earthquake events.

Table 2. Results of earthquake catalog declustering using different techniques for the Andaman–Sumatra region, showing the 
proportions of independent and dependent seismic events together with the CV of inter-event times and estimated seismicity 
parameters (a-value, b-value, and Mc).

Techniques Background
+

Mainshocks

Only 
Mainshocks

Fore-shocks 
+

after-shocks

Total Independent 
Events (%)

Dependent 
Events (%)

Average CV of 
Inter-Event 

Time

b-
value

a-
value

Mc

Uhrhammer39 13072 1155 24588 37660 34.71 65.29 1.82 0.89 ± 0.01 5.739 4.5
Gardner and 
Knopoff37

10094 2128 27566 37660 26.80 73.20 1.54 0.78 ± 0.01 5.150 4.5

Grünthal40 6421 1774 31239 37660 17.05 82.95 1.47 0.71 ± 0.01 4.629 4.7

Completeness analysis

The temporal completeness of the earthquake catalog was evaluated using the Stepp49 method, which 

examines the variation of seismicity rate standard deviation with increasing observation time under the 

assumption of Poissonian earthquake occurrence. Deviations from the theoretical 1/√T decay trend indicate 

periods of incomplete earthquake recording. Earthquakes were grouped into four magnitude ranges (4.0 ≤ 

M < 5.0, 5.0 ≤ M < 6.0, 6.0 ≤ M < 7.0, and M ≥ 7.0), and the temporal variation of standard deviation was 

analyzed for each class (Fig. 3). The catalog was found to be complete for approximately 15-20 years for 
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4.0 ≤ M < 5.0 events, 20-25 years for 5.0 ≤ M < 6.0, 30-35 years for 6.0 ≤ M < 7.0, and 40-45 years for M 

≥ 7.0 earthquakes. The longer completeness periods for larger events reflect their more reliable reporting 

in historical and early instrumental records. Seismicity parameters used in the PSHA were therefore 

estimated using only the complete portions of the catalog.

Fig. 3. Temporal completeness analysis of the earthquake catalog for the Andaman–Sumatra region based on the Stepp49 method. 
The figure shows the variation of standard deviation with observation time span (T) for different magnitude ranges (4.0 ≤ M < 5.0, 
5.0 ≤ M < 6.0, 6.0 ≤ M < 7.0, and M ≥ 7.0). Colored symbols represent the observed standard deviation for each magnitude 
interval, while the corresponding solid lines indicate the fitted temporal trend. The black solid line denotes the theoretical 1/√T 
reference relationship expected for a complete Poissonian earthquake catalog. Red arrows mark the estimated completeness 
periods for different magnitude classes, indicating the minimum time intervals over which the earthquake catalog can be considered 
statistically complete for seismic hazard analysis. Figure prepared by the authors using MATLAB R2022b (The MathWorks Inc.; 
https://www.mathworks.com).

It is important to distinguish between the temporal completeness of the earthquake catalog and the 

magnitude of completeness (Mc) used for seismicity parameter estimation. The Stepp49 method evaluates 

the temporal stability and robustness of the earthquake catalog by determining the observation periods over 

which earthquakes of different magnitude ranges are consistently recorded. In contrast, the Mc represents 
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the minimum magnitude above which earthquake occurrence is considered completely recorded for 

frequency magnitude distribution (FMD) analysis. Therefore, Mc values used for Gutenberg-Richter (GR) 

seismicity parameter estimation were determined separately using the FMD and the Maximum Curvature 

(MAXC) method.

Seismic Sources

Seismic source zones are delineated based on the spatial distribution of seismicity, regional tectonic setting, 

fault geometry, and focal mechanism patterns to capture spatial variability in earthquake occurrence. Each 

source zone is associated with a zone specific earthquake subset to enable reliable estimation of seismicity 

parameters such as recurrence rates and magnitude frequency relationships. To represent the complex 

seismotectonic framework of the study region, three complementary seismic source modeling approaches 

are adopted: Areal source zones, representing distributed seismicity within tectonically coherent regions; 

Linear sources, corresponding to major mapped faults and plate boundary structures; and Point (gridded) 

source, capturing spatial variations in seismicity through kernel based smoothing of the earthquake catalog. 

The combined use of these source models ensures a comprehensive representation of both fault controlled 

and diffuse seismicity. This integrated framework better accounts for epistemic uncertainty in the PSHA.

Areal source zones

The study region (2-15°N latitude and 90-102°E longitude) is subdivided into 15 areal seismic source zones 

based on integrated interpretation of the spatial distribution of homogenized seismicity, regional tectonic 

framework, mapped fault systems, and similarity in focal mechanism characteristics (Fig. 4). Spatial 

earthquake clustering and focal mechanism similarity were considered the primary controlling criteria for 

delineating the source boundaries, while tectonic and structural features were used to maintain regional 

seismotectonic consistency. In several areas, seismicity patterns did not fully coincide with mapped tectonic 

boundaries. In such cases, the zonation limits were iteratively refined using earthquake concentration, focal 

mechanism characteristics, and structural continuity. This approach helped define physically meaningful 
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and relatively homogeneous seismic source zones suitable for PSHA applications. By contrast, Kolathayar 

and Sitharam16 delineated a smaller region (90-98°E longitude and 5-18°N latitude) into 11 source zones.

Zones I-III are located west of the Sunda subduction front and represent the outer-rise and forearc domains. 

These zones are characterized by relatively low to moderate seismicity (N = 74-289) and shallow average 

focal depths (~17-18 km). Zones I and II exhibit lower activity levels with observed maximum magnitude 

(MObs.
max) of 7.9 and 6.6, respectively, whereas Zone III shows comparatively higher seismicity (λ = 3.51 ± 

2.17) and the MObs. 
max = 8.6 with dominant strike-slip faulting mechanisms (Table 3). Based on the focal 

mechanism solutions (Table 3), these zones are predominantly characterized by normal and strike-slip 

faulting, with localized occurrences of thrust mechanisms.

Fig. 4. Delineated areal seismic source zones of the Andaman-Sumatra subduction zone showing the spatial distribution of 
earthquake epicenters (Mw 2.4-9.0), mapped active fault systems, focal mechanism solutions, and tectonic framework considered 
for PSHA). The study region was subdivided into fifteen areal seismic source zones based on integrated analysis of spatial 
seismicity patterns, regional tectonic configuration, mapped fault geometries, and focal mechanism characteristics. The delineated 
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source boundaries were designed to represent relatively homogeneous seismotectonic domains exhibiting similar seismic behavior 
and faulting characteristics. Magenta polygons represent the adopted areal seismic source zones, while black lines denote major 
active tectonic structures associated with the study area. Latitude and longitude are shown in decimal degrees, and a uniform scale 
bar (0-100-200 km) is provided for spatial reference. Map generated by the authors using Esri ArcGIS Desktop 10.8.2 (ArcMap; 
Esri Inc., Redlands, CA, USA; https://www.esri.com).

The subduction interface and associated forearc regions are represented by Zones IV-XI, which collectively 

account for the highest concentration of seismicity in the study area. These zones display diverse faulting 

styles, including reverse, normal, and strike-slip mechanisms, reflecting complex strain partitioning along 

the obliquely convergent Indo-Australian and Burma-Sunda Plate boundary. Zones IV-X exhibit moderate 

to high seismic activity (N = 176-467), with b-values ranging from 0.72 to 0.87 and MObs.
max up to 9.0 (Zone 

IX). Zone XI, encompassing the deeper segment of the West Andaman Fault system, is distinguished by a 

large number of events (N = 1,722), greater average focal depths (~38 km), and a high seismicity rate (λ = 

9.78 ± 1.96), indicating significant seismogenic potential. Zones XII and XIII are situated between the 

subduction front and major regional fault systems, including the North Andaman Rift, Central Andaman 

Fault, West Andaman Fault, and the Sumatra Fault System. Zone XII is characterized by sparse seismicity 

(N = 61), a high b-value (1.41 ± 0.19), and a relatively low  MObs.
max = 5.6, whereas Zone XIII exhibits 

substantially higher activity (N = 1,550) with deeper average focal depths (~44 km) and elevated seismicity 

rates (λ = 8.79 ± 1.85). Zones XIV and XV correspond to major strike-slip dominated fault systems, 

including the Andaman Rift, Central Andaman Fault, and the Sumatra Fault System. These zones record 

the highest number of earthquakes (N = 1,554-2,563) and the largest seismicity rates (λ up to 14.5 ± 2.9), 

reflecting intense deformation along major intracontinental and plate boundary faults. The predominance 

of strike-slip faulting in Zone XV is consistent with the kinematics of the Sumatra Fault System and its role 

in accommodating oblique plate convergence.

Linear source zones

Fig. 5 represents the linear seismic sources situated along major active faults and plate boundary structures 

in the study region. The entire region is segmented into 15 linear source zones (listed in Table 4) for all 

faults. Each linear source zone is defined by buffering the mapped fault trace by 20 km on either side to 

account for location uncertainty and off-fault seismicity. The principal faults include the Sunda subduction 
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front, Central Andaman Rift, West Andaman Fault, Seuliman Fault, North Andaman Rift, and the Sumatra 

Fault System, and nine additional minor fault segments designated as Fault 1-9. These structures exhibit 

varying orientations, predominantly trending NW-SE to NNW-SSE parallel to the Sunda trench, while 

several intra-arc faults show N-S to NE-SW alignments. The fault systems are characterized by diverse 

kinematics, including normal faulting associated with back-arc extension, reverse faulting related to 

compressional deformation along the plate boundary, and strike-slip motion along major intracontinental 

structures such as the Sumatra Fault System and Central Andaman Rift. The mapped faults extend for 

several tens to hundreds of kilometres and have generated significant historical and instrumental 

earthquakes, including several events exceeding magnitude 7, highlighting their major contribution to the 

regional seismic hazard. The geometric and seismotectonic parameters of the identified linear sources, 

including fault type, seismicity statistics, and MObs.
max, are summarized in Table 4. The linear fault-source 

model was not intended to exclusively represent the complete regional seismicity. Earthquakes occurring 

outside mapped linear fault zones are incorporated through the alternative areal and point source 

representations within the logic tree framework, thereby accounting for distributed background seismicity 

and minimizing possible underestimation of seismic hazard.
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Fig. 5. Delineation of 15 linear seismic source zones along the major active tectonic structures of the Andaman-Sumatra subduction 
zone based on mapped fault traces, regional tectonic framework, and the spatial distribution of homogenized earthquake 
epicenters. Black lines represent the Sunda subduction front and major active fault systems, while the light green shaded regions 
denote the 20 km buffered fault zones considered for seismic source characterization and seismicity association. Fault geometries 
and tectonic lineaments were adopted from Cattin et al.50. Earthquake epicenters are classified according to moment magnitude 
ranges (2.4-5.0, 5.0-6.0, 6.0-7.0, 7.0-8.0, and 8.0-9.0), with red stars indicating great earthquakes (Mw ≥ 8.0). The figure highlights 
the principal seismogenic structures of the region, including the Sunda subduction front, Central Andaman Rift, North Andaman 
Rift, West Andaman Fault, Seuliman Fault, and Sumatra Fault System, together with nine additional minor fault segments labelled 
F1–F9 in the figure for clarity of visualization. Country boundaries and coastlines of Myanmar, Thailand, Malaysia, and Indonesia 
are included to provide regional geographic context. Latitude and longitude are shown in decimal degrees, and a uniform scale 
bar (0-100-200 km) is provided for spatial reference. Map generated by the authors using Esri ArcGIS Desktop 10.8.2 (ArcMap; 
Esri Inc., Redlands, CA, USA; https://www.esri.com).

Point source zones

During the delineation of areal and linear seismic sources, a substantial degree of spatial scatter is observed 

in the earthquake distribution. Many events are not clearly linked to any mapped fault or source zone. This 

introduces subjectivity into the definition of discrete seismic sources, particularly in tectonically complex 

regions such as the Andaman-Sumatra subduction zone. To address this limitation, a zoneless or gridded 

seismicity methodology named Point source is implemented, enabling the modelling of seismic hazards 
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without dependence on explicitly delineated fault geometries. The zoneless methodology, initially proposed 

by Frankel51 and subsequently refined by Woo52 relies on direct estimation of spatial variations in seismic 

activity rates from the earthquake catalog. This method has been used a lot in places where seismic sources 

are spread out or not well defined16,53–58.

In this approach, the study area was subdivided into regular 0.1° × 0.1° spatial grids, resulting in 15,600 

grid nodes across the study region. Since many individual grid cells contain insufficient earthquake events 

for statistically stable estimation of source-wise Mc values, a uniform Mc value of Mw 4.5 derived from the 

regional FMD analysis (Fig. S3) was adopted for the gridded seismicity calculations.

Recurrence rates were estimated at each grid node and spatially smoothed using a Gaussian kernel following 

Woo52. The mean annual seismic activity rate density λ52 for magnitude M at location x is expressed as:

𝜆(𝑀,𝑥) =  
𝑁

𝑖=1

𝐾(𝑀, 𝑥 ― 𝑥𝑖)
𝑇(𝑥𝑖)

(1)

Where 𝜆(𝑀,𝑥) is expected annual number of earthquake of magnitude M occurring at location 𝑥𝑖 , N is total 

number of earthquakes in the catalog for magnitude M ≥ Mc , 𝑥𝑖 is the epicentral location of the ith 

earthquake, 𝑇(𝑥𝑖) is the effective observation time (catalog completeness period) for ith event and 𝐾

(𝑀, 𝑥 ― 𝑥𝑖) is the magnitude dependent spatial kernel function52, given by

𝐾(𝑀,𝑟) =  
(𝑎 ― 1)

𝜋 ℎ(𝑀)―2 1 +
𝑟

ℎ(𝑀)

2 ―𝑎

 (2)

Where 𝑟 = |𝑥 ― 𝑥𝑖| and ℎ(𝑀) is the magnitude dependent bandwidth, given by ℎ(𝑀) =  𝐻𝑒𝑘𝑀, where H 
and k are region specific constant.

The spatial distribution of smoothed seismicity is shown in Fig. 6. Elevated λ values (0.0957-0.1670) are 

concentrated along the subduction margin, particularly along the subduction front, west Andaman fault, 

Sumatra fault system, Seuliman fault, and the central Andaman Rift, compared to the surrounding regions. 

Seven key locations were additionally identified and annotated in Fig. 6, namely Radhanagar Beach, Port 

Blair, Neil Island, Car Nicobar, Indira Point, Banda Aceh, and Meulaboh (West Aceh). These sites were 

selected to represent major population centers, strategically important islands, and regions exhibiting 
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varying proximity to the Sunda megathrust and associated subduction related tectonic features. The selected 

locations were further utilized for detailed seismic hazard analysis and site specific hazard evaluation.

Fig. 6. Spatial distribution of the seismic activity rate (λ-value) for the gridded point-source seismicity model of the Andaman-
Sumatra region, computed on a 0.1° × 0.1° latitude-longitude grid using the homogenized and declustered earthquake catalog. 
The color gradient represents the annual seismicity rate (λ), where warmer colors (red to orange) indicate regions of higher 
earthquake occurrence and cooler colors indicate relatively lower seismic activity. Elevated λ-values are predominantly 
concentrated along the Sunda Subduction Front, West Andaman Fault, Central Andaman Rift, Seuliman Fault, and the Sumatra 
Fault System, reflecting intense tectonic activity associated with the Andaman-Sumatra subduction zone. Major mapped fault traces 
are shown by black solid lines, while important tectonic segments and islands including North Andaman Rift, Car Nicobar, Indira 
Point, Banda Aceh, and the Mentawai region are annotated for reference. The green triangles represent the key selected locations. 
Country boundaries and coastlines of Myanmar, Thailand, Malaysia, and Indonesia are included to provide regional geographic 
context. Latitude and longitude are shown in decimal degrees, and a uniform scale bar (0-100-200 km) is provided for spatial 
reference. Map generated by the authors using Esri ArcGIS Desktop 10.8.2 (ArcMap; Esri Inc., Redlands, CA, USA; 
https://www.esri.com ).

Seismicity Analysis

The seismic activity of the study region is characterized using the GR earthquake recurrence relationship59. 

In the present study, the seismicity parameters for each source are estimated individually using the 

maximum likelihood method (MLM), which provides statistically robust estimates and avoids biases 
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associated with magnitude binning of earthquake data60,61. The analysis explicitly considers the Mc, defined 

as the lowest magnitude above which the earthquake catalog can be regarded as complete62,63. Only 

earthquakes with Mw ≥ Mc were considered for recurrence analysis to ensure reliable estimation of 

seismicity parameters. In addition to the classical b-value, the exponential form of the FMD, represented 

by the β-value, is computed as β = bln(10). The seismic activity rate (λ), representing the mean annual 

rate of earthquakes exceeding the completeness magnitude, is also estimated for each seismic source and is 

given by 𝜆 =  10(𝑎―𝑏𝑀𝑐)25,26,64.

The seismicity parameters for each areal source are estimated independently and given in Table 3 and 

plotted in Fig. S1. The estimated b-values across the areal seismic source zones generally range between 

0.6 and 0.9 (Table 3) , which is consistent with values reported for active subduction and strike-slip tectonic 

environments65–67. Lower b-values observed in several subduction interface and major fault zones indicate 

a relatively higher proportion of large magnitude earthquakes, reflecting elevated stress accumulation along 

these structures. Among the areal source zones, Zones III, V, IX, XI, XIII, XIV, and XV exhibit relatively 

high λ and large MObs.
max, highlighting their dominant contribution to regional seismic hazard. In particular, 

Zones V and IX show MObs.
max approaching Mw 8.4 and 9.0 respectively, emphasizing the potential for great 

earthquakes along the subduction interface and adjacent forearc regions. Zone XI, characterized by greater 

average focal depths and high seismicity rates, reflects seismic deformation within the deeper portion of 

the subduction interface. In contrast, Zones XIV and XV, associated with major strike-slip fault systems, 

exhibit high earthquake counts and activity rates, indicating intense crustal deformation related to oblique 

plate convergence and lateral strain partitioning.

Table 3. Earthquake hazard parameters estimated independently for each areal seismic source zone using the Kijko-Sellevoll-
Bayes method68,69. Here, σb, σβ and σλ denote the standard deviations of the b value, β value and λ, respectively. FT denotes fault 
type: N-normal faulting, R-reverse faulting, SS-strike-slip faulting, and U-undefined. ATSCR refers to the Active Tectonic Shallow 
Crustal Region, and SIR denotes the Subduction Interface Region.

Areal 
Source 
Zone 

FT N Mc Average 
depth 
(Km)

Mmin N≥Mc b±σb a 
value

β ± σβ =  
(b⋅ln(10))

λ ± σλ 𝐌𝐎𝐛𝐬.
𝐦𝐚𝐱 Remarks

Zone I U 74 4.1 17.16 3.5 67 0.73 ± 0.09 2.7 1.68 ± 0.21 0.47 ± 0.40 7.9 ATSCR
Zone II U 114 4.3 17.42 3.9 80 0.69 ± 0.06 2.9 1.59 ± 0.14 0.91 ± 0.54 6.6 ATSCR
Zone III SS 289 4.5 17.73 3.5 185 0.83 ± 0.06 4.3 1.91 ± 0.14 3.51 ± 2.17 8.6 ATSCR
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Zone IV SS 460 4.5 22.46 3.4 279 0.80 ± 0.04 3.9 1.84 ± 0.09 2.21 ± 0.90 7.5 ATSCR
Zone V N 176 4.7 15.89 3.8 63 0.87± 0.08 4.2 2.00 ± 0.18 1.16 ± 1.01 8.4 ATSCR
Zone VI R 213 4.4 15.66 3.5 136 0.73 ± 0.05 3.4 1.68 ± 0.12 1.40 ± 0.71 7.9 ATSCR
Zone VII SS 347 4.4 19.04 3.7 207 0.78 ± 0.05 3.7 1.80 ± 0.12 2.00 ± 1.01 7.5 ATSCR
Zone VIII N 467 4.3 19.71 3.7 325 0.72 ± 0.04 3.5 1.66 ± 0.09 2.69 ± 1.08 7.4 ATSCR
Zone IX N 290 4.1 16.94 2.8 265 0.63 ± 0.05 3.1 1.45 ± 0.12 3.64 ± 1.69 9.0 ATSCR
Zone X R 244 4.1 18.71 3.9 229 0.77 ± 0.05 3.5 1.77 ± 0.12 2.37 ± 1.13 7.1 ATSCR
Zone XI N 1722 4.4 38.02 3.2 1177 0.74 ± 0.02 4.2 1.70 ± 0.05 9.78 ± 1.96 8.3 SIR
Zone XII U 61 4.6 33.35 3.3 29 1.41 ± 0.19 6.2 3.25 ± 0.44 0.58 ± 1.17 5.6 ATSCR
Zone XIII N 1550 4.5 44.39 2.8 956 0.83 ± 0.02 4.7 1.91 ± 0.05 8.79 ± 1.85 7.2 SIR
Zone XIV R 1554 4.5 31.62 2.4 1122 0.78 ± 0.02 4.5 1.80 ± 0.05 9.65 ± 2.03 7.5 SIR
Zone XV SS 2563 4.4 71.35 3.1 2312 0.72 ± 0.02 4.35 1.66 ± 0.05 14.50 ± 2.90 7.9 SIR

Earthquake hazard parameters for each linear seismic source were estimated using the Kijko-Sellevoll-

Bayes method68,69 approach considering source specific earthquake catalogs and completeness 

characteristics. The Mc for each of the 15 linear seismic source zones was independently estimated using 

the FMD and MAXC method, and given in Table 4 and plotted in Fig. S2. Furthermore, two weighting 

parameters, 𝜂𝑖 𝑎𝑛𝑑 µ𝑖, are estimated for each linear source to account for the relative contribution of fault 

associated seismicity and fault geometry. The parameter 𝜂𝑖 represents the proportion of earthquakes 

associated with a given linear source relative to the total number of earthquakes in the region, while µ𝑖 

represents the normalized contribution of fault length. These parameters are expressed as:

𝜂𝑖 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑠𝑜𝑢𝑟𝑐𝑒

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑣𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑔𝑖𝑜𝑛 (3)

µ𝑖 =  
𝐿𝑖

∑ 𝐿𝑖 (4)

where, 𝐿𝑖 is the length of the ith fault and ∑ 𝐿𝑖 is the cumulative length of all faults within the corresponding 

areal seismic source. For linear seismic sources, the weighting parameters ηi and μi indicate that the 

Subduction Front, West Andaman Fault, and Sumatra Fault System contribute disproportionately to 

regional seismicity, owing to their greater fault lengths and higher concentration of associated earthquakes. 

These results highlight the critical role of major plate boundary and intracontinental faults in controlling 

seismic hazard within the study region.
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Table 4. Earthquake hazard parameters estimated for each Linear seismic sources using the Kijko-Sellevoll-Bayes68,69. Here σb, 
σβ and σλ are the standard deviation of b value, β value and mean seismic activity rate(λ). FT denotes fault type: N-normal faulting, 
R-reverse faulting, SS-strike-slip faulting, and U-undefined.

Linear 
Sources 

F
T

N M
c

Avera
ge 

depth 
(Km)

Mm

in 
N≥
Mc

b±σb a 
val
ue

β ± σβ =  
(b⋅ln(10)

)

λ ± σλ 𝐌𝐎𝐛𝐬.
𝐦𝐚𝐱 η µ

1 Subduction Front N 49
5

4.
8

19.52 3.6 147 0.72±0.
06

3.6 1.66 ± 
0.14

0.47 ± 
0.32

9.0 0.0
5

0.294

2 Central Andaman 
Fault

R 17
6

5.
1

30.00 3.7 40 1.24±0.
14

6.2 2.85 ± 
0.32

0.18 ± 
0.29

6.3 0.0
2

0.036

3 West Andaman 
Fault 

N 97
2

4.
4

38.23 3.4 702 0.73±0.
02

4.0 1.68 ± 
0.05

3.07 ± 
0.60

7.4 0.1
0

0.180

4 Fault 7 N 30
9

4.
5

36.03 3.6 201 0.95±0.
05

4.7 2.19 ± 
0.12

1.62 ± 
0.84

6.6 0.0
3

0.044

5 Seuliman Fault S
S

13
4

4.
7

64.26 3.5 76 0.69±0.
06

3.3 1.59 ± 
0.14

0.70 ± 
0.49

6.6 0.0
1

0.026

6 Fault 1 R 15
8

4.
6

50.02 3.8 88 1.21±0.
10

5.7 2.79 ± 
0.23

0.47 ± 
0.49

5.8 0.0
2

0.017

7 Fault 2 R 12
3

4.
6

42.97 4.0 69 1.19±0.
10

5.6 2.74 ± 
0.23

0.39 ± 
0.41

5.7 0.0
1

0.010

8 Fault 3 R 11
0

4.
5

35.85 3.6 75 0.88±0.
07

4.0 2.03 ± 
0.16

0.85 ± 
0.52

5.9 0.0
1

0.025

9 Fault 4 R 54 4.
6

35.97 4.0 28 0.97±0.
12

4.1 2.23 ± 
0.28

0.39 ± 
0.48

5.5 0.0
1

0.005

1
0

Fault 5 R 22
4

4.
4

33.59 3.5 194 0.67±0.
04

3.2 1.54 ± 
0.09

2.45 ± 
1.05

6.4 0.0
2

0.039

1
1

Fault 6 R 11
3

4.
6

32.47 3.5 71 0.71±0.
07

3.2 1.64 ± 
0.16

0.82 ± 
0.59

6.5 0.0
1

0.015

1
2

Fault 8 S
S

37
1

4.
4

47.56 3.5 220 0.78±0.
05

3.2 1.80 ± 
0.12

2.01 ± 
1.01

7.3 0.0
4

0.054

1
3

Fault 9 S
S

20
5

4.
0

69.50 3.8 199 0.57±0.
03

2.5 1.31 ± 
0.07

3.74 ± 
1.36

7.7 0.0
2

0.049

1
4

North Andaman 
Rift 

U 74 4.
3

20.51 2.4 51 0.79±0.
09

3.1 1.82 ± 
0.21

0.90 ± 
0.80

6.7 0.0
1

0.062

1
5

Sumatra Fault 
System

S
S

61
5

4.
2

82.50 3.5 499 0.60±0.
02

3.1 1.38 ± 
0.05

3.46 ± 
0.70

7.3 0.0
6

0.142

The spatial distribution of seismicity parameters estimated for the Point source model is shown in Fig. 7. 

Lower b-values along the Sunda megathrust and major strike-slip fault systems indicate elevated stress 

accumulation and greater likelihood of large earthquakes, whereas relatively higher b-values in diffuse 

deformation regions suggest more heterogeneous stress conditions (Fig. 7a). Similar spatial trends are 

observed for the corresponding β-values (Fig. 7b). The spatial distribution of MObs.
max shows higher values 

concentrated along the Sunda megathrust and the southern Sumatra segment, reflecting the potential for 

great earthquakes along the plate boundary, while comparatively lower values are observed away from the 

active subduction interface and within intraplate domains (Fig. 7c). Together, these spatial patterns 

highlight the strong influence of tectonic setting, stress regime, and fault architecture on the seismicity 

characteristics of the study area.
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Fig. 7. Spatial distribution of seismicity parameters across the Andaman-Sumatra region estimated on a 0.1° × 0.1° grid. (a) 
Spatial variation of the b-value, estimated using the MLM method, showing significant heterogeneity related to variations in stress 
regime and tectonic setting. (b) Spatial distribution of the corresponding β-values derived from the GR relationship. (c) Spatial 
distribution of the 𝑀𝑂𝑏𝑠.

𝑚𝑎𝑥, highlighting higher values along the Sunda megathrust and southern Sumatra segment, indicative of the 
potential for great earthquakes along the plate boundary. (d) Spatial distribution of the Mc value, illustrating variations in 
earthquake detection capability across the region, with generally higher Mc values in offshore and deep-water areas due to limited 
seismic network coverage. Map generated by the authors using Esri ArcGIS Desktop 10.8.2 (ArcMap; Esri Inc., Redlands, CA, 
USA; https://www.esri.com).

The FMD considering all events for point source model is plotted in Fig. S3 and illustrated that Mc is 4.5. 

The spatial variability of the Mc at each node, Fig. 7d, reflects differences in seismic network coverage and 

earthquake detectability across the region. Higher Mc values in offshore and deep water regions underscore 

the importance of accounting for spatially varying completeness thresholds to avoid underestimation of 

seismicity rates in probabilistic hazard assessments.

The selection of appropriate ground motion prediction equations (GMPEs) is a critical component of PSHA, 

as hazard estimates are highly sensitive to the adopted ground motion models. Consequently, a systematic 
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and transparent GMPE selection procedure is essential for obtaining robust hazard estimates. Based on a 

comprehensive literature review, eleven candidate GMPEs applicable to tectonic environments similar to 

the Andaman-Nicobar and Sumatra regions are initially considered. These models are screened using the 

selection criteria proposed by Bommer et al.70 and Delavaud et al.71, accounting for tectonic relevance, 

magnitude and distance applicability, dataset quality, functional form, and publication status. GMPEs 

failing to satisfy these criteria are excluded, with reasons documented in Table S4. The performance of the 

shortlisted GMPEs is quantitatively evaluated using the log-likelihood (LLH) method of Scherbaum et al.72 

which assesses the agreement between observed and predicted ground motions. The LLH calculation 

requires processed strong motion waveform records with reliable observations of PGA. A total of 16 

earthquake events comprising three-component strong motion waveform recordings (48 recordings in total) 

were selected for the LLH analysis (Table S2). The corresponding waveform records are obtained from the 

ESM database (https://esm-db.eu/#/station/GE/LHMI (last accessed May 18, 2026)) and processed 

following standardized procedures described by Pacor et al.32. The LLH metric provides a robust statistical 

measure of the agreement between GMPE predicted ground motions and observed data within the study 

region. The resulting LLH values, together with the derived likelihood weights and the Data Support Index 

(DSI), are presented in Table 5 and form the basis for objective selection and weighting of GMPEs in the 

present PSHA, Eqs. 5-6.

𝑤𝑗 =  
2―𝐿𝐿𝐻

∑𝑛
𝑖 2―𝐿𝐿𝐻𝑖

   (5)

     𝐷𝑆𝐼 =  
𝑤𝑗 ―  

1
𝑀𝑐

× 100
1

𝑀𝑐

(6)

Where, n is the total no. of GMPEs taken for checking of selection criteria.

Based on statistical performance and tectonic compatibility, four GMPEs are retained for the final logic-

tree framework (Table 5). The selected models provide complementary coverage of subduction and shallow 
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crustal ground motion behavior and collectively capture epistemic uncertainty in ground motion prediction 

for the Andaman-Sumatra region.

Table 5. Final selection and statistical ranking of the adopted GMPEs for the Andaman-Sumatra region based on LLH analysis. 
The table summarizes the selected GMPEs together with their applicable SPR range, distance metric, magnitude range, LLH 
values, normalized weighting factors (wi), and DSI values used in the PSHA logic tree framework. Lower LLH values indicate 
better agreement between observed and predicted ground motion parameters.

SN Selected GMPEs SPR
 (sec)

Distance 
metric 

(typical)

M 
range

LLH 𝟐―𝑳𝑳𝑯 wj DSI

1 Lin and Lee73 0.00-5.00 15-630 5.3-8.1 2.56 0.169576 0.778253 250.2138
2 Zhao et al.74 0.05-5.00 <120 5.0-8.0 4.43 0.046391 0.212909 -4.19081
3 Akkar and Bommer75 0.00-3.00 <100 5-7.6 9.10 0.001822 0.008363 -96.2365
4 Youngs et al.76 0.00-3.00 10-500 >5 13.24 0.000103 0.000474 -99.7865

Logic Tree

A logic tree framework was adopted to explicitly account for epistemic uncertainties associated with 

seismic source characterization, seismicity parameters, maximum possible earthquake magnitude (Mmax), 

and ground motion prediction in the PSHA. This methodology was first formally introduced in seismic 

hazard analysis by Kulkarni et al.77 and has since been widely adopted in regional and national PSHA 

studies worldwide22–24,78–81. In the present study, the logic tree comprises four hierarchical branching levels: 

(i) seismic source type, (ii) β-value, (iii) Mmax, and (iv) GMPEs, as shown in Fig. 8. At the first branching 

level, three alternative seismic source representations areal, linear, and point source models, were 

considered to capture variability in source geometry and seismicity distribution. Each source representation 

was evaluated independently within the logic tree framework. Hazard contributions were combined 

probabilistically through branch weighting, thereby minimizing the possibility of double counting 

seismicity. Branch weights of 0.33, 0.34, and 0.33 were assigned to the areal, linear, and point source 

models, respectively, reflecting the absence of definitive evidence favoring any single source 

representation. At the second branching level, uncertainty in seismicity parameters is incorporated using 

three alternative β-values (β - σβ, β, and β + σβ). The corresponding branch weights are assigned as 0.33, 

0.34, and 0.33, respectively, giving slightly greater preference to the mean seismicity model while 
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accounting for statistical variability in the GR relationship. At the third branching level, epistemic 

uncertainty associated with the Mmax is incorporated through two alternative upper bound magnitude 

branches, Mmax and Mmax + 0.5, following the recommendation of Kijko69. The Mmax values were 

estimated using the Kijko-Sellevoll statistical approach69, in which the Mmax is derived as a function of the 

Mobs.
max, earthquake recurrence characteristics, and catalog completeness. Accordingly, the estimated Mmax 

values are always greater than the largest historically Mobs.
max and therefore account for the possibility of 

future larger events beyond the available seismic record. An additional branch of Mmax + 0.5 was 

considered to incorporate epistemic uncertainty associated with the estimation of upper bound earthquake 

magnitudes in the study area. Equal weights were assigned to both branches due to limited geological and 

paleoseismological constraints on the absolute upper magnitude limits of the regional seismic sources. At 

the final level, ground motion uncertainty is represented using four GMPEs suitable for subduction and 

active tectonic environments73–76. These models are weighted according to their relative statistical 

performance derived from the LLH analysis, with weights of 0.7782, 0.2119, 0.0084 and 0.0005 

respectively. In addition to epistemic uncertainty represented through the logic tree framework, aleatory 

variability is incorporated through the logarithmic standard deviation (σ) terms associated with the selected 

GMPEs. The adopted GMPEs employ total sigma formulations, which inherently account for both inter-

event and intra-event ground motion variability. During GMPE evaluation, the published sigma values of 

each model are directly incorporated into the probability density calculations and negative average log-

likelihood (LLH) analysis used for model selection and weighting. Separate decomposition of aleatory 

variability into individual components is not implemented, as the selected GMPEs are applied in their 

original published functional forms. This treatment is consistent with standard regional PSHA practice and 

adequately captures the natural randomness associated with earthquake ground motion prediction. The 

combination of three source models, three β-value alternatives, two Mmax branches, and four GMPEs 

results in a total of 72 logic tree branches (3×3×2×4), allowing systematic propagation of epistemic 

uncertainties into the final seismic hazard estimates.
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Fig. 8. Logic tree framework adopted in the present PSHA to incorporate epistemic uncertainties associated with seismic source 
characterization, seismicity recurrence parameters, 𝑀𝑚𝑎𝑥, and ground motion prediction equations (GMPEs). The framework 
consists of four hierarchical branching levels representing: (i) three alternative seismic source models (areal, linear fault-based, 
and gridded point sources), (ii) three alternative β-value branches (β - σβ, β, and β + σβ) accounting for uncertainty in GR 
recurrence parameters, (iii) two upper bound magnitude branches (𝑀𝑚𝑎𝑥 and 𝑀𝑚𝑎𝑥 + 0.5) derived using the Kijko69 statistical 
estimation approach and (iv) four GMPEs weighted according to their relative statistical performance obtained from LLH analysis. 
The combination of all epistemic branches results in a total of 72 logic tree branches (3×3×2×4), enabling systematic propagation 
of uncertainty into the final seismic hazard estimates for the study area.

PSHA

PSHA provides probabilistic estimates of ground motion intensity in terms of PGA and Peak Spectral 

Acceleration (PSA) by considering the uncertainties in earthquake occurrence, magnitude, and attenuation. 

The method assumes that earthquakes occur independently, following a Poisson distribution, and integrates 

seismic hazard contributions from multiple sources. The fundamental mathematical formulation for 

computing the exceedance rate of a given ground motion level is expressed as:
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𝜈𝑧 =  
𝑛

𝑖=1
𝜆𝑖

𝑀𝑢

𝑚𝑜

𝑟𝑚𝑎𝑥

0
𝑓𝑖(𝑚) 𝑓𝑖(𝑟) 𝑃(𝑍 > 𝑧|𝑚,𝑟)  𝑑𝑟𝑑𝑚 (7)

where 𝜈𝑧 is the average annual rate of excess of a ground movement level z at a site, 𝜆𝑖 is the average 

frequency of occurrence of an earthquake exceeding 𝑚𝑜 at a source i, 𝑓𝑖(𝑚) and 𝑓𝑖(𝑟)  are probability 

distribution functions for magnitude and distance, respectively, and 𝑃(𝑍 > 𝑧|𝑚,𝑟) is given by a GMPE. 

The probability that a given ground motion Z (PGA or PSA) will exceed a specified level z at a site within 

a time period of T years is determined as

𝑃[𝑍𝑇 > 𝑧] = 1 ― exp ( ― 𝜈𝑧𝑇) (8)

PSHA for the study region is conducted using the R-CRISIS software, developed by Ordaz and Salgado-

Gálvez82, following the methodology initially proposed by Cornell25.

Seismic hazard calculations are performed over the study region using a uniform grid spacing of 0.1° × 

0.1°, resulting in a total of 15,600 nodes. PGA and PSA at 0.1 s and 1.0 s are computed for 10% and 2% 

Probability of Exceedance (PoE) in 50 years, corresponding to Return Periods (RP) of 475 and 2475 years, 

respectively. Earthquake magnitudes are discretized in intervals of 0.1 magnitude units, and source-to-site 

distances are discretized at 1 km intervals, considering contributions from seismic sources within a 

maximum distance of 500 km. Hazard curves are obtained by integrating contributions from areal, linear, 

and point sources across all 72 logic tree branches, thereby incorporating uncertainties in seismicity 

parameters, maximum magnitude, and ground motion prediction.

Results and Discussion

Seismic hazard is estimated over the study region using a uniform grid spacing of 0.1° × 0.1° in terms of 

PGA and spectral acceleration (SA) at 0.1 s and 1.0 s for 10% and 2% PoE in 50 years using R-CRISIS83 

software. Bedrock-level PGA varies spatially from ~0.01-0.40 g (10% PoE) to ~0.01-0.70 g (2% PoE in 50 

years), with elevated values of 0.25-0.40 g and 0.40-0.70 g, respectively, concentrated along the Andaman-

Nicobar arc and northern Sumatra (Fig. 9). These patterns reflect the dominant influence of the Sunda 
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megathrust, forearc segmentation, and intraplate deformation within the Wharton Basin. According to IS 

1893 (latest BIS 2025 revision), the Andaman-Nicobar Islands fall within Seismic Zone V (zone factor 0.36 

g for 475-year return period). The hazard levels obtained here are broadly comparable to, and in several 

offshore and southern segments exceed, this prescribed value, while 2475-year PGA values substantially 

surpass it, underscoring the inability of uniform zone factors to capture the strong spatial variability inherent 

to this tectonic setting.

The present results are broadly consistent with earlier PSHA investigations but are higher in several areas 

due to improvements in catalog completeness, source characterization, and uncertainty treatment. 

Khalqillah et al.84 reported PGA values up to 2.44 g and short period spectral accelerations exceeding 5.0 

g along parts of southern Sumatra; however, these represent the upper bound of reported hazard from event-

based rupture simulations and are not directly comparable to the classical Cornell25 PSHA framework used 

here. Ornthammarath85 estimated bedrock PGA of 0.6-1.0 g at a 2475-year RP near the subduction zone 

but significantly lower hazard (0.05-0.15 g for 475-year RP) along the Thai-Myanmar coast; the present 

study yields higher and more spatially continuous hazard across the Andaman-Nicobar arc, attributable to 

refined megathrust geometry and updated seismicity. Susilo et al.86 reported moderate hazard (PGA ≈ 0.09-

0.29 g for a 500-year RP) owing to coarse source zoning and limited offshore constraints. The first dedicated 

PSHA for the Andaman-Nicobar Islands by Kolathayar and Sitharam16 reported PGA values of 0.40-0.45 

g for 10% PoE and 0.70-0.80 g for 2% PoE in 50 years, with spectral accelerations approaching 1.0 g at 1.0 

s. The present results are comparable to, and in several cases exceed, these estimates particularly at longer 

periods. Petersen et al.87 predicted ground motions of approximately 0.06-1.0 g (10% PoE) and >1.0 g (2% 

PoE) across Sumatra but likely underestimated megathrust potential due to limited rupture segmentation. 

Collectively, these comparisons suggest that earlier studies generally underestimated seismic hazard in parts 

of the Andaman-Sumatra region, and that the present study provides a more robust and balanced assessment 

bridging classical and event-based approaches.
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The present results are also compared with the GSHAP global hazard map88 and the GEM Global Seismic 

Hazard Map version 2023.189, computed using OpenQuake for reference rock conditions (Vs30 = 760–800 

m/s). GSHAP predicts PGA of 0.25-0.40 g along the Sunda margin for 10% PoE in 50 years, with relatively 

smooth spatial gradients due to coarse regional source characterization and limited megathrust 

segmentation. The GEM GSHM-2023 indicates higher values of approximately 0.60 g over the Andaman 

Islands, 0.50 g over the Nicobar segment, and 0.35-0.55 g over northern Sumatra including Banda Aceh, 

for the same RP. The present study yields PGA of 0.25-0.40 g across these regions, with elevated values 

along the subduction interface. The spatial pattern of highest hazard concentrated along the Sunda 

subduction front and Andaman-Nicobar arc, remaining elevated over northern Sumatra and decreasing 

eastward toward mainland Thailand and Malaysia, is broadly consistent across all three models. The GEM 

GSHM-2023 model predicts comparatively higher PGA values over parts of the Andaman Islands. These 

differences likely arise from variations in megathrust source characterization and the use of globally 

calibrated GMPEs without region specific statistical weighting. In contrast, the present study employs a 

higher resolution 0.1° × 0.1° computational grid together with region specific magnitude homogenization 

and LLH-based GMPE weighting. Epistemic uncertainties are further incorporated through a 72-branch 

logic tree framework. These improvements provide more internally consistent hazard estimates for the 

Andaman-Sumatra region. These two models converge more closely over northern Sumatra, providing 

additional confidence in the adopted framework. While both GSHAP and GEM offer valuable global 

benchmarks, neither fully captures the extreme ground motions and strong spatial variability associated 

with large megathrust and intraplate earthquakes.

To assess whether this offset lies within model uncertainty, hazard curves incorporating the logic-tree 

epistemic range (5th, 50th and 95th percentiles) were compared directly with the GEM GSHM-202389 

estimates at seven representative sites (Fig. 12). The GEM PGA values (0.45–0.60 g at 10% PoE in 50 

years) exceed the 95th percentile of the present logic-tree distribution (0.24–0.36 g) at all sites, indicating 

that the difference is systematic rather than a consequence of epistemic uncertainty. The discrepancy is 
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largest over the Andaman Islands (GEM ≈ 0.60 g versus a 95th percentile of ≈ 0.24 g) and smallest near 

the Sumatran megathrust (Meulaboh: GEM ≈ 0.45 g versus ≈ 0.36 g). This offset is attributable to (i) the 

declustered, Poissonian catalogue adopted here (Gardner and Knopoff37 removes ~73% of events, lowering 

activity rates), (ii) region-specific LLH weighting that assigns 0.78 to Lin and Lee73, which predicts lower 

motions for this subduction setting than the globally calibrated GMPEs used by GEM, and (iii) differences 

in megathrust source characterization and spatial resolution. GEM thus provides a conservative global 

benchmark, whereas the present estimates are more representative of the regional dataset.

Fig. 9. PGA for the Andaman-Sumatra region. (a) PGA for 10% PoE in 50 years, showing moderate seismic hazard concentrated 
along the Andaman-Nicobar arc and northern Sumatra, reflecting the influence of the Sunda megathrust and associated active 
fault systems. (b) PGA for 2% PoE in 50 years, indicating higher ground motion associated with rare large megathrust earthquakes, 
mainly affecting the Nicobar Islands and offshore Sumatra. The spatial variation in PGA values is represented using a continuous 
color gradient, where warmer colors (red to orange) indicate regions of higher seismic hazard and cooler colors (green to blue) 
represent relatively lower hazard levels. Major tectonic structures including the Sunda Subduction Front, West Andaman Fault, 
Central Andaman Rift, North Andaman Rift, Seuliman Fault, and Sumatra Fault System are superimposed as black solid lines for 
tectonic reference, while selected key locations are annotated using green triangular symbols for subsequent site-specific hazard 
interpretation. Map generated by the authors using Esri ArcGIS Desktop 10.8.2 (ArcMap; Esri Inc., Redlands, CA, USA; 
https://www.esri.com).
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Fig. 10 illustrates the spatial distribution of SA at periods of 0.1 s and 1.0 s for 10% and 2% PoE in 50 

years. For 10% PoE in 50 years, SA values at 0.1 s range from 0.06 g to 0.77 g, with comparatively higher 

values (0.56-0.77 g) concentrated along the subduction interface (Fig. 10a). At 1.0 s, SA values range from 

0.04 g to 0.70 g, with elevated values (0.51-0.70 g) mainly concentrated along the southern segment of the 

subduction interface (Fig. 10b). For 2% PoE in 50 years, SA values range from 0.01 g to 1.80 g at 0.1 s and 

from 0.01 g to 1.40 g at 1.0 s (Fig. 10c and 10d). Overall, higher SA values are observed along the 

subduction interface, with relatively greater hazard concentrated along the southern segment compared to 

the northern part of the interface. The elevated SA values along the southern segment of the subduction 

interface may be attributed to higher seismic activity and the greater potential for large megathrust 

earthquakes in this region. These results highlight the increased ground motion levels associated with rare, 

large magnitude megathrust events, particularly affecting offshore Sumatra and the Nicobar Islands. This 

spatial pattern is consistent with the tectonic setting of the Andaman-Sumatra subduction system, where 

megathrust earthquakes dominate the regional seismic hazard. Overall, the results indicate that seismic 

hazard increases toward the southern segment of the Andaman-Sumatra subduction system, particularly 

near the Sumatra margin.
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Fig. 10. Spatial distribution of SA values for the Andaman-Sumatra region derived from PSHA considering combined contributions 
from areal, linear fault-based, and point source seismicity models through the adopted logic tree framework. (a) SA at 0.1 s for 
10% PoE in 50 years, representing short period ground motion hazard associated with design level seismic events; (b) SA at 1.0 s 
for 10% PoE in 50 years, illustrating long period seismic response characteristics for the same hazard level; (c) SA at 0.1 s for 2% 
PoE in 50 years, corresponding to rare extreme short period ground motions; and (d) SA at 1.0 s for 2% PoE in 50 years, 
representing long period hazard associated with low probability large magnitude earthquakes. The spatial variation in SA values 
is represented using a continuous color gradient, where warmer colors (red to orange) indicate regions of elevated seismic hazard 
and cooler colors (green to blue) indicate comparatively lower hazard levels. Higher SA values are predominantly concentrated 
along the Sunda Subduction Front, Nicobar segment, northern Sumatra, and associated active tectonic structures due to the 
influence of megathrust and crustal fault seismicity. Major tectonic features including the Sunda Subduction Front, West Andaman 
Fault, Central Andaman Rift, North Andaman Rift, Seuliman Fault, and Sumatra Fault System are superimposed as black solid 
lines for tectonic reference, while selected key locations are indicated using green triangular symbols for site specific hazard 
interpretation. Map generated by the authors using Esri ArcGIS Desktop 10.8.2 (ArcMap; Esri Inc., Redlands, CA, USA; 
https://www.esri.com).

Bedrock-level hazard curves and uniform hazard spectra (UHS) for seven representative locations are 

shown in Figs. 11 and 12. The hazard curves indicate systematic reduction in PoE with increasing PGA and 

demonstrate significant spatial variability in regional seismic hazard (Fig. 11). Meulaboh and Banda Aceh 

exhibit the highest hazard levels owing to their close proximity to the Sunda megathrust, whereas 

comparatively lower hazard levels are observed at Neil Island and Car Nicobar. The UHS results show SA 
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increasing to peak values at short-to-intermediate periods (~0.2-0.3 s) followed by gradual reduction at 

longer periods. For 10% PoE in 50 years, spectral accelerations range from approximately 0.20-0.78 g (Fig. 

13a), while for 2% PoE in 50 years they increase to approximately 0.30-1.45 g (Fig. 13b). The highest 

spectral accelerations are consistently observed at Meulaboh and Banda Aceh, highlighting the elevated 

hazard associated with the southern segment of the study area. These results emphasize the importance of 

site specific design spectra for seismic resistant infrastructure development in the region.

Fig. 11. Bedrock-level probabilistic seismic hazard curves showing the variation of PGA with PoE in 50 years for the seven selected 
locations in the Andaman-Sumatra region, namely Port Blair, Radhanagar Beach, Neil Island, Car Nicobar, Indira Point, Banda 
Aceh, and Meulaboh (West Aceh). The hazard curves were derived from the integrated PSHA considering contributions from areal, 
linear fault-based, and gridded point source seismicity models through the adopted logic tree framework. Colored solid lines 
represent the hazard curves corresponding to individual locations, illustrating spatial variability in seismic hazard associated with 
differing proximity to the Sunda megathrust, Andaman rift system, and associated active tectonic structures. The horizontal dashed 
lines indicate the standard hazard levels corresponding to 10% and 2% PoE in 50 years, commonly associated with design level 
and maximum considered earthquake ground motions, respectively. Figure prepared by the authors using MATLAB R2022b (The 
MathWorks Inc.; https://www.mathworks.com).
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Fig. 12. Bedrock-level probabilistic seismic hazard curves incorporating logic-tree epistemic uncertainty for the seven selected 
locations in the Andaman-Sumatra region, namely Port Blair, Radhanagar Beach, Neil Island, Car Nicobar, Indira Point, Banda 
Aceh, and Meulaboh (West Aceh). For each site the mean hazard curve is shown together with the 5th, 50th (median), and 95th 
percentile curves derived from the 72-branch logic tree, representing the epistemic dispersion associated with the Gutenberg-
Richter and maximum-magnitude parameters. The red star denotes the GEM GSHM-2023 PGA at the 475-year return period (10% 
PoE in 50 years) extracted at each location for comparison. The horizontal dashed lines indicate the standard hazard levels 
corresponding to 10% and 2% PoE in 50 years, commonly associated with design level and maximum considered earthquake 
ground motions, respectively. Figure prepared by the authors using MATLAB R2022b (The MathWorks Inc.; 
https://www.mathworks.com).
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Fig. 13. Bedrock-level UHS derived from the PSHA for the seven selected locations in the Andaman-Sumatra region, namely Port 
Blair, Radhanagar Beach, Neil Island, Car Nicobar, Indira Point, Banda Aceh, and Meulaboh (West Aceh). (a) UHS corresponding 
to 10% PoE in 50 years, representing the design level seismic hazard spectrum, and (b) UHS corresponding to 2% PoE in 50 years, 
representing the maximum considered earthquake hazard level. The spectra illustrate the variation of SA with structural period 
and highlight significant spatial differences in seismic hazard due to varying proximity to the Sunda megathrust, Andaman rift 
system, and associated active tectonic structures. Figure prepared by the authors using MATLAB R2022b (The MathWorks Inc.; 
https://www.mathworks.com).
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Conclusion

This study provides a refined PSHA of the Andaman-Nicobar and Sumatra regions that captures the 

combined influence of megathrust, upper-plate, and intraplate seismicity within a unified uncertainty 

framework. The resulting hazard patterns highlight strong spatial variability, with elevated ground motion 

levels concentrated along the Andaman-Nicobar arc and Northern Sumatra, reflecting the dominant role of 

the Sunda megathrust and associated fault systems. These findings reinforce the importance of explicitly 

accounting for complex source geometries and uncertainty in subduction zone hazard assessments.

Comparison with previous regional and global models indicates that seismic hazard in parts of the 

Andaman-Sumatra system has likely been underestimated in earlier studies, particularly for long RP 

relevant to critical infrastructure. The hazard levels obtained here exceed uniform code-based zonation 

values in several areas, underscoring the limitations of simplified seismic zoning in tectonically complex 

regions. The results demonstrate the necessity of site- and region-specific PSHA for informed seismic 

design, risk mitigation, and planning in the Andaman-Nicobar Islands and adjacent offshore domains. The 

major findings of the present study are as follows:

• Bedrock PGA ranges from ~0.01–0.40 g (475-year RP) and ~0.01–0.70 g (2475-year RP) across 

the Andaman-Sumatra region. Highest hazard occurs along the Andaman-Nicobar arc and Northern 

Sumatra, controlled by the Sunda megathrust and active intraplate sources.

• Significant spatial variability of seismic hazard is observed due to megathrust segmentation, forearc 

tectonics, and distributed deformation. Hazard levels for the 2475-year RP exceed BIS Zone V 

design acceleration, indicating limitations of zonation based seismic codes.

• SA values reach up to ~0.77 g (0.1 s) and ~0.70 g (1.0 s) for 10% PoE in 50 years, with the highest 

values concentrated along the subduction interface. For 2% PoE in 50 years, SA increases 

significantly to ~1.50 g (0.1 s) and ~1.40 g (1.0 s), reflecting the influence of rare large megathrust 

earthquakes.

• Seismic hazard increases toward the southern segment of the Andaman-Sumatra subduction zone, 

particularly near offshore Sumatra and the Nicobar region.

• Meulaboh and Banda Aceh exhibit the highest seismic hazard, while Car Nicobar and Neil Island 

show comparatively lower hazard levels.
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• UHS peak at ~0.2-0.3 s, indicating greater vulnerability of short- to intermediate-period structures. 

Higher hazard levels are primarily controlled by proximity to the Sunda megathrust, which 

dominates the regional seismic hazard.

Overall, this work contributes a robust, high-resolution hazard model for one of the world’s most 

seismically active subduction systems and provides a methodological framework that can be extended to 

other complex plate-boundary environments as improved data and modeling approaches become available.
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