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Abstract

South Asia, situated at the convergence of major tectonic plates, is among the most seismically active regions
globally. Frequent earthquakes in this region pose serious threats to life, infrastructure, and economic stability.
This study utilizes advanced clustering algorithms (KMeans, DBSCAN, Agglomerative Clustering, and Mean
Shift) to analyze seismic data from the United States Geological Survey spanning 2000 to 2023. The dataset
comprises over 30,000 earthquake events, with magnitudes ranging from 3.0 to 8.2 and depths between 10 km and
700 km. KMeans identified three primary clusters, including a major one along the Himalayan Fault featuring
high-magnitude earthquakes up to 7.8. DBSCAN revealed several high-density seismic hotspots, particularly
around the Andaman Sea, while detecting 2,450 outliers. Agglomerative Clustering exposed a clear hierarchical
structure, highlighting the Himalayan Arc and Indo-Burmese region as key sources of deep, powerful quakes.
Mean Shift, with a 20 km bandwidth, uncovered irregular and localized clusters often missed by other methods.
The study provides crucial insights into the spatial distribution of seismic activity, emphasizing the prevalence of
high-magnitude events in deep subduction zones. These findings have significant implications for regional seismic
risk assessment and highlight the urgent need for improved infrastructure and disaster preparedness in vulnerable
areas of Nepal, India, and Bangladesh.
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1 Introduction

South Asia is one of the most seismically active regions in the world, situated at the intersection of major tectonic
plates including the Indian, Eurasian, and Indo-Australian plates. The ongoing collision and subduction processes
along these boundaries, especially near the Himalayan Arc and the Indo-Burmese region, result in frequent and
sometimes devastating earthquakes (Sokolov & Trifonov, 2024). These seismic events pose significant threats to
human life, infrastructure, and economic stability, particularly in densely populated areas such as Nepal, northern
India, and parts of Bangladesh (Apu & Das, 2020).

Understanding the spatial and geophysical patterns of earthquake activity in this region is critical for seismic risk
assessment and disaster preparedness (Ibrahim & Al-Bander, 2024). Traditional approaches often focus on
individual earthquake parameters like magnitude or depth but fail to uncover hidden patterns across large datasets
(Ghasemi & Stephens, 2022; Kagan & Jackson, 1991; Sick et al., 2015; Yuen et al., 2009). Clustering algorithms
offer a powerful alternative by grouping seismic events based on shared characteristics, revealing natural groupings
and seismic hotspots that are not always evident through classical analysis (Bhalerao et al., 2025; Sokolov &
Trifonov, 2024).

This study applies four advanced clustering techniques (KMeans, DBSCAN, Agglomerative Clustering, and Mean
Shift) to a comprehensive USGS earthquake dataset spanning 2000 to 2023. The aim is to identify spatial clusters
of seismic activity based on location, magnitude, and depth, and to assess the relative effectiveness of each method
in capturing the complex distribution of earthquakes in South Asia. The findings provide valuable insights into
regional seismicity and highlight zones requiring urgent attention for infrastructure resilience and early warning
systems.

2 Data and Study Area

This study uses earthquake event data sourced from the United States Geological Survey (USGS), covering a 24-
year period from January 2000 to December 2023. The dataset includes over 30,000 seismic events across the
South Asia region, with recorded magnitudes ranging from 3.0 to 8.2 and depths between 10 km and 700 km. Each
entry in the dataset contains essential attributes such as event time, latitude, longitude, magnitude, and depth
(Mueller, 2018).
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The study area focuses on South Asia, encompassing countries such as India, Nepal, Bangladesh, Pakistan, and Sri
Lanka. This region lies at the convergence of multiple tectonic plates, making it prone to both shallow and deep
earthquakes. The Himalayan Arc in the north is a dominant seismic feature, formed by the collision of the Indian
Plate with the Eurasian Plate. This zone is responsible for many of the region’s largest and deepest earthquakes
(Ni & Barazangi, 1984; Verma & Kumar, 1987). Similarly, the Indo-Burmese subduction zone, the Andaman Sea,
and Bay of Bengal areas show significant seismic activity due to complex plate interactions.

The tectonic complexity of South Asia, combined with high population density and infrastructural vulnerability,
makes this region an ideal candidate for seismic pattern analysis (Mishra, 2020; Sokolov & Trifonov, 2024).
Identifying clusters of earthquake activity can enhance understanding of regional seismicity and help guide disaster
mitigation strategies.

3. Methodology

This study applied four unsupervised clustering algorithms - KMeans, DBSCAN, Agglomerative Clustering, and
Mean Shift - to detect spatial patterns in earthquake activity based on latitude, longitude, magnitude, and depth.
Prior to clustering, the dataset underwent preprocessing to ensure accuracy and consistency.

3.1 Data Preprocessing
Several steps were taken to prepare the dataset:
e Missing Values Removal: Earthquake records with missing latitude, longitude, magnitude, or depth were

excluded.

e Datetime Standardization: Timestamps were converted into datetime format for potential temporal
analysis.

e Normalization: Magnitude and depth were normalized to ensure no feature dominated due to scale
differences.

e Feature Scaling: Geographic coordinates and seismic attributes were standardized using z-score
normalization to enhance clustering accuracy.

3.2 Clustering Techniques

3.2.1 KMeans Clustering

KMeans partitions the data into £ clusters by minimizing the within-cluster sum of squares. The optimal number
of clusters was determined using the Elbow Method, and clustering was performed in the 4D feature space. The
method is efficient but assumes spherical clusters and may not handle outliers well (Hajihosseinlou et al., 2024).

3.2.2 DBSCAN

DBSCAN (Density-Based Spatial Clustering of Applications with Noise) detects clusters of varying shapes and
identifies outliers as noise. It uses two parameters: eps (neighborhood radius) and min_samples (minimum points
to form a dense region). DBSCAN is particularly effective in finding high-density seismic zones without
predefining the number of clusters(Bhalerao et al., 2025).

3.2.3 Agglomerative Clustering

This hierarchical method builds a tree of clusters using Ward’s linkage, which minimizes intra-cluster variance.
The algorithm starts with each event as its own cluster and merges the closest pairs iteratively. A dendrogram was
used to determine an appropriate cut-off distance for defining final clusters (Bhalerao et al., 2025).

3.2.4 Mean Shift Clustering

Mean Shift is a non-parametric clustering algorithm that identifies dense regions by shifting data points toward the
nearest peak of the data distribution. It requires no prior specification of the number of clusters but is sensitive to
the bandwidth parameter, which defines the window size for density estimation. A bandwidth of 20 km was used
based on spatial distribution heuristics (Hajihosseinlou et al., 2024).

3.3 Implementation

All clustering algorithms were implemented in Python, utilizing libraries such as scikit-learn, NumPy, and
Matplotlib. Geographic coordinates, magnitude, and depth were used as input features for clustering, allowing
detection of both horizontal and vertical seismic patterns.
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4. Results
This section presents the clustering outcomes and statistical patterns of earthquake events across South Asia. The
analysis focuses on identifying seismic clusters using four different algorithms and comparing them in terms of

spatial patterns, magnitude, and depth.

4.1 KMeans Clustering Results
The KMeans algorithm was applied after determining the optimal number of clusters using both the Elbow Method
and the Silhouette Score (Figure 1). The Elbow plot suggested three as the ideal number of clusters, supported by

the highest silhouette score near that value.
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Figure 1: Elbow and Silhouette Score plots for KMeans cluster selection

The resulting spatial clusters highlight three distinct seismic zones:
e  Cluster 0 covers the southern Bay of Bengal and Andaman Sea.
e  Cluster 1 includes the central and eastern Himalayan regions with moderate-depth earthquakes.
e  Cluster 2 is densely concentrated along the Himalayan Arc, featuring deeper and higher-magnitude
events.
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Figure 2: 3D visualization of clustered earthquakes by magnitude and location
A 3D view of the clustered data (Figure 2) further emphasizes how depth and magnitude vary across spatial zones.

The violin plots (Figures 3a and 3b) show that Cluster 2 contains the deepest and strongest earthquakes, whereas
Cluster 0 is characterized by shallow, lower-magnitude events.
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Figure 3: Violin plot of earthquake (a) magnitudes and (b) depths per cluster

4.2 DBSCAN Clustering Results
DBSCAN revealed several high-density hotspots and 2,450 outliers across the study area (Figure 4). It performed
especially well in identifying:

e Localized earthquake swarms in the Andaman Sea and eastern Himalayas.

e  Sparse seismic zones and isolated outlier events in the Indian Ocean and coastal Bangladesh.

Longitude

Figure 4: DBSCAN clustering with outliers

This method did not require pre-defining the number of clusters and was effective in detecting arbitrarily shaped
patterns, which KMeans struggled to capture.

4.3 Agglomerative Clustering Results
Agglomerative Clustering, using Ward linkage, produced a hierarchical clustering tree and formed three main
spatial clusters (Figure 5):
e Cluster boundaries aligned closely with tectonic plates, particularly in the Himalayan and Indo-Burmese
regions.
e The method was effective in revealing nested structure within seismic data, particularly where events vary
gradually in location and magnitude.
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Figure 5: Agglomerative Clustering result
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4.4 Mean Shift Clustering Results
The Mean Shift algorithm identified several dense and irregular clusters based on a bandwidth of 20 km (Figure
6). Key findings include:

e High-magnitude clusters in the eastern Himalayan front and northeastern India.

e  Small, irregular seismic groups in the Andaman and Nicobar Islands, not identified by KMeans.
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Figure 6: Mean Shift Clustering result

Mean Shift required no assumption about the number of clusters and was uniquely capable of discovering dense
micro-clusters, especially in border areas of India, Myanmar, and Bangladesh.

4.5 Summary of Clustering Behavior

Clustering Number of Handles Irregular Outlier Best Use Case
Method Clusters Shapes Detection
KMeans 3 No No Broad regional zoning
Varies Hotspot and anomaly

DBSCAN (density-based) Yes Yes detection

. 3 Hierarchical/geologic zone
Agglomerative (hierarchical) No No inference
Mean Shift Varies Yes Partial Dense and irregular clusters

(bandwidth) g

5. Discussion

The clustering results reveal distinct seismic patterns across South Asia. KMeans identified three broad zones of
seismic activity, with one cluster aligned with the Himalayan Arc showing deeper and higher-magnitude
earthquakes. While efficient, KMeans was limited in detecting irregular clusters and outliers. DBSCAN effectively
captured high-density seismic hotspots, particularly in the Andaman Sea and northeastern India, and detected over
2,000 outlier events. Its density-based nature enabled the discovery of small but significant clusters that KMeans
missed. Agglomerative Clustering exposed a clear hierarchical structure in the data, distinguishing tectonic zones
such as the Himalayan and Indo-Burmese regions. However, it was less effective at handling outliers and required
a subjective cutoff for cluster separation. Mean Shift proved valuable in identifying irregular and localized clusters,
especially in northeast India and coastal Myanmar. It performed well without needing the number of clusters
predefined but was sensitive to bandwidth selection. All methods confirmed that high-magnitude, deep earthquakes
are concentrated in the northern Himalayan region, while shallow, moderate events dominate the southern and
coastal zones. These findings have significant implications for seismic hazard mapping, especially in densely
populated and infrastructure-sensitive areas such as Kathmandu, Dhaka, and Chittagong.

6. Conclusion

This study used KMeans, DBSCAN, Agglomerative, and Mean Shift clustering to analyze earthquake activity in
South Asia. All methods consistently highlighted the Himalayan region as a hotspot for deep, high-magnitude
events, while shallow, moderate earthquakes dominated the southern zones.
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Each algorithm revealed unique spatial patterns, supporting a more complete understanding of regional seismicity.

These insights can help improve risk assessment and guide disaster preparedness in vulnerable areas like Nepal,

northern India, and Bangladesh.
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