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Abstract: Understanding the spatiotemporal patterns of seismic hazard is critical for earthquake risk assessment and
mitigation in tectonically active regions. This study integrates global earthquake catalogs (USGS, ISC, EMSC) with satellite-
derived geodetic data (Sentinel-1 InSAR, ASTER DEM, MODIS, GRACE) to analyze seismicity over four decades (1979-
2023). Frequency—magnitude distributions conform to the Gutenberg—Richter relationship, with a global b-value of 0.98 and
a-value of 5.72, while seismicity rate mapping highlights the Pacific Ring of Fire as the most active region (>6 events/100
km?*/year). Kernel density analysis identifies five major seismic clusters, corroborated by strain accumulation from InSAR
measurements. GIS-based integration of earthquake epicenters, focal depths, magnitude classes, fault traces, and plate
boundaries reveals strong tectonic control on spatial patterns, while temporal analyses indicate clustering of moderate-to-
large events consistent with stress accumulation cycles. Probabilistic seismic hazard assessment, fault-slip modeling, and
geophysical inversion were employed to quantify ground-motion likelihood, stress transfer, and strain accumulation, with
calibration against observed PGA demonstrating residuals below 0.02 g and error percentages of 3.4-5.6%. The results
confirm that high-density seismic clusters coincide with regions of elevated geodetic strain, emphasizing the utility of
combining catalog and satellite datasets for hazard mapping. This integrated framework enhances reproducibility, provides
global coverage, and supports hazard mitigation planning, early-warning system development, and geophysical monitoring.
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L INTRODUCTION provide high-resolution measurements of crustal deformation
and help identify strain accumulation patterns that may not be

Earthquakes remain among the most consequential
geophysical hazards because they can produce abrupt ground
shaking, surface rupture, secondary hazards, infrastructure
disruption, and loss of life. Their occurrence is governed by
the progressive accumulation and release of tectonic strain
along plate boundaries and active intraplate structures. Global
earthquake catalogs compiled by the United States
Geological Survey (USGS), the International Seismological
Centre (ISC), and the  European-Mediterranean
Seismological Centre (EMSC) provide systematic records of
event origin time, epicentral location, focal depth, and
magnitude, thereby enabling regional and global assessment
of seismicity over multi-decadal periods (USGS, 2025; ISC,
2024; EMSC, 2024). Complementary geodetic observations
from Global Navigation Satellite System (GNSS) networks
and Interferometric Synthetic Aperture Radar (InSAR)
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evident from earthquake catalogs alone (Massonnet & Feigl,
1998; OpenTopography, 2023).

Quantitative seismic-hazard analysis has traditionally
combined statistical modeling, spatial analysis, and tectonic
interpretation. The Gutenberg-Richter frequency-magnitude
relationship remains a standard basis for estimating
seismicity rates and comparing tectonic provinces through the
b-value and recurrence parameters (Kagan & Jackson, 2016).
Spatial clustering methods, particularly kernel density
estimation and geographic information system (GIS)
overlays, further identify zones of concentrated seismicity
along major faults, subduction margins, transform systems,
and continental collision belts (Wiemer & Wyss, 2000).
Remote-sensing datasets extend this analytical capacity by
capturing surface deformation, topography, and lithospheric
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anomalies that contribute to the interpretation of stress
transfer and fault activity.--

The increasing availability of open-access geophysical
datasets creates an opportunity to develop reproducible,
integrated workflows for hazard assessment. Earthquake
catalogs support temporal analysis of event recurrence and
magnitude distribution, while satellite-derived products from
Sentinel-1, ASTER, Landsat, GRACE, and related platforms
provide spatial constraints on deformation, elevation, and
mass redistribution (ESA, 2023; Tapley et al., 2004).
Analytical environments such as Python, MATLAB, GIS
platforms, and the Generic Mapping Tools (GMT) enable
harmonization, visualization, and modeling of these
heterogeneous datasets. However, differences in spatial
resolution, temporal coverage, catalog completeness,
magnitude scales, and measurement uncertainty require
careful preprocessing and validation before robust
interpretation is possible.- -

This study develops an integrated spatiotemporal
framework for analyzing seismic-hazard patterns from global
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earthquake catalogs and satellite-derived tectonic datasets.
The specific objectives are to map seismicity trends, quantify
recurrence behavior and fault activity, identify regional
clustering of earthquakes, and relate observed seismic
patterns to geodetic indicators of crustal strain. By combining
statistical ~ seismology,  GIS-based spatial analysis,
probabilistic hazard modeling, and geophysical inversion, the
study provides a harmonized workflow for interpreting
seismic hazard across tectonic settings and for supporting
reproducible hazard assessment.

IL MATERIALS AND METHODS
» Analytical Framework

The analytical framework (Figure 1) integrates
statistical,  spatial, and temporal procedures to
comprehensively characterize seismic hazard patterns across
tectonic regions. Frequency—magnitude behavior was
evaluated using the Gutenberg—Richter relationship, which
expresses the logarithmic dependence between earthquake
frequency and magnitude.
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Fig 1 Methodological Workflow

This approach allows calculation of the b-value and
activity rate parameters, which provide critical measures for
comparing seismicity across different tectonic domains
(Table 1: Gutenberg—Richter Law and Recurrence-Interval
Parameters). Recurrence intervals were estimated for selected
magnitude thresholds, offering quantitative insight into the
temporal regularity of moderate and large earthquakes, and
allowing identification of periods with anomalously high
seismic activity. These statistical measures establish a
foundation for hazard assessment, enabling comparison of
event rates between seismically active and less active regions.
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Table 1 Gutenberg-Richter Law and Recurrence-Interval

Parameters|
Concept Mathematical Formulation
Gutenberg-Richter Law log,,N = a - bM,,
i log,o N
b-value b=~ 410810
dM,,
R Interval (T) :
ecurrence Interval = —
kicdiodonald NM = M,)

Where, N = cumulative number of earthquakes > Mw,
Mw = moment magnitude, o = activity rate parameter, b =
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slope of the frequency-magnitude distribution, Mo = patterns, facilitating identification of deviations from

reference magnitude threshold. expected seismicity trends (Figure 2: Frequency—Magnitude

Plot).

Frequency—magnitude distributions were plotted to
visualize variations in b-values and earthquake recurrence
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Fig 2 Frequency Magnitude Plot

Kernel density estimation was then applied to quantify
spatial clustering of earthquake epicenters, allowing
delineation of high-density seismic zones that are closely
associated with major fault systems and plate boundaries

(Figure 3: Kernel Density Heatmap of Seismicity). The kernel
density approach provides a probabilistic measure of seismic
concentration, highlighting regions of elevated risk and
informing subsequent modeling steps.
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Note: Warmer colors (red-yellow) indicate regions of higher seismic event density,
while cooler colors (blue) indicate regions of lower density.

Fig 3 Kernel Density Map of Seismicity

GIS-based mapping was used to integrate earthquake
epicenters, focal depths, magnitude classes, active fault
traces, and plate-boundary datasets within a unified spatial
reference system. This integration allows both visual and
quantitative comparison between observed seismicity and
pre-existing tectonic structures, improving understanding of

the spatial distribution of seismic hazard (Figure 4: GIS Map
of Earthquake Events and Fault Lines). Overlaying these
datasets enables identification of correlations between high
seismic density zones and structural features such as fault
intersections, subduction zones, or transform fault systems.
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Fig 4 GIS Map of Earthquake Events and Fault Lines

Temporal analyses were conducted by organizing
earthquake catalog events into multi-year intervals and
computing recurrence measures for specific magnitude
classes. Trend detection techniques were applied to evaluate
whether seismic activity intensified, migrated geographically,
or remained stable over the observation period (Figure 5:

Temporal Trend of Recurrence Intervals). These temporal
insights provide valuable context for understanding long-
term seismic cycles, clustering of aftershocks, and potential
precursory patterns, which are essential for probabilistic and
deterministic hazard modeling.

10° ¢
»
q
0
2 2
= 10° ¥
2
0
E
o
e 10" 1
-
5
o
14

100 T T 1 T T T T T 1

1985 1990 1995 2000 2005 2010 2015 2020 2024
Year
Note: Recurrence interval is plotted on a logarithmic scale to highlight variations over multiple orders of magnitude.

Fig 5 Temporal Trend of Recurrence Intervals

Collectively, these statistical, spatial, and temporal
analyses establish a robust analytical foundation for
subsequent fault-slip and probabilistic seismic hazard
assessment (PSHA) modeling. This framework ensures that
seismicity variability, spatial clustering, and tectonic context
are evaluated in a coherent manner before Iinitiating
geophysical modeling, supporting the reliability and
reproducibility of hazard maps (Figure 1: Methodological
Workflow). The integration of these analyses allows a
seamless transition from raw catalog data to hazard
evaluation, providing both quantitative and visual outputs
suitable for high-impact publication standards.
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» Modeling Approach

Probabilistic seismic hazard assessment (PSHA) was
applied to estimate the likelihood that defined ground-motion
thresholds would be exceeded within specified time intervals.
Hazard curves were generated by combining seismicity rates,
magnitude-recurrence parameters, source-zone
characterization, and empirical ground-motion prediction
relationships, providing quantitative evaluation of potential
ground shaking across the study region (Figure 6:
Probabilistic Seismic Hazard Curve). PSHA enables the
integration of both historical seismicity and tectonic
parameters to predict the probability distribution of ground
motion at multiple locations, which is critical for risk
assessment and engineering design.
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Fig 6 Probabilistic Seismic Hazard Curve

Fault-slip modeling was employed to quantify
displacement along active fault segments, integrating
historical seismicity and geodetic strain measurements
derived from GNSS and InSAR datasets. This approach links
observed earthquake occurrences with measurable crustal
deformation, thereby improving interpretation of fault
behavior and enabling identification of regions prone to slip

accumulation (Figure 7: Integrated Seismic Hazard
Assessment Framework; Figure 8: Fault Slip Modeling
Workflow). The model accounts for fault geometry, slip rates,
and historical recurrence intervals to simulate potential
displacement scenarios, which are essential inputs for
probabilistic hazard mapping.

1. Seismic Catalog .

(Epicenter, Magnitude, ® . .
Depth, Time) . o

5. Seismic Hazard Outputs
Hazard Maps (PGA, SA)

2. Satellite Data

4. Integrated Analysis

.
e Hazard Curves

* Recurrence Intervals
.

High-Risk Zones

(INSAR, DEM, LST, > ot G
; (Statistical + Spatial +
Gravity) i
l Temporal + Modeling)
:
1
3. Tectonic Framework :
(Faults, Plate Boundaries, ~. p——’ E
Lithology) // ' 7y
! 1
1 1
1 : :
1 b, 4 1
1 1
H 6. Uncertainty Quantification & Validation H
______ (Bootstrap, Sensitivity Analysis, Comparison with Historical Records) N
Fig 7 Integrated Seismic Hazard Assessment Framework
1. Data 2. Data ) 3. Analysis & 4. Results &
Collection Processing Modeling Interpretation

Fig 8 Fault Slip Modeling Workflow

Geophysical inversion techniques were used to infer
regional stress and strain accumulation from combined
seismic and satellite-derived datasets. The inversion
procedure minimizes the misfit between observed geodetic
signals and model-predicted displacement fields, providing
detailed insight into subsurface deformation patterns and
crustal stress distribution (Table 2: Inversion Equations for
Stress and Strain Estimation). This procedure relies on a

sensitivity  matrix ~ (Green’s  functions),  damping
(regularization)  parameters, and strain-displacement
IJISRT26JUNS868
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operators, ensuring robust estimation of stress vectors and
displacement errors.

Table 2 Inversion Equations for Stress and Strain Estimation

Strain Inversion

Stress Inversion

0= (676 4 A" e=Du
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Where: o= Stress vector, G= Green’s functions
(sensitivity matrix), A= Damping (regularization) parameter,
I=Identity matrix, d= Observed data vector, = Strain vector,
D= Strain—displacement operator and u= Displacement error

Predicted ground motions were further calibrated
against empirical attenuation relationships and, where
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available, observed shaking records. This calibration step
evaluates whether the modeled hazard outputs reproduce both
the spatial distribution and relative intensity of known seismic
impacts, enabling validation of model accuracy (Table 3:
Comparison of Predicted vs Observed PGA (g)). Calibration
ensures that model outputs are not only statistically robust but
also physically realistic and consistent with observed
seismicity patterns.

Table 3 Comparison of Predicted vs Observed PGA (g)

Site Observed PGA (g) Predicted PGA (g) Residual (g) Error (%)
S1 0.128 0.121 0.007 5.47
S2 0.256 0.242 0.014 5.64
S3 0.412 0.398 0.014 3.40
S4 0.189 0.181 0.008 4.23

The overall modeling strategy was selected to quantify
fault behavior, stress transfer, and potential seismic-energy
release while explicitly integrating catalog-derived seismicity
with geodetic deformation evidence. This combined approach
strengthens hazard interpretation, reduces dependence on any
single dataset, and enhances the reliability of regional seismic

hazard assessments (Massonnet & Feigl, 1998; McGuire,
1995) (Table 4: Rock Mass Classification). By combining
probabilistic and physical modeling, the methodology
captures both statistical seismicity trends and deterministic
geophysical constraints, providing a comprehensive view of
seismic risk.

Table 4 Rock Mass Classification

Class Rock Mass Description RMR Range (Bieniawski, 1989) GSI
I — Very Good Rock Very good quality, very few discontinuities 81 -100 85-100
IT — Good Rock Good quality, few discontinuities 6180 70 — 85
111 — Fair Rock Fair quality, some discontinuities 41 -60 50-70
IV — Poor Rock Poor quality, many discontinuities 21-40 30-50
V — Very Poor Rock | Very poor quality, very many discontinuities 0-20 0-30

» Data Sources and Preprocessing

Seismic data were obtained from the USGS, ISC, and
EMSC catalogs and included event origin time, latitude,
longitude, magnitude, depth, and source metadata for
approximately four decades of global seismicity. Satellite-
derived datasets included Sentinel-1 InSAR products,
ASTER topography, Landsat and Sentinel optical products
where relevant, MODIS contextual products, and GRACE
gravity anomalies. Preprocessing included duplicate-event
removal, quality screening, magnitude-scale harmonization,
coordinate transformation, temporal alignment, and filtering
of anomalous records. Spatial layers were projected into a
common coordinate system for GIS integration, and temporal
sequences were standardized to support joint analysis of
catalog and geodetic observations. Python, MATLAB, GIS
software, and GMT were used for data processing,
visualization, and analysis (ESA, 2023; Tapley et al., 2004).

» Validation and Uncertainty Assessment

Modeled hazard maps and derived seismicity indicators
were validated through comparison with historical earthquake
records, published hazard models, and observed high-risk
zones. Validation metrics included spatial agreement between
modeled and observed seismic clusters, consistency with
known tectonic structures, and correlation between modeled
hazard intensity and regional strain accumulation.
Uncertainty was assessed using bootstrap resampling and
sensitivity analysis to quantify the influence of catalog
completeness, magnitude thresholds, location uncertainty,
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ground-motion parameters, and geodetic measurement error.
Confidence intervals were computed for probabilistic outputs
so that uncertainty propagation could be explicitly considered
during interpretation (Utsu, Ogata, & Matsuura, 1995;
Wiemer & Wyss, 2000).

» Visualization and Interpretation

Seismic-hazard patterns were visualized using three-
dimensional epicenter plots, time-series charts of magnitude
and recurrence behavior, and GIS heatmaps of regional
clustering. Derived strain and stress fields were overlaid on
tectonic boundaries and fault systems to identify zones where
elevated seismicity coincides with measurable deformation.
Tables and figures were harmonized with descriptive captions
so that statistical outputs, spatial patterns, and modeling
results can be interpreted together. These visual products
support both qualitative and quantitative assessment of
spatiotemporal variations in seismic hazard.

1II. RESULTS AND DISCUSSION

» Global Spatial Distribution of Earthquakes

The global earthquake epicenter map (1979-2023)
reveals that seismicity is predominantly concentrated along
active plate boundaries, including the Pacific Ring of Fire, the
Himalayan front, and subduction zones in Southeast Asia
(Figure 9). Depth variations indicate that shallow earthquakes
dominate continental margins, while intermediate to deep
events are concentrated in subduction slabs. These patterns
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governed by plate tectonic processes (Lay & Wallace, 1995;
USGS, 2025). The overlay of plate boundaries confirms that
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high-density zones correspond to regions of convergent and
transform fault activity, emphasizing the importance of
integrating tectonic structure into hazard modeling.

180°W 120'W 60°W 0°

60°E 120°E 180"E

Fig 9 Global Earthquake Epicentre Map (1979 - 2023)

» Statistical Characterization: Frequency—Magnitude and
Seismicity Rates
Cumulative frequency-magnitude distributions for all
events indicate adherence to the Gutenberg—Richter
relationship, with a global b-value of 0.98 and an a-value of

5.72 (Figure 10; Table 5). These parameters demonstrate that
earthquake occurrence decreases exponentially with
increasing magnitude, consistent with prior regional and
global studies (Kagan, 1999; Scholz, 2015).

Table 5 Gutenberg—Richter Parameters by Major Tectonic Region

Region a-value b-value M _min R? N (M>M_min)
Pacific Ring of Fire 5.86 1.02 3.0 0.98 248,612
Mediterranean—Middle East 4.96 0.93 3.0 0.97 68,203
Himalayan Belt 5.14 0.91 3.0 0.97 71,542
Mid-Atlantic Ridge 4.35 0.78 3.0 0.95 25,781
Other Global Regions 5.02 0.88 3.0 0.96 96,430
10°
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Fig 10 Frequency-magnitude Distribution (All Events)

Seismicity rate mapping (Figure 11; Table 6) quantifies
events per 100 km?/year, highlighting the Pacific Ring of Fire
as the most active region with rates exceeding 6 events/100
km?/year, while stable continental interiors exhibit rates
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below 0.1 events/100 km?/year. This quantification aligns
with geodetic strain observations, confirming that seismic
hazard intensity scales with tectonic deformation rates (Harris
& Simpson, 1992).
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Table 6 Seismicity Rates by Major Tectonic Region (M >4.0)
Region Area (10° km?) Events (1979-2023) Rate (events/100 km?/yr)
Pacific Ring of Fire 62.7 842,361 6.01
Mediterranean—Middle East 21.2 182,476 431
Himalayan Belt 15.6 141,208 5.09
Mid-Atlantic Ridge 28.3 63,451 2.24
Other Global Regions 149.8 265,379 2.17
Global Total 277.6 1,494,875 3.45
Rate
(10'D)
1.00
0.10
0.01
180"W 120'W 60"W o* 60°E 120°E 180°E
Fig 11 Global Seismicity Rate Map (Events/100 km?*/year)
» Spatial Clustering and Kernel Density Analysis intersections, highlighting spatial anomaly regions that may
Kernel density analysis (Figure 12; Table 7) identifies experience heightened seismic risk (Wiemer & Wyss, 2000).
five major clusters, with Indonesia, Japan, and the Aleutians The results emphasize the utility of kernel density techniques
showing peak densities above 10 events/100 km?. These for detecting emergent high-risk zones beyond conventional
clusters correlate with subduction interfaces and active fault tectonic mapping.
Table 7 Top Seismic Clusters Identified by Kernel Density Analysis
Cluster ID Location (Center) Peak Density (events/100 km?) Area (10° km?)
Cl Indonesia (Sunda Arc) 12.48 215.6
C2 Japan Trench 10.67 188.3
C3 Alaska—Aleutians 8.31 243.8
C4 Philippines 8.79 176.4
C5 Mediterranean (Greece) 7.22 132.7

60°N
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0.

180°"W 120°W 80"W o” 60°E 120" 1B0"E

Fig 12 Kernel Density Heatmap of Seismicity
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» Integration with Tectonic Structures

GIS mapping (Figure 13) allowed integration of
earthquake epicenters with fault traces and plate boundaries,
facilitating visual and quantitative assessment of tectonic
control on seismicity. Regions of high seismicity consistently
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aligned with mapped faults and plate margins, indicating that
earthquake occurrence is strongly influenced by structural
heterogeneity. These observations support earlier studies
showing that tectonic segmentation governs the distribution
of seismic energy release (Bird & Liu, 2007).
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Fig 13 GIS Map of Earthquake, Faults, and Major Plate Boundaries

» Temporal Trends and Recurrence Intervals

Time-series analysis of annual seismicity (M > 4.0)
reveals an overall increase in reported events after the year
2000 (Figure 14), reflecting both improved detection
capability and possible real variations in tectonic activity.

Recurrence interval analysis for magnitude thresholds 5.0—
8.0 (Figure 15) indicates that large-magnitude earthquakes
are temporally clustered in high-strain regions, consistent
with stress accumulation and release cycles described in plate
boundary models (Scholz, 2019).
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Fig 14 Time Series of Annual Seismicity (M >4.0)
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Fig 15 Recurrence Intervals for Selected Magnitudes
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» Three-Dimensional Seismicity and Strain Accumulation
Three-dimensional  visualization of earthquake
distribution (Figure 16) shows depth-dependent clustering,
with shallow crustal events dominating along continental
margins and intermediate-to-deep events beneath subduction
zones. Line-of-sight (LOS) displacement maps from InSAR
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(Figure 17) and derived strain maps (Figure 19; Table 8)
indicate that high-strain accumulation regions coincide with
high-density clusters, confirming the correlation between
geodetic deformation and seismic hazard (Massonnet &
Feigl, 1998).

Table 8 Strain Accumulation Rates from InSAR (Mean LOS Strain Rate)

Region Mean Strain Rate (10°¢ strain/yr) Min Max Std. Dev.
San Andreas Fault (USA) 28.7 5.2 73.6 15.9
Anatolian Fault (Turkey) 24.3 3.8 61.1 12.4
Himalayan Front 31.6 6.7 85.3 18.7
Japan Trench 26.1 4.9 64.7 14.2
Sumatra Subduction Zone 22.8 3.6 59.4 11.6
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Longitude (%)

———
120 160

Fig 16 3D Visualization of Earthquake Distribution
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Fig 18 Strain Rate Map Derived from InSAR
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» Seismicity Rate Anomalies and Hazard Metrics

The z-score map of seismicity anomalies (Figure 19)
identifies regions with significantly higher earthquake
occurrence than the global mean, supporting the identification
of hazard hotspots for prioritization. The cumulative seismic
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energy release plot (Figure 20) demonstrates episodic energy
accumulation, with major contributions from the Tohoku,
Sumatra, and Chilean earthquakes, highlighting the
importance of incorporating temporal energy release metrics
in hazard modeling (Kanamori, 1977).
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Fig 20 Cumulative Seismic Energy Release Over Time
Table 9 Largest earthquakes (1979-2023)
Date (UTC) Location Magnitude (Mw) Depth (km) Region
2011-03-11 Tohoku, Japan 9.1 24 Japan Trench
2004-12-26 Sumatra—Andaman 9.1 30 Indonesia
2010-02-27 Maule, Chile 8.8 35 South America
2005-03-28 Nias, Indonesia 8.6 30 Indonesia
2015-09-16 Illapel, Chile 8.3 20 South America

» Model Calibration and Validation

Modeled peak ground accelerations were compared
with observed PGA at selected sites (Table 10). Residuals
were below 0.02 g, and errors ranged between 3.4-5.6%,
indicating strong agreement with observed shaking.
Calibration against empirical attenuation models and
observed records ensures that the PSHA outputs reproduce

both the spatial distribution and relative intensity of seismic
impacts. The combined use of fault-slip modeling,
geophysical inversion, and rock-mass classification (Table
11) supports robust hazard estimates, with explicit
consideration of strain accumulation, stress transfer, and
crustal properties (McGuire, 1995; Massonnet & Feigl,
1998).

Table 10 Comparison of Modeled vs Observed PGA (Example Sites)

Site Observed PGA (g) Predicted PGA (g) Residual (g) Error (%)
S1 0.128 0.121 0.007 5.47
S2 0.256 0.242 0.014 5.64
S3 0.412 0.398 0.014 3.40
S4 0.189 0.181 0.008 4.23
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Table 11 Rock Mass Classification Summary

Class Description RMR Range (Bieniawski, 1989) GSI Range
I — Very Good Rock | Very good quality, very few discontinuities 81 -100 85-100
IT — Good Rock Good quality, few discontinuities 61 —80 70 — 85
IIT — Fair Rock Fair quality, some discontinuities 41 -60 50-170
IV — Poor Rock Poor quality, many discontinuities 21-40 30-50
V — Very Poor Rock | Very poor quality, very many discontinuities 0-20 0-30
Iv. CONCLUSION REFERENCES

The integrated spatiotemporal analysis of seismic
hazard patterns revealed several key findings. Global
seismicity is concentrated along major plate boundaries and
fault systems, with depth-dependent clustering clearly
delineated in subduction zones and transform faults.
Frequency—magnitude analysis confirmed the Gutenberg—
Richter relationship, with a global b-value of 0.98, while
kernel density estimation identified high-density seismic
zones that align with active tectonic structures. Temporal
analyses indicate clustering of moderate-to-large events in
high-strain regions, and geodetic strain measurements from
GNSS and InSAR corroborate areas of accumulated tectonic
stress. Methodologically, the study demonstrates the utility of
combining probabilistic seismic hazard assessment (PSHA),
fault-slip modeling, geophysical inversion, and GIS-based
spatial analysis. Open-access datasets, including USGS, ISC,
EMSC catalogs, Sentinel, ASTER, MODIS, and GRACE,
were effectively integrated to produce robust hazard maps
and quantitative metrics. The approach enhances
reproducibility, allows cross-regional comparison, and
reduces reliance on a single data source, providing a
framework for global and regional seismic hazard studies.
The findings have important applications for hazard
mitigation and geophysical monitoring. The identified high-
density clusters and anomaly regions can guide prioritization
of seismic risk assessments and early-warning systems. The
methodology supports real-time monitoring of seismic hazard
in tectonically active regions and can be extended to
probabilistic scenario modeling for engineering, urban
planning, and disaster preparedness. Further research may
leverage machine learning integration for predictive hazard
mapping and automated anomaly detection using expanded
global datasets.
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