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Abstract 

This study introduces an innovative geospatial approach for monitoring seasonal geodynamic activity and 

seismic hazard in the Charvak Reservoir region of northeastern Uzbekistan an area characterized by inherited 

fault systems, frequent shallow earthquakes, and cyclic hydrological loading. Unlike previous studies that 

assess deformation using long-term seismicity or single-period imagery, this work integrates multi-temporal 

satellite remote sensing (Landsat-8), automated GIS-based lineament analysis, directional statistics, historical 

seismicity (1955–2024), and monthly water volume records. Lineament extraction was performed for three 

hydrological phases in 2024 March (low water), July (peak water), and September (drawdown) to capture the 

structural response to seasonal stress fluctuations. Results reveal a marked increase in lineament density during 

and after the peak water phase, particularly near active fault zones. Orientation patterns remained stable (NE–

SW, E–W), aligning with regional tectonics, while density shifts indicated dynamic stress redistribution. Spatial 

overlay with seismic epicenters confirmed a strong correspondence between high-density lineament zones and 

localized deformation. Based on these multi-source indicators, five geodynamically active subzones were 

delineated, with the highest hazard concentration in the North Pskem and Kumbel-Kokand sectors. The key 

contribution of this study lies in applying a seasonal, lineament-based deformation monitoring framework 

previously untested in the Charvak region which enhances the understanding of reservoir-induced stress 

responses and provides a transferable model for georisk management in tectonically complex hydrosystems. 
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1. Introduction 

Reservoir-induced seismicity (RTS) illustrates how 

water level fluctuations can trigger fault reactivation 

and stress redistribution [1][2] and [3]. Significant 

RTS events include earthquakes at Xinfengjiang 

(1962, Mw 6.2), Kariba (1963, Mw 6.2), and Koyna 

(1967, Mw 6.3) [4][5] and [6]. Even moderate 

changes in reservoir levels have been linked to low-

magnitude (Mw < 3) seismic activity [7]. Studies at 

Koyna [8] and the Three Gorges Reservoir [9] show 

that stress from water loading and fault geometry are 

key factors. These cases highlight the role of 

structural indicators in assessing geodynamic 

instability in reservoir-affected, tectonically active 

regions. 

The Charvak Reservoir in Uzbekistan is a key 

water and energy resource and serves as a major 

tourist and recreational zone in the Tashkent region. 

Located at the confluence of the Chatkal, Pskem, and 

Koksu rivers, it lies within the tectonically active 

western Tian Shan. This region is characterized by 

high seismicity and complex fault systems, including 

the Pskem and Chatkal faults [10]. Recent studies 

have noted a rise in seismic activity and shoreline 

instability, potentially linked to water level 

fluctuations [11][12] and [13]. Geophysical and 

geodetic data suggest that reservoir-induced stress 

changes may influence local deformation and 

seismicity [14] and [15]. Landslides, such as the 
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Mingchukur event, have also become more frequent, 

associated with both hydrological and tectonic 

factors [16] and [17]. Given the reservoir’s location 

in a tectonically active zone and its role as a densely 

visited recreational area, it is essential to assess 

geodynamic instability using advanced spatial 

analysis techniques. 

One key indicator of geodynamic instability is the 

presence of lineaments linear geological features that 

reflect active faults, stress zones, and crustal 

deformations. Changes in lineament density and 

orientation over time are widely recognized as 

structural proxies for stress redistribution and crustal 

deformation. These indicators reflect surface 

responses to dynamic stress regimes, including both 

tectonic and hydrological loading [18][19] and [20]. 

For example, a recent study in the Charvak Reservoir 

region demonstrated that lineament density increases 

significantly during peak water storage phases, 

correlating with elevated pore pressure and possible 

fault reactivation [21]. Other research has shown that 

temporal variations in lineament orientation can act 

as seismic precursors, indicating early stages of stress 

accumulation before earthquake occurrence [22]. 

Furthermore, lineament analysis has proven effective 

for mapping evolving deformation fields in 

tectonically active terrains and identifying potential 

zones of instability [23] and [24]. Although this 

method does not quantify deformation rates directly 

unlike GNSS or InSAR it enables spatial localization 

of structurally sensitive zones and enhances early-

warning capacity. In this study, seasonal variations in 

lineament patterns are used to evaluate surface 

responses to reservoir-induced stress fluctuations, 

offering a cost-effective approach to geodynamic 

monitoring in complex and hydrologically sensitive 

regions.  

Despite growing attention to reservoir-triggered 

seismicity (RTS), there remains a significant research 

gap in understanding the seasonal geodynamic 

effects of water level fluctuations in tectonically 

complex regions. Most prior studies have focused 

either on long-term seismic trends or on individual 

high-magnitude events, often neglecting the subtler 

structural responses that occur over shorter 

hydrological cycles. The Charvak Reservoir area 

presents a particularly relevant case study due to its 

active fault systems, seasonal snowmelt-driven water 

input, and observed shoreline instability.  This study 

addresses this gap by proposing an integrated 

geospatial framework that combines multi-temporal 

remote sensing, GIS-based lineament extraction, and 

historical seismicity records. The innovative 

contribution lies in the systematic mapping of 

lineament density and orientation at multiple 

seasonal stages, followed by quantitative spatial 

correlation with seismic epicenters and water volume 

records. This multi-layered approach, not previously 

applied to the Charvak region, offers new insight into 

how hydrological forcing interacts with active 

tectonic structures and provides a replicable 

methodology for geodynamic monitoring in 

reservoir-influenced settings. This study focuses on 

the year 2024, analyzing seasonal changes in 

lineament patterns and seismic activity around the 

Charvak Reservoir.  The main tasks include: seismic 

zoning using an earthquake catalog; lineament 

mapping from Landsat 8 imagery; comparison of 

lineament patterns across different reservoir levels; 

and assessment of the relationship between active 

faults, water level fluctuations, and regional 

instability. The results will contribute to a better 

understanding of geodynamic processes in the area 

and support risk assessment related to structural 

changes. 

 

2. Methodology 

2.1 Study Area 

The study area is located in the western Tian Shan, a 

seismically active region influenced by major fault 

systems such as the Pskem, Kumbel, Ugam, and 

Chatkal faults (Figure 1). Earthquake data from 1955 

to 2024 were obtained from the Republican Center 

for Seismic Prognostic Monitoring (RCSPM) 

database [25]. Faults are taken from the database 

[26]. This tectonic environment, combined with 

hydrological fluctuations of the Charvak Reservoir, 

creates conditions favorable for induced seismicity 

and shoreline deformations Notably, calculated 

seismic intensity in some parts of the reservoir area 

has increased to IX on the MSK-64 scale, exceeding 

the baseline intensity of VIII [27]. The region is 

influenced not only by tectonic deformations but also 

by hydrological factors, including flash floods and 

mudflows [28]. 

Figure 2 illustrates the monthly variations in 

reservoir water volume during the period 2022–2024. 

A clear seasonal cycle is observed each year, with 

minimum volumes typically recorded between 

February and April (below 2,000 million m³), 

followed by a sharp increase in late spring and early 

summer. Peak storage consistently occurs in July, 

exceeding 6,000 million m³, and is followed by a 

gradual decline through autumn.  
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Figure 1: Charvak Reservoir region, Northeastern Uzbekistan 

 

 
 

Figure 2: Monthly water storage [10⁹ m³] in the Charvak Reservoir during 2022–2024. Data provided by the 

Dispatch Service of the Ministry of Water Resources of the Republic of Uzbekistan (internal archive, 

unpublished; personal communication, 2024) 

 

In addition to these seasonal dynamics, the chart 

reveals a positive long-term trend in annual peak 

volumes, as indicated by the linear regression line. 

This suggests increasing hydrological loading over 

time, possibly due to climatic and operational factors. 

Based on this trend, the year 2024 was selected for 

detailed lineament analysis, as it exhibited the highest 

recorded maximum water volume and thus represents 

the period of strongest reservoir-induced stress 

conditions.  

Seasonal fluctuations in reservoir water levels 

induce significant mechanical effects on adjacent 

crustal blocks. When water volume increases, the 

added hydrostatic load elevates vertical stress on 

reservoir margins and increases pore water pressure 

within faulted or fractured rock masses. According to 

poroelastic models [29] and [30], this reduces 

effective normal stress on fault planes and may 

promote slip or dilatation along pre-existing 

structural weaknesses. During the drawdown phase, 

stress unloading leads to relaxation and possible 

opening of shallow fractures due to elastic rebound. 

These cyclic loading and unloading effects are 

particularly pronounced in steep, fault-bounded 

zones near the reservoir shoreline and are known to 

influence both microseismic activity and the surface 

expression of deformation, such as increased 

lineament density and orientation shifts. The results 

observed in the Charvak region are consistent with 

such hydromechanical responses and reflect the 

interaction between seasonal hydrological forcing 

and active tectonic structures. 
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2.2 Seismic Risk Zoning Using Spline Interpolation  

     in GIS 

The use of Geographic Information Systems (GIS) 

provides significant value for geospatial modeling of 

seismic data due to the integration of spatial 

statistical analysis tools [31] and [32]. One of the 

effective interpolation methods for working with 

unevenly distributed point data is Spline 

interpolation. This mathematical approach makes it 

possible to create a continuous surface that reflects 

the spatial distribution of hazard by fitting a smooth 

curve that minimizes overall curvature. The 

biharmonic splines method belongs to the radial basis 

functions group and shares similarities with the thin 

plate spline approach. Spline interpolation is a 

mathematical technique that allows the creation of a 

continuous surface from a set of scattered points. 

This approach is useful when dealing with point data 

that is unevenly distributed across a study area and 

requires an estimate of the hazard distribution over 

the entire area. Spline interpolation is a mathematical 

technique that involves fitting a smooth curve to a set 

of data points by minimizing the overall curvature of 

the curve.  For this purpose, we utilized the ArcGIS 

software tool. The algorithm used in the Spline tool 

applies Equation 1 to compute the interpolated 

surface function 𝑆(𝑥, 𝑦), which represents a smooth 

estimate of spatial variation based on known data 

points [33]: 

 

1

( , ) ( , ) ( )
N

j j

j

S x y T x y R r
=

= +
 
Equation 1 

Where: 

  j  = 1,2…N, 

   N  = number of points, 

 x,y  = spatial coordinates, 

  j = coefficients, obtained by solving a  

          system of linear equations, 

rj    = the distance from point (x,y) to point j, 

 

Equation 2 defines the polynomial trend component 

of the spline function: 

 

T(x, y) = a1 + a2x + a3y 

Equation 2 

 

Where:  

a1, a2, a3  = coefficients, obtained by solving a  

                  system of linear equations. 

 

Equation 3 represents the radial basis function R(rj), 

which depends on the distance rj between the 

interpolation point and the known data point j: 

 
2

2

0

1
( ) ln 1 ln

2 4 2 2

j j j j

j

r r r r
R r c K c

   

          
= + − + + +         

            
Equation 3 

 

Where:  

 2  = a weight parameter equal to 0.1  

K0  = modified Bessel function  

  c  = a constant equal to 0.577215.  

 

The Spline interpolation method has been widely 

applied in studies related to seismic hazard mapping, 

as documented in [34][35][36] and [37]. The use of 

the complete time series of observations enables a 

more representative and reliable assessment of 

seismic risk. This approach helps identify persistent 

seismic hotspots, reveals long-term spatiotemporal 

patterns of seismic activity, and enhances the 

reliability of predictive models, particularly under 

conditions of sparse observation networks and a 

limited number of strong events in certain years. 

Since earthquakes with a magnitude below 2.0 are 

very weak, occur frequently on a daily basis, and are 

generally not felt by the population, only events with 

a magnitude greater than 3 were included in the 

analysis. Figure 3 presents the resulting seismic 

zoning maps based on the seismological data. 

 

2.3 Satellite-Based Mapping of Lineament Structures 

In this study, satellite imagery acquired by the 

Landsat 8 OLI & TIRS sensors from the United 

States Geological Survey (USGS) was used for the 

dates March 16, June 13, July 22, and September 24, 

2024. The methodology for extracting lineament 

structures involved several sequential steps of 

multispectral data processing, starting with the 

preliminary correction of the Landsat 8 (L8) images. 

This stage plays a crucial role in digital image 

processing, as it reduces the impact of atmospheric 

distortions typical of optical remote sensing data 

[38]. Geometric correction of the source images was 

not required, as the USGS-provided data were 

already geometrically corrected and projected in 

UTM (WGS-1984, zone 42N). Therefore, the 

processing began with radiometric calibration 

followed by atmospheric correction, both performed 

in the ArcGIS 10.8 environment.  

 



 

International Journal of Geoinformatics, Vol. 21, No. 7, July, 2025 

ISSN: 1686-6576 (Printed)  |  ISSN  2673-0014 (Online) | © Geoinformatics International  

51 

 
 

Figure 3: Seismic risk zoning of the Charvak tourist-recreational area based on earthquake  

data from 1955 to 2024 

 

To enhance the accuracy of lineament extraction, it 

was necessary to determine the optimal combination 

of spectral bands. After a series of experiments with 

various image processing methods, classifications, 

and band combinations, it was found that the most 

prominent linear features were observed using the 

band ratio 6/2 (SWIR1/Blue). This choice is also 

supported by several other studies [39] and [40]. To 

improve spatial resolution and visual clarity, the 

SWIR1 and Blue bands (30 m resolution) were fused 

with the panchromatic band (15 m resolution) using 

the Pan-Sharpening tool in ArcGIS. This fusion 

method preserves the spectral characteristics of the 

original bands while enhancing spatial resolution to 

15 m, significantly improving the clarity of 

geological structures [41]. 

Automatic extraction of lineament structures was 

performed using the PyLEFA software (v.0.61a) 

Lineament Extraction and Fracture Analysis [42]. 

The software’s algorithm is based on mathematical 

morphology and factor analysis techniques [43], 

which facilitate the identification of linear features 

such as faults, boundaries, and folds. To increase 

edge detection accuracy, the Canny edge detection 

algorithm was applied with Gaussian noise filtering, 

reducing the impact of noise and enhancing boundary 

precision [44]. Subsequently, the Hough Transform 

was used to detect linear objects [45]. In PyLEFA, 

the user defines key Hough Transform parameters, 

including the minimum line length, permissible gap, 

coordinate discretization steps, and the number of 

detectable peaks (houghpeaks). 

The lineament extraction process consists of the 

following stages: filtering to reduce noise and 

enhance contrast, application of the morphological 

gradient operator to refine object edges, 

skeletonization to define the central axis of linear 

features. The final stage included a geometric 

analysis of the lineaments (length, orientation, and 

shape), contextual evaluation based on neighboring 

pixels to verify detected features, and the creation of 

distribution density maps of lineament structures 

using ArcGIS 10.8.2. The use of GIS not only 

facilitated the visualization of seasonal lineament 

patterns but also enabled the spatial integration of 

multiple geodynamic indicators, including fault 

structures, seismicity, and reservoir dynamics. 

Lineament shapefiles generated in PyLEFA were 

imported into ArcGIS for density mapping and cross-

layer analysis. Using GIS tools spline interpolation 

and zonal statistics on earthquake magnitude 

statistics, we extracted the output data as a raster and 

classified earthquake zones by risk level. Through 

spatial overlays and zonal statistics, we quantified the 

correspondence between lineament clusters and high 

seismic risk areas.  
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GIS tools also supported the classification of 

geodynamically distinct zones by aggregating 

information from different thematic layers such as 

epicenter distribution, fault proximity, and lineament 

density into a single spatial decision framework. This 

integrative capability of GIS proved essential for 

identifying structurally sensitive sectors and for 

developing region-specific hazard mitigation 

strategies. 

 

3. Results and Discussion 

Based on the earthquake catalog from 1955 to 2024 

(Figure 1), seismic events in the Charvak tourist-

recreational zone show a clear spatial correlation 

with major fault systems, including the Kumbel-

Kokand, Chatkal, and Pskem faults. The map 

displays events with magnitudes ≥ 2.0, as these are 

considered most relevant from a hazard perspective. 

However, analysis of the complete catalog reveals a 

significant number of microseismic events with 

magnitudes below 2.0, indicating ongoing local 

activity along active faults. Depth distribution shows 

that most earthquakes occur in the upper crust (up to 

15 km), while temporal analysis reveals an increase 

in recorded events in recent years. This underscores 

the need for continuous monitoring and integration of 

seismic and structural data within a GIS platform to 

support effective risk assessment. 

The seismic zoning presented in Figure 3 is based 

on the analysis of the density and distribution of 

recorded earthquakes within the Charvak tourist-

recreational area. As a result of spatial classification, 

zones of varying seismic risk levels were identified, 

ranging from very low to high. The highest risk areas 

are concentrated in the central part of the study 

region, particularly along the southern and 

southwestern shores of the reservoir, where a high 

concentration of epicenters and larger magnitude 

events have been recorded. These high-risk zones 

coincide with known active fault structures, 

confirming their geodynamic significance. 

Additionally, some of these zones overlap with areas 

of tourist and engineering infrastructure, highlighting 

the need for careful consideration in planning and site 

management. A comparison of the risk map with 

seasonal water level dynamics suggests that changes 

in hydrostatic pressure may intensify localized 

seismicity in the most affected areas. This underlines 

the importance of incorporating seismic risk 

assessments into spatial planning and risk 

management strategies, particularly in tourist-

oriented regions. 

Figure 4 presents seasonal lineament density 

maps (left) and corresponding rose diagrams of 

lineament orientation (right) for March, July, and 

September 2024. These data reveal spatiotemporal 

variations in structural lineaments within the Charvak 

tourist-recreational area, which may reflect seasonal 

changes in crustal stress influenced by reservoir 

water level fluctuations. In March, during the 

minimum water level phase (Figure 2), the highest 

lineament densities are concentrated in the 

southeastern part of the reservoir, particularly near 

the Kumbel and Kokand faults. This may indicate 

residual stress following the reduction in hydrostatic 

load. In July, at the peak water storage phase, zones 

of high lineament density expand northward and 

eastward, toward the Pskem region. This pattern 

suggests a structural response to increased 

hydrostatic pressure, potentially leading to fault 

reactivation or the development of secondary 

fractures. By September, during the drawdown 

phase, elevated lineament density persists in several 

key zones, indicating delayed or sustained stress 

responses. These observations may reflect the 

tectonic instability of localized crustal blocks even 

after the load begins to decrease. 

Comparison with the seismic risk zoning map 

(Figure 3) reveals a notable spatial overlap between 

high lineament density zones and areas of elevated 

seismic hazard. This supports the interpretation that 

lineaments can serve as indicators of structurally 

sensitive and potentially active fault zones, especially 

under the influence of hydrological loading. The rose 

diagrams on the right side of Figure 4 illustrate the 

dominant orientation of lineaments for each season. 

Throughout the year, NE–SW and NW–SE directions 

prevail, aligning with the regional fault systems of 

the western Tian Shan. However, in July, a marked 

intensification of NE-trending lineaments is 

observed, likely associated with increased stress 

during maximum water levels. In September, the 

orientation remains consistent, indicating a 

structurally stable deformation regime with persistent 

tectonic activity. 

To provide a more detailed characterization of the 

geodynamic setting of the study area, a conditional 

classification of zones was carried out based on a 

combination of indicators, including lineament 

density, seismic risk level, epicenter distribution, and 

structural features. As a result, five key geodynamic 

zones were identified, each differing in terms of 

activity level and potential hazard. Their main 

characteristics are summarized in Table 1. These 

findings highlight the relevance of integrating 

directional statistical methods with remote sensing 

and GIS tools to monitor structural dynamics in 

tectonically and hydrologically active areas. Such 

approaches contribute to better identification of 

geodynamicallly unstable zones and support spatial 

planning in regions with both geological and socio-

economic significance. 
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Figure 4: Spatiotemporal analysis of lineament density and orientation in the Charvak region during  

seasonal water level changes in 2024 
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Table 1: Geodynamic zones and their characteristics in the Charvak Reservoir  
 

Zone Location Lineament 

Density 

Seismic Risk 

Level 

Dominant 

Faults 

Observed 

Seismicity 

(Mw) 

Notes 

Southwest 

Shore 

South and 

southwest of 

reservoir 

High High Kumbel, 

Kokand 

Up to 4.5 Overlap with 

infrastructure; 

active in all 

seasons 

Northeast 

Sector 

East and 

northeast of 

reservoir 

Moderate–

High 

Moderate Pskem Mainly <3.5 Increased 

lineament 

density 

during peak 

water level 

(July) 

Southeastern 

Area 

Near Chatkal 

fault zone 

High in 

spring 

Moderate–

High 

Chatkal, 

Ugam 

Up to 4.0 Stress 

response 

evident in 

March, 

suggesting 

residual 

deformation 

Northwestern 

Periphery 

Western 

slope of 

reservoir 

basin 

Low–

Moderate 

Low Secondary 

faults 

<2.5 Relatively 

stable; minor 

seasonal 

structural 

variation 

Central Basin 

Zone 

Underwater 

central 

reservoir 

region 

Moderate Moderate–

High 

Assumed 

fault branches 

beneath the 

reservoir 

basin 

Sparse data Possible 

hidden 

structures; 

further study 

needed 

 

4. Conclusion 

This study demonstrates the value of integrating GIS-

based lineament analysis, remote sensing, and 

seismic data to assess seasonal geodynamic activity 

and seismic hazard in the Charvak Reservoir region. 

By applying a multi-temporal framework based on 

Landsat-8 imagery, we identified spatial and 

directional variations in lineament systems that 

correspond with hydrological loading cycles. The 

highest lineament densities occurred during and after 

the peak water storage phase, suggesting that 

seasonal reservoir fluctuations contribute to surface 

stress redistribution and potential fault reactivation. 

Seismic risk zoning using historical earthquake data 

(1955–2024) delineated several high-hazard zones, 

notably in the southern and eastern sectors, which 

partially overlap with lineament clustering areas and 

contain critical infrastructure related to tourism and 

water resources. Directional statistical analysis 

confirmed persistent NE–SW and NW–SE trends 

aligned with regional tectonic structures, while 

seasonal variations in orientation reflect localized 

stress responses to changing hydrogeological 

conditions. 

Based on structural, seismic, and hydrological 

indicators, five geodynamically distinct zones were 

classified, providing a foundation for spatially 

differentiated hazard assessment. The proposed 

methodology focusing on seasonal deformation 

proxies extracted from optical imagery offers a novel 

and cost-effective tool for tectonic risk monitoring in 

reservoir-influenced environments. It is particularly 

relevant for regions with limited access to continuous 

geodetic observations. The use of GIS-based analysis 

provides a powerful means to integrate diverse 

spatial datasets, visualize multi-temporal structural 

changes, and support evidence-based decision-

making in hazard-prone areas. The findings support 

the integration of spatial analysis into early warning 

systems, infrastructure planning, and sustainable 

development strategies in the Charvak region and 

beyond. Future research should incorporate higher-

resolution deformation monitoring (e.g., InSAR, 

continuous GNSS) to improve temporal sensitivity 

and deepen understanding of hydro-tectonic coupling 

in fault-prone hydrosystems. 
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