
���  ��� � 	�
� �
����� �� ����� �� ������� ���� .� �  	�! "�#$�%� ���  �
��

$�& '����( .	)� *$�+� �  

Journal of Natural Environmental Hazards, Vol.---, Issue ----, ------ ------ 

 

Assessing Land Subsidence Triggered by the 28 January 2023 
Khoy Earthquake in Salmas Plain Using InSAR 

 

Sana Gholami1, Mahdi Behyari2* , Ali Abedini 3 
1. MSc. Student of Geology, Geology Department, Urmia University, Urmia, Iran 

2. Corresponding Author, Associate Professor, Department of Geology, Urmia University, Urmia, Iran 
Email: m.behyari@urmia.ac.ir        ORCID: https://orcid.org/0000-0002-4944-5161  

3. Professor, Department of Geology, Urmia University, Urmia, Iran 
 

Article Info  ABSTRACT  
Article type: 

Research Article 

 

Article history:  

Received: -------------- 

Revised: -------------- 

Accepted: -------------- 

Published: -------------- 

 

Keywords:  
Land subsidence, 

Earthquake, Interferometry, 

Salmas Plain. 

Land subsidence is a geomorphological and environmental phenomenon with 

significant economic and social consequences, driven by both natural and 

anthropogenic factors such as excessive groundwater extraction and seismic activity. 

The Salmas Plain in northwestern Iran, characterized by severe groundwater-level 

decline and its location within a seismically active zone, is considered a critical area 

affected by land subsidence. In this study, Sentinel-1 satellite data and Synthetic 

Aperture Radar Interferometry (InSAR) techniques were employed to investigate 

ground surface deformation over the period 2021–2024. Geological, hydrological, 

and soil datasets were integrated with a Digital Elevation Model (DEM), slope and 

aspect maps, land-use information, and seismic records to identify and analyze the 

main controlling factors of subsidence. The results indicate that subsidence rates 

generally reach their maximum during periods of intensive groundwater extraction 

and decrease during the cold season, highlighting the dominant role of human 

activities in surface deformation. However, the Khoy earthquake of 28 January 2023 

(8 Bahman 1401), despite occurring in the cold season, resulted in a nearly threefold 

increase in subsidence rates, demonstrating the direct impact of seismic loading on 

both surficial and subsurface sediments. Low-slope areas underlain by fine-grained 

and highly compressible deposits were identified as the most vulnerable zones, while 

slope orientation and active faults significantly influenced the spatial distribution of 

subsidence. These findings emphasize that in seismically active regions, land 

subsidence rates may increase abruptly following seismic events, posing serious 

risks to infrastructure, and therefore, continuous groundwater monitoring, controlled 

extraction, and the integration of InSAR observations with hydrogeological 

modeling are essential for identifying vulnerable areas and mitigating subsidence-

related hazards 
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EXTENDED  ABSTRACT 

INTRODUCTION 
Land subsidence is a critical geomorphological and environmental phenomenon that may occur 
gradually or suddenly, causing a significant lowering of the Earth's surface. It results primarily from 
compaction of subsurface layers and the extraction of fluids from voids. Human activities, such as 
excessive groundwater withdrawal, intensive agriculture, and land use change, often exacerbate 
natural geological processes, while tectonic and seismic activities can induce abrupt subsidence 
events. In areas with active faults and high seismicity, earthquakes can rapidly alter subsurface stress 
regimes, trigger soil compaction, and induce vertical displacement, significantly increasing the risk to 
infrastructure and human settlements. 

The Salmas Plain, located in northwestern Iran, represents a highly vulnerable region where 
anthropogenic groundwater exploitation combines with active tectonics to create complex subsidence 
patterns. The plain exhibits widespread alluvial deposits, low-relief terrain, and extensive agricultural 
activity, making it susceptible to both seasonal and sudden changes in surface elevation. Before the 28 
January 2023 earthquake in Khoy, seasonal groundwater extraction had already caused measurable 
subsidence across the plain, with average annual rates approaching several centimeters. The 
occurrence of the earthquake provided a unique opportunity to evaluate the interplay between human-
induced and seismic-driven deformation, allowing for a comprehensive assessment of subsidence 
dynamics over four years from 2021 to 2024. 

This study employs Synthetic Aperture Radar Interferometry (InSAR) using Sentinel-1 satellite 
imagery to quantify and map land subsidence. The method provides millimeter-scale measurements 
over wide areas, independent of weather conditions, and is particularly suitable for monitoring both 
slow and rapid surface deformations. By integrating geological, hydrogeological, soil, topographic, 
and land use data with InSAR results, this study identifies controlling factors, evaluates spatial and 
temporal patterns of subsidence, and assesses the direct impacts of the 28 January 2023 Khoy 
earthquake on the Salmas Plain. 

 

DATA AND METHODOLOGY  

The study area extends from the east toward the Iran–Turkey border in the west. The central and 
eastern parts of the plain are relatively flat and intensively cultivated, whereas the western sectors are 
characterized by mountainous terrain. The geological units of the area include metamorphic rocks, 
Quaternary alluvial and terrace deposits, evaporitic formations along the lake margins, travertine 
layers, and volcanic deposits. These units were classified based on their susceptibility to compaction 
and land subsidence. 

Topographic data were derived from a digital elevation model (DEM) with a spatial resolution of 
13.9 m, obtained from Sentinel-1 imagery. Slope maps were classified into four categories (0–5°, 5–
15°, 15–30°, >30°) to identify low-gradient areas prone to subsidence. Aspect maps were generated to 
examine the influence of slope orientation on subsidence distribution. Soil data, including depth, 
texture, permeability, and compressibility, were compiled, identifying Lithosols, Haplic Xerosols, and 
Calcaric Regosols as the main soil classes. Land use data were extracted from high-resolution maps 
and categorized into agriculture, wetland, urban, and other types. 

Groundwater information was obtained from 41 piezometer wells covering 2019–2024. Water table 
levels were interpolated in GIS to produce spatially continuous maps for analysis. Earthquake data and 
fault maps were integrated to assess tectonic influences and to derive a seismic hazard index. 

Sentinel-1 SLC images with VV polarization were selected to minimize atmospheric noise and ensure 
high coherence. Images were co-registered, interferograms were formed, and phase unwrapping was 
performed to convert phase changes into vertical displacement along the satellite line-of-sight. 
Multilooking and Goldstein filtering reduced noise, and terrain correction aligned results with 
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geographic coordinates. Processing emphasized dry-season image pairs to focus on human-induced 
subsidence while capturing earthquake effects. 

 

RESULTS AND DISCUSSION 

InSAR analysis reveals a strong seasonal pattern of subsidence modulated by human activity and 
amplified by the 2023 earthquake. 

Annual and seasonal observations indicate that: 

* 2021–2022: Average subsidence ranged from 4.6 to 5.2 cm/year, with the highest rates in southern 
and southeastern alluvial zones. 
* Pre-earthquake 2023: Rates declined to 1.5 cm/year due to winter aquifer recharge and reduced 
water extraction. 
* Post-earthquake 2023: Abrupt increase to 14.7 cm/year highlights the direct impact of seismic 
energy on both surface and subsurface sediments. 
* 2024: Rates slightly decreased to 12.5 cm/year but remained significantly elevated, particularly in 
low-gradient, fine-grained areas. 

 
Table 1. Changes in Maximum Subsidence Rate over the Studied Years in the Study Area 

Year Maximum Subsidence Rate (cm/year) Key Observations and Notes 

2021 5.2 
Relatively high and stable 

subsidence 
2022 4.6 Slight decrease, but still high 

2023 (pre-earthquake) 1.5 Significant reduction 

2023 (post-earthquake) 14.7 
Sharp increase due to the direct 
impact of the earthquake on the 

ground structure 

2024 12.5 
Relative decrease compared to the 
previous year, but still critical with 

more widespread subsidence 
 

Spatial analysis demonstrates that geology and lithology strongly influence subsidence intensity. Fine-
grained, compressible alluvial and terrace deposits exhibited the largest vertical displacements, while 
bedrock units had minor direct subsidence but influenced the distribution patterns. Hydrogeological 
factors, particularly the depth and decline of groundwater, were critical in controlling compaction 
rates. Land use and drainage conditions further modulated subsidence, with irrigated agricultural areas 
and wetlands showing heightened vulnerability. 

Seismic effects were clearly evident: even during periods of reduced groundwater extraction in winter, 
the earthquake triggered rapid and extensive subsidence. Topography also affected the patterns, as 
low-gradient areas concentrated subsidence, while steeper slopes experienced less vertical 
displacement. Fault lines and structural trends guided the spatial distribution of subsidence, 
emphasizing the interplay between tectonics and anthropogenic stressors. 

The combined influence of these factors produces complex temporal and spatial variations, where 
human activity sets the baseline susceptibility and seismic events act as accelerators of sudden 
deformation. These findings underscore the necessity for continuous monitoring, groundwater 
management, and the integration of geospatial and hydrogeological data to mitigate subsidence risks in 
seismic plains. 

 

CONCLUSION  

Between 2021 and 2024, the Salmas Plain experienced substantial variations in subsidence rates due to 
a combination of anthropogenic, natural, and seismic factors. InSAR measurements provided high-
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resolution mapping of vulnerable zones, revealing that low-gradient, fine-grained sediments are 
particularly sensitive. The 28 January 2023 Khoy earthquake caused sudden and severe subsidence, 
demonstrating the rapid response of susceptible deposits to seismic energy. Sustainable management 
of groundwater, regular monitoring, and identification of high-risk areas are essential to mitigate 
subsidence hazards. Integrating InSAR with hydrogeological models and GPS data can enhance 
predictive capabilities and support resilient land and water management strategies. 
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