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1. Introduction

The surface deformation induced by geological
processes causes widespread infrastructural damage 
in urban areas and is a common geological hazard 
worldwide. Numerous studies have been conducted 
by researchers to detect and understand landform 
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ABSTRACT
The surface deformation caused by tectonic activities and anthropogenic factors poses a great threat 
to cities worldwide. The investigation and monitoring of these deformations are crucial in order to 
create risk analysis for the future. The problem in this case is to investigate the surface deformations 
and their negative effects caused by groundwater use and to identify possible landslide areas. In this 
study, the surface deformations in Hatay province were analyzed using SBAS-InSAR. The results from 
these analyses were evaluated by field observations. Sentinel-1 descending (183 datasets) and ascending 
(147 datasets) track geometries were selected to determine the surface deformation and its temporal 
evolution. Both east-west and vertical surface deformations were calculated, and the surface deformation 
profiles, surface 3D models and time series were created. These time series were associated with monthly 
precipitation data. The deformation area was interpreted with regard to available well-log data and 
geological setting of the study area. As a result of the study, a surface deformation resembling a bowl 
like structure was observed in the industrial zone located in the city center of Hatay-Güzelburç. The 
deformation rates are approximately 22.3 cm/year in the form of subsidence, 3.6 cm/year in the form of 
eastern movement and 10.1 cm/year in the form of western movement. The deformation of this bowl-
like structure decelerated in the winter and accelerated in the summer due to excessive water use. The 
average monthly precipitation dataset supports these results. The stratigraphic data from water wells and 
the presence of limestone outside the eastern boundary of the deformation area show a thick clay layer 
in the eastern block of the bowl-shaped deformation structure. The difference between these two units, 
which causes a sharp anomaly at the eastern border of the deformation area, is interpreted as a probable 
normal fault.  The second study area where surface deformations are observed is the landslide zone. The 
deformation was found to be 7.5 cm/year in a westward direction and 1.5 cm/year as subsidence.
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deformations using satellite systems and radar 
interferometry (Amelung et al., 1999; Strozzi et al., 
2001; Raucoules et al., 2007; Zhang et al., 2012; Khan 
et al., 2014; Motagh et al., 2017; Solari et al., 2018). 
Interferometric Synthetic Aperture Radar (InSAR) 
is one of the methods widely used in recent years to 
investigate surface deformations. This method utilizes 
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(2019) characterized and monitored the subsidence 
of the Bursa Plain (the southern Marmara region of 
Türkiye). They measured the subsidence patterns and 
correlated them with the lithology by using InSAR 
data and suggested a strong lithological control on 
subsidence. They concluded that the maximum rate of 
ground subsidence occurs where agricultural activity 
relies on groundwater exploitation (Aslan et al., 2019).

 According to the “Geological and Geophysical 
Preliminary Survey Report for Hatay - Güzelburç 
Municipality Settlement Area (Türkiye)” prepared 
by the General Directorate of Natural Disasters in 
2006, a remarkable deformation of the ground in the 
settlements, serious cracks in houses and buildings 
of the area were investigated. It was reported that the 
deformations in the region increased especially in 
2004-2005, therefore some houses were completely 
evacuated or demolished (Kuran et al., 2006).

This study aims to reveal the surface deformations, 
boundaries, and causes of surface deformations 
around Hatay province, including the Güzelburç 
neighborhood with InSAR-SBAS, and to evaluate the 
results with field studies, average precipitation data, 
and geology of the region. This study is an attempt 
to reveal the surface deformations and their causes 
in Hatay province and to analyze the risks that may 
occur in the future due to surface deformation. In 
this context, this study presents suggestions for the 
effects of identified deformation on populated areas, 
determines their boundaries, investigates the risks 
arising from deformation, and reveals the causes and 
solutions to the problems related to the deformation 
for industrial zone.

As a cost-effective monitoring method, InSAR-
SBAS technology has been considerably practiced in 
landslide identification and deformation monitoring. 
(Yao et al., 2017, 2022; Liu at al., 2021). We also 
try to identify landslide zone comprehensively and 
determine deformation characteristics.

2. Tectonic and Geological Setting of the Study 
Area

The Hatay Triple Junction (HTJ), defined as a 
tectonically complex region in southeastern Türkiye 
and northwestern Syria that forms the plate boundary 

the phase difference between the radar image pairs 
to determine the deformation rates of various surface 
motions (Hung et al., 2011; Tomás et al., 2014; Brunori 
et al., 2015; Aslan et al., 2018; Khan et al., 2022).

One of the most common factors that cause 
subsidence in major cities is the excessive use of 
groundwater (Motagh et al., 2007; Anderssohn et al., 
2008; Tomás and Li, 2017). For example, one of the 
highest subsidence rates of 3,5 cm/year is reported 
from Mexico City that is caused by the excess 
pumping of groundwater (Strozzi and Wegmuller, 
1999; Cabral-Cano et al., 2008; Lopez-Quiroz et 
al., 2009; Osmanoğlu et al., 2011; Yan et al., 2012; 
Cabral-Cano et al., 2015; Sowter et al., 2016; Cigna 
and Tapete, 2021). Another area that shows extensive 
land subsidence is in the vicinity of Konya, Türkiye. 
Konya City is located in the Central Türkiye that 
displays karstic terrain of highly erodible rocks typical 
of the Mediterranean and the Central Anatolia regions 
of Türkiye. Since karstic units in such regions have a 
structure that is easily soluble in water especially when 
groundwater combines with carbon dioxide, they form 
large cavities in underground called sinkholes (Ford 
and Williams, 1989; Waltham and Fookes, 2003). 
One of the study conducted by Orhan (2021) in the 
Karapınar district of Konya revealed that there was 
7 cm/year of subsidence in this area using InSAR, 
Global Navigation Satellite System (GNSS) and 
groundwater level data. Another study conducted in 
Konya province determined the amount of subsidence 
in the region between the years 2004 and 2020 using 
Envisat, ALOS-1, and modeled this subsidence area 
by Sentinel-1 A/B data (Şireci et al., 2021). İmamoğlu 
et al. (2019) carried out a study in the Turkish province 
of Afyon - Bolvadin region which has similar geology 
and structure to Konya. İmamoğlu et al. (2019) utilized 
InSAR to analyze the surface deformations (Sentinel-1 
dataset between 2014-2018) and compared the results 
with the geology of the region, groundwater data and 
field observations in his study. Maximum subsidence 
of 3.5 cm/year observed in the southern part of the 
study area shows that this area is characterized by the 
presence of soft alluvial deposits. They stated that the 
northeastern part of the deformed region composed 
of slope debris and pebbles has a relatively lower 
subsidence rate (İmamoğlu et al., 2019). Aslan et al. 
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region consists of the Kızıldağ Ophiolite (Kko) of 
the Cenomanian-Turonian age. It is unconformably 
overlain by the Lutetian-Bartonian Okçular formation 
(Teo) and by discordantly overlain Aquitanian-
Burdigalian Balyatağı Formation (Tmb) (consisting 
of conglomerates and sandstones). The Balyatağı 
Formation is discordantly overlain by the Sofular 
Formation (Tms) consisting of reefal limestones of 
the same age. The Tepehan Formation (Tmt) was 
deposited in the Langhian-Serravalian interval, and 
the Nurzeytin Formation (Tmn) was deposited in the 
Middle-Upper Miocene and consists of sandstone, 
clayey limestone, claystone and marl. The Samandağ 
Formation (Tpls) was discordantly deposited in 
the Pliocene and overlain by Quaternary alluvium 
(Qal) and Slope debris (Qym) (Figure 1e). The log 

between Arabia, Africa, and Anatolia, is located at the 
intersection of the left-lateral thrust East Anatolian 
Fault (EAF), west of the Cyprus Plunge Arc (CA) 
and north of the Dead Sea Fault (DSF) (Figure 1a) 
(Mahmoud et al., 2005, 2013).  The study area covers 
the city center of Hatay province focusing on surface 
deformation in two different regions (Figure 1b). The 
first region is the industrial zone, which spans the area 
where the Asi River meanders relatively north of the 
study area (Figure 1c); and the second region is the 
landslide zone in the south of the study area (Figure 
1d).

The geology of the region was well described 
in Sarıfakıoğlu’s (2018) study, and the well-log 
data obtained from the General Directorate of State 
Hydraulic Works (DSI) was used. The bedrock of the 

Figure 1- a) Digital elevation model (Aster-GDEM, 1 arc-sec - V2) of the study area. Red frame in the province of Hatay shows the study area. 
Ascending (path: 14, frame 114) and descending (path: 21, frame 471) geometry orthophoto datasets are represented with light blue 
and orange frames, respectively. Provinces in Türkiye are presented in orange squares. Abbreviations for faults: Dead Sea Fault, 
DSF; East Anatolian Fault, EAF; Karasu Fault, KF; Karataş-Osmaniye Fault, KOF; and Cyprus Arc, CA. Faults are modified after 
Mahmouda et al., (2013), b) The location map of the study areas. Yellow stars display the location of the wells, c) Industrial zone, 
d) Landslide zone (Orthophotos were obtained from the General Directorate of Mapping, 2022), e) Geological map (Sarıfakıoğlu, 
2018), f) and g) well logs (Well data were obtained from the General Directorate of State Hydraulic Works (DSI), 2022).
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appropriate binary images cannot be established and it 
is difficult to reveal or observe surface deformations 
on the earth’s surface. Several parameters affect 
the analysis of image pairs like weather conditions, 
topography, trajectory, geometric orthogonal base 
lengths, and temporal differences. To eliminate or 
minimize such factors, the SBAS algorithm was 
developed using multi-temporal (multiple) images 
(Berardino et al., 2002). In this study, the minimum 
temporal baseline was chosen to be 120 days for the 
city center and the normal baseline was chosen to be 
5% to improve the consistency of the stacked image 
pairs with the vertical baseline threshold (Figure 
2). A 1 arc-sec Shuttle Radar Topography Mission 
Height (SRTM HGT) (30 m) digital elevation model 
was used to enhance the topographic correction. In 
addition, the reference ground control points (GCPs) 
were selected on high coherence pixels without phase 
jumps (coherence > 0,7) to remove the ramp and 
phase constant during re-smoothing and refinement, 
away from actively deforming areas and evenly 
distributed across the study area. Additionally, 
atmospheric components were subtracted date 
by date from displacement measurements. The 
atmospheric correction is performed by the following 
two filtering procedures; Atmosphere low and high 
pass. Finally, in the geocoding process, the reference 
digital elevation model was used to transit from radar 
geometry to ground geometry (Figure 2). As a result 
of data processing, the surface deformation rates and 
displacement time series were generated. All data 
were processed in Envi 5.6.1-Sarscape 5.6.0 software 
(Figure 2).

In this study, Sentinel-1 147 ascending and 183 
descending InSAR datasets (Table 1) were processed. 
In addition, 1 arc-sec Shuttle Radar Topography 
Mission Height (SRTM HGT) (30 m) was used as a 
digital elevation model.

3.3. Average Precipitation and Well Information Data

To investigate the correlation between the 
deformation areas in the region and groundwater level 
and the effect of monthly precipitation on deformation, 
the average precipitation data were obtained from 
the H-17372 station located in the study area from 
the General Directorate of Meteorology (Figure 1b). 

of the well-41982 located on the eastern border of 
the deformation area shows limestone penetration 
immediately after a few meters of cover in the area 
(Figure 1f). Limestone unit continues to deposit until 
it comes in contact with a serpentinite unit at 24.5 
m depth. The thickness of the relatively resistant 
limestone unit is approximately at 15-20 m depth 
(Figure 1f). This well lithology includes a thin layer of 
reefal limestone of the Sofular Formation followed by 
clayey limestone of the Tepehan Formation and finally 
serpentinites of the Kızıldağ Ophiolite.  In contrast, 
the well 55260 (shown in Figure 1g) was drilled in 
clayey units that is succeeded by a sandy clay unit for 
150 meters. 

3. Materials and Methods

3.1. InSAR Method

Synthetic Aperture Radar Interferometry (InSAR) 
is a remote sensing method that can reveal surface 
deformations with centimeter-level accuracy and has 
wide coverage (Zebker and Goldstein, 1986; Rucci et 
al., 2012; Simons et al., 2015; Aimaiti et al., 2017). 
This geodetic method uses two or more synthetic 
aperture radar images to produce maps of surface 
deformation or digital elevation using differences 
in the phase of the waves returning to the satellite 
(Massonnet and Feigl, 1998; Burgmann et al., 2000).

3.2. SBAS (Small BAseline Subset) Method

SBAS method, which is a multi-temporal InSAR 
technique using multiple radar images, instead of the 
two radar images before and after the deformation, is 
currently used in many studies. Among these studies, 
the investigations of deformations caused by excess 
groundwater exploitation (Bell et al., 2008; Motagh et 
al., 2017; İmamoğlu et al., 2019; Orhan, 2021; Şireci 
et al, 2021), landslide occurrences (Zhu et al., 2014; 
Béjar-Pizarro et al., 2016; Liu et al., 2018, Liu et al., 
2021) and active tectonic movements (Wöppelmann 
et al., 2013; Conesa-García et al., 2016 Karaca et al., 
2021) can be considered.

SBAS, which is an InSAR algorithm, was first 
developed by Berardino et al. (2002) for the temporal 
assessment of surface deformations. Generally, in 
cases where the phase coherence in the preferred SAR 
data date ranges is low, the coherence between the most 
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province and its surrounding areas with the SBAS 
algorithm using the InSAR method. As it is known, 
one of the limitations of the InSAR method is that the 
results of the data processing give only the movement 
towards or away from the satellite direction. However, 
the ascending and descending images of the study 
area are applied together to estimate the east-west 
and upward-downward movements of the surface 
deformation. Accordingly, the InSAR-SBAS results 
for Hatay province were presented below.

The positions of the images used in data processing 
and image pairs for which interferograms were created 
are shown in Figures 3a and 3c, while Figures 3b and 

However, any data, related to the static and dynamic 
information about the aquifer dynamics in the region is 
not available. Only, the station H-17372 were used due 
to availability and this monthly precipitation data cover 
same period of the InSAR dataset from 2015/11/19 
to 2022/01/22. Additionally, this rainfall dataset was 
plotted with time series (Figure 4d and 4h). 

4. Results and Discussion

4.1. Spatio-Temporal Properties of the Deformations

In this study, SAR images (ascending and 
descending) of Sentinel-1A satellite were used to 
determine the displacement rate of the center of Hatay 

Figure 2- InSAR processing workflow using Small Baseline Subset technique.

Table 1- Information about Sentinel-1A/B datasets features. The product type is L1 single look complex (SLC) with ascending and descending 
geometry. Interferometric wide swath beam mode (IW). The following acronyms were used in the table: maximum perpendicular 
baseline (Bp) and maximum temporal baseline (Bt). Asc refers to ascending, des refers to descending. VH refers to cross-polarization 
which describes as vertical transmit and horizontal receive.

Product
Type

Mode Orbit
Direction

Start
Date

End
Date

Quantity Orbit Path Frame
No.

Polarization Wavelenght Max Bp
(%)

Max Bt
(Days)

S1-A/B IW Ascending 2017/05/23 2022/02/26 147 18111 14 114 VH 5.6 cm 5 120

S1-A/B IW Descending 2015/11/19 2022/01/22 183 16893 21 471 VH 5.6 cm 5 120
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incidence angles. The two local incidence angles 
calculated are described as Inclination Line of 
Sight (ILOS) and Azimuth Line of Sight (ALOS). 
Consequently, the ascending and descending InSAR-
SBAS results were evaluated together to obtain both 
east-west and up-down SBAS results (Figure 5). In 
Figures 4 and 5, all minimum and maximum velocities 
are shown in Table 2.

For industrial zone, figures 6a and 6b show the 
vertical and east - west surface deformation velocities. 
Figures 6c and 6d show interferograms, 6e and 6f 
show unwrapped phase, 6g and 6h show re-flattened 
unwrapped phase, and 6i and 6j show re-flattened 
filtered interferograms for both ascending and 
descending datasets. In Figure 6, all images depict a 
relatively more precise deformation difference on the 
west side of the industrial zone than on the east side 

3d show the base lengths between the image pairs for 
ascending and decreasing data sets, respectively. In 
Figure 3, the yellow diamonds represent the reference 
image pair (master) while the green diamonds 
represent the slave image pairs.

In Figure 4, descending and ascending Sentinel-1 
datasets of Hatay province illustrate the results of 
SBAS analysis, respectively. In this figure, the negative 
values indicate the movement away from the satellite, 
while the positive values indicate the movement 
towards the satellite. In addition, in Figures 4D and 4H, 
the average monthly precipitation data and seasonal 
time information are shown together with the time 
series.  To provide the vertical and horizontal velocity, 
the decomposition tool for descending and ascending 
geometries was applied. The ENVI SARscape tool 
decomposes the displacement and calculates local 

Figure 3- a)  and b) Links between the pairs of SAR images showing the spatio-temporal distribution for ascending and descending, respectively. 
Each image is represented by a diamond with its ID number, c) and d) Represents the relative positions of all pairs of interferograms 
generated between Sentinel-1 datasets for ascending and descending, respectively. The yellow diamonds represent the reference 
image pair (master), while the green diamonds represent the slave image pairs. While, for ascending dataset, the date of master image 
is 2017/09/20, for descending dataset, the date of master image is 2016/12/31.
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Figure 4-  a) and e) Descending and ascending Sentinel-1 datasets of Hatay province illustrate the results of SBAS analysis. Positive values are 
interpreted as movement towards the satellite line of sight direction (LOS) and negative values as movement away from the satellite 
direction, b) and f) details of the industrial zone, c) and g) details of landsilde zone, d) and h) shows the time series, and bars illustrate 
the average monthly precipitation data provided by the General Directorate of Meteorology, and colored areas represent seasons. The 
black lines show the active faults published by the MTA (Emre et al., 2012).

Figure 5- The result of the decomposition of Sentinel-1 descending and ascending data sets belonging to Antakya province, a) east - west 
component, b) details of Industrial zone, c) Landslide zone, d) vertical component, e) details of Industrial zone and f) Landslide zone. 
Positive values indicate uplift and negative values indicate subsidence. The black lines show the active faults published by the MTA 
(Emre et al., 2012). 
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profiles are shown, respectively. Both figures depict 
the deformation amounts in the time series in the LOS 
direction. In Figures 7a and 8a, a sharp deformation 
area was determined in the area to the northwest of the 
industrial zone in the area where the meandering of the 
Asi River begins (Figure 7a - profiles B-B’, C-C’ and 
H-H’; and Figure 8a profiles C-C’ and H-H’). Surface 
deformations, which are relatively similar to the bowl 
structure, have been observed in the remaining regions 

which is seen in both ascending and descending data in 
both interferograms and unwrapped phases.  Based on 
the well information in figures 1f and 1g and the data 
in Figure 6, the eastern boundary of the deformation 
zone indicates a probable normal fault. 

In Figures 7a and 8a, the time series profiles 
obtained from the ascending and descending SBAS 
results of the Industrial zone of Hatay province and the 
Google Earth profiles corresponding to the relevant 

Table 2- Max and Min velocities and displacement values from Figures 4 and 5.

Max 
Velocities 
(cm/year)

Min
Velocities (cm/

year)

ROI-1
Displacement (cm)

ROI-2 
Displacement (cm)

ROI-3 
Displacement (cm)

Ascending    2017/05/23 - 2022/02/26 3.94 cm/year -17.98 cm/year ~ -70 cm ~ 20 cm ~ 0 cm

Descending  2015/11/19 - 2022/01/22 1.41 cm/year -20.78 cm/year ~ -90 cm ~ -20 cm ~ 0 cm

Vertical 1.65 cm/year -22.37 cm/year

East-West 3.64 cm/year 10.12 cm/year

Figure 6- Deformation area of industrial zone of the Hatay province, a) Uplift - subsidence deformations. Positive values indicate an uplift; 
negative values indicate a subsidence, b) East-west deformations, Positive values mean east direction, and negative values mean west 
direction, c) and d) ascending (2018/07/29 – 2018/09/27) and descending (2019/12/28-2020/02/14) interferogram examples, e) and f) 
ascending and descending unwrapped phases, g) and h) ascending and descending re-flattened unwrapped phases, i) and j) ascending 
and descending re-flattened filtered interferograms, respectively.
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there is a movement away from the satellite direction 
(LOS direction) at a rate of 4.5 cm/year. Figure 9e 
shows movements in east-west direction. There is a 
westward movement of the landslide zone at a rate 
of approximately -8.5 cm/year (Figure 9e). Figure 9f 
shows the vertical movements in the landslide zone. 
Accordingly, the landslide zone shows a subsidence at 
a rate of approximately 4 cm/year (Figure 9f). Figure 
9g shows the east-west oriented A-Aʹ elevation profile 
taken from Google Earth.

The results obtained are divided into two parts.  
Accordingly, the first study area is the industrial 
zone and the second area is the landslide zone. In 
the following sections, their deformations were 
characterized in detail.

except for the northwest of the industrial zone (Figure 
7a profiles A-A’, E-E’ and F-F’ and; Figure 8a profiles 
E-E’ and F-F’). Figures 7b and 8b show the 3D view 
of the time series corresponding to the dates for 
ascending and descending geometries, respectively.

The second deformation area is the landslide zone 
located in the central part of the study area (Figure 
9). Figure 9a shows the 3D image of the landslide 
zone obtained from the orthophotos and Figure 9b 
shows the satellite orbital movements. Figure 9c 
shows the deformation field of the landslide zone 
obtained from the data with ascending geometry. Red 
areas show movement towards the satellite direction 
(LOS direction) with a velocity of 3.0 cm/year. In 
Figure 9d, the area of deformation with light green, 

Figure 9- Deformation images of the landslide zone, a) 3D image created from orthophotos of the landslide zone, b) Satellite movement 
geometries, c) and d) ascending and descending velocity of deformation. While positive values are interpreted as movements towards 
the satellite direction, negative values are interpreted as movements away from the satellite direction, e) East - west deformations. 
Positive values are interpreted in the east direction and negative values are interpreted in the west direction, f) Vertical deformation. 
Negative values indicate subsidence and positive values indicate uplifting, g) Elevation profile from Google Earth corresponding to 
profile A-Aʹ in figures 12a, 12c, 12d and 12e. 
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about 150 m in thickness. However, in Figure 1f, 
the well log 41982 obtained from the eastern part of 
the deformation zone shows that this same clay unit 
becomes thinner (8 m thick) and cuts sandstone and 
limestone. For this reason, it was determined that the 
deformation in the relatively less resistant clay unit 
reaching 150 m was higher than the more resistant 
sandstone and limestone in the eastern region, leading 
to a sharp deformation difference between these two 
units. For this reason, a probable fault plane between 
the two units was considered as shown in Figure 12A. 
This probable fault structure is also supported by 
the interferograms in Figure 6, which show that the 
fringe patterns become widen towards the west and 
are abruptly interrupted in the east (Figure 6). This 
probable fault zone is visible in the time series profiles 
(C-C’- H-H’) taken from Figures 8 and 10.

From the time series of the deformation fields 
obtained from ascending and descending geometries 
(Figures 4d and 4h), it is seen that the deformations 

4.2. Evaluation of Surface Deformations of the 
Industrial Zone 

In the industrial zone located northwest of the 
study area, the surface deformation in both the east-
west direction (Figure 5b) and subsidence (Figure 
5e) is observed in an area of approximately 9.5 km². 
According to the profiles taken from Figures 8, 9, 10, 
and 11 it is evident that there is a bowl structure. 

It was observed that the eastern part of this bowl 
structure moved relatively faster than the western part 
(Figure 5b). In the profiles taken from the deformation 
areas, obtained from the ascending and descending 
datasets (Figures 8 and 10) and the 3D models (Figures 
13 and 15), a sharp deformation difference occurs 
in the eastern border of the deformation area. The 
deformation is caused by different geological units in 
the eastern and western regions and the presence of a 
probable fault system (Figures 1f and 1g). In Figure 
1g, the well log 55260, which is close to the center of 
the deformation zone, shows that the clay unit reaches 

Figure 10- a) The vertical deformation for the industrial zone and the locations of the photos taken from the field (Figure 10a taken from Figure 
5e). Positive values show uplift and negative values show subsidence, b) and c) old river bed detected from orthophoto images.
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The second factor that affects this deformation is 
the geological structure of the units in the region. The 
location of the well 55260, which has a thicker clay 
unit that is relatively less resistant, is located further 
west than the well 41982 which lies closer to the center 
of the deformation zone (Figures 1g and 1f). Given the 
well log data, the eastern side of the deformation area 
is closer to the bedrock and the sudden deformation 
here is associated with the probable fault plane (Figure 
12a). Figures 12c and 12d show the interferogram 
model with surface deformation corresponding to 
the probable well water withdrawal and Figures 12e 
and 12f show the expected interferogram models 
with surface deformation in case of probable faulting. 
The interferogram structures in Figure 6 obtained 
as a result of data processing coincide with the 
interferogram patterns in Figure 12f (Figures 12g and 
12h). In addition, the time series profiles as shown in 
Figures 12i and 12j, the sudden downward movement 
of the eastern side of the bowl structure and the 

in winter and autumn seasons are relatively less 
than in spring and summer seasons. The amount 
of deformation accelerates in summer and spring 
(Figures 4d and 4h). This is thought to be due to the 
decrease in water use in the winter and autumn months 
or excessive rainfall. The graphs in Figures 4d and 
4h show that the amount of water that tries to reach 
its previous level (recharging) is due to precipitation 
during the autumn and winter seasons. For all these 
reasons it was evaluated that there was an indirect 
correlation between the precipitation data obtained 
and the deformation rate (Figures 4d and 4h). 

The surface deformation in the region is thought 
to have several causes. The main reason is excessive 
or improper groundwater usage accompanied by the 
industrial zone laying in the center of this deformation. 
It is determined that this region and its surroundings 
have been deformed in the east - west and vertical 
direction, resembling a bowl structure. 

Figure 11- Photos were taken during field studies (Locations are shown in Figure 10a). 
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During the field surveys, it was reported that the 
houses and business centers in the area were affected 
by deformation, and even the Barış Arslan Elementary 
and Intermediate School (Location 5) was closed due 
to deformation (Figures 14h and 14i). The General 
Directorate of Natural Disasters Report prepared by 
Kuran et al. (2006), states that there was a deformation 
in 2004-2005 and even some houses in the region were 
demolished intentionally due to deformation. Viewing 
the results in this report in this study, it appears that 
the deformation in 2004 has continued until 2022.  

In summary, it is thought that the main causes 
of deformation in the region are primarily the 
groundwater level and excess water use in the region 
due to the rainfall data, time series (Figures 4d and 
4h) and the bowl-shaped structure of the deformation 
(Figures 8, 9, 10 and 11). Another factor is thought 
to be the geological structure of the region, which is 
located in the middle of clayey alluvial units which 

relatively slower downward movement of the western 
side with certain time intervals indicate the presence 
of a probable fault systems on the eastern side. This 
occurs because the eastern block of the bowl structure 
is closer to the bedrock (Figure 12a). 

Another factor affecting this deformation area is 
the meandering of the Asi River where the industrial 
zone is located (Figure 10a). It is considered that 
the velocity of the Asi River slows down in this 
region (due to meandering) and the amount of water 
accumulated here is higher than in other regions 
(Figure 10a). In addition, due to the reclamation of 
the Asi River outside the deformation area (Figures 
14b and 13c), it is considered that the water velocity 
of the Asi River in this region has changed, its 
natural structure has deteriorated and this situation 
has affected the deformation area. The weight of the 
industrial zone and the use of water are foreseen as 
a reason also affecting the deformation in the region. 

Figure 12- a) Geological cross-section and probable fault model formed on the industrial zone, b) Orthophoto image corresponding to the 
A-A’ section, c) The expected deformation depth cross-section with possible well, d) The expected interferogram in the case of 
deformation due to draft in figure c, e) The expected deformation area due to the draft in the case of a probable normal fault in figure 
a, f) The expected interferogram in the case of deformation due to draft in Figure e, g) and h) sample interferograms were taken from 
Figures 6d and 6c,  j) and i) time series profiles from Figures 7a and 8a.
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Hatay province were revealed with the remote sensing 
method InSAR-SBAS, and the results of the study 
were checked by field studies, average precipitation 
data, well data and geological findings. Surface 
deformations, time series and models of the industrial 
and landslide zone in the study area were presented. 

As a result, four main factors are thought to affect 
the industrial zone’s deformation;

1. The most important factor affecting the 
deformation in the industrial zone is the groundwater 
level. Time series and average monthly precipitation 
data show that the deformation accelerates in the 
summer and spring, and decreases in the winter 
and fall. This supports the idea that the deformation 
in the region is related to the excess water use and 
precipitation rates.

2. The industrial zone is located on clayey alluvial 
units. Due to its weight and the geologic structure of 
the region, the nature of the deformation is affected. 
The difference in deformation rates between the 
eastern and western borders shows the presence of a 
probable fault on the eastern border. Probable fault 
in the study area may act as barriers to the horizontal 
migration of the groundwater. The fact is that the 
ground deformation rates are still high for most of 
the urban area. Improved urban planning and water 
management could reduce subsidence or changing 
water extraction from various aquifers might be the 
solution to prevent subsidence.

3. There is an indirect correlation between the 
precipitation data obtained and the deformation 
rate. The deformations in the winter and autumn are 
relatively less than in the spring and summer. 

4. The meandering structure of the Asi River can 
affect the deformation because the changing course of 
the river increases the rate of deformation.

The second studied area was identified as the 
landslide zone which shows deformation in both 
eastern and vertical directions. Considering the Hatay 
location in the 1st degree earthquake zone, other 
geophysical studies are recommended for the thorough 
investigation of water use in the area. Further research 
should be conducted to determine the deformation and 

is compacted due to the weight of the industrial zone 
(Figure 1e). The proximity of the deformation area 
to the bedrock in the eastern parts and the thicker 
levels of clay units in the western parts are thought 
to account for the sharp deformation difference in the 
eastern block (Figure 12). This deformation boundary 
is interpreted as a probable fault due to tectonism 
(Figures 6 and 12). Finally, another reason affecting 
the deformation is the reclamation and straightening 
of a section of the Asi River and the meandering 
structure in the deformation zone (Figure 10).

Similar to the situation in Mexico City, where the 
surface deformation due to excessive groundwater 
withdrawal reached 35 cm per year (Strozzi and 
Wegmuller, 1999; Cabral-Cano et al., 2008; 
Osmanoğlu et al., 2011, Cigna and Tapete, 2021), the 
annual deformation in the industrial zone of the Hatay 
province are about 3 cm in the east direction, about 
10 cm in the west direction and about 22 cm in the 
vertical direction.

4.3. Evaluation of the Landslide Zone Surface 
Deformations

The second study area where significant surface 
deformation is observed is the area corresponding 
to the landslide zone. The area of the landslide 
zone with a surface deformation of about 0.3 km2 is 
shown in Figure 9a. The surface deformation vectors 
obtained in Figures 9c and 9d are decomposed into 
their components, as deformation movements both 
in the eastern direction and subsidence. It is seen that 
the eastward movement is about 7 cm/year and the 
subsidence movement is about 2 cm/year. Comparing 
Figures 9e and 9f, it can be seen that the velocity of the 
area in this region is higher for the eastern component 
as well as the subsidence motion. The geographical 
structure of the area and the eastern slope of the 
mountainous area support the deformation movement 
in the eastern direction (Figures 9a and 9g). Therefore, 
the deformation here is considered as a landslide zone.

5. Conclusion

It is crucial to investigate surface deformations 
that may occur in large cities due to the natural or 
anthropogenic causes and take measures for the 
future. In this study, the surface deformations of the 
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Sensing 8, 11. 
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seasonal and long-term aquifer-system response 
to groundwater pumping and artificial recharge. 
Water Resources Research 44, 2. 

Berardino, P., Fornaro, G., Lanari, R., Sansosti, E. 2002. A 
new algorithm for surface deformation monitoring 
based on small baseline differential SAR 
interferograms. IEEE Transactions on Geoscience 
and Remote Sensing 40,1, 2375–2383. 

Brunori, C. A., Bignami, C., Albano, M., Zucca, F., 
Samsonov, S., Groppelli, G., Norini, G., Saroli, 
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fissures and buried faults: InSAR monitoring 
of Ciudad Guzmán (Jalisco, Mexico). Remote 
Sensing 7, 7, 8610–8630. 

Burgmann, R., Rosen, P. A., Fielding, E. J. 2000. Synthetic 
aperture radar interferometry to measure earth’s 
surface topography and its deformation. Annual 
Review of Earth and Planetary Sciences 28.
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how could this affect the Infrastructural integrity of 
the city. In addition, the province of Hatay should take 
similar measures to that of Mexico City by prohibiting 
water withdrawal and drilling of new wells. Providing 
that the decline in water level corresponds with the 
decrease in subsidence in the following years.
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