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Abstract

Over the past few decades, surface deformations have been observed and measured geodetically at many places all over the
world, including Central and western Turkey. Surface deformations in some of these regions have been attributed to aseismic
slip-on faults and/or to excessive pumping of groundwater. In this study, we present our investigation on the ground subsid-
ence in Odemis town (W. Turkey) located in the Kiiciik (K.) Menderes Graben where one of the most severe and widespread
surface fracturings has been reported. The entire graben is analyzed using the Sentinel-1 synthetic aperture radar (SAR) data
with multi-temporal interferometric SAR techniques. A total of 342 single look complex products acquired in 2015-2018 are
processed using the Small Baseline Subset method. Vertical mean velocity fields reveal that K. Menderes Graben is expe-
riencing extensive subsidence at rates reaching as much as 29 cm/year, making it one of the fastest subsiding regions in the
world. The spatial correlation between the subsiding regions and the unconsolidated sediments suggests that the subsidence
is most probably due to over drafting of the groundwater, which is confirmed by the strong temporal correlation between
displacement time series and groundwater level changes. Inelastic/elastic deformation ratios calculated for the entire graben
suggest that inelastic deformation is the dominant component in the region, implying an irreversible deformation. Skeletal
storage coefficients calculated at well locations also support the idea of inelastic deformation. However, severe inelasticity
is not extensive, and the region may still recover from subsidence with correct groundwater management.
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Introduction

Ground deformation caused by natural or human-induced
activities is a common geological phenomenon which is
observed all over the world (Herrera-Garcia et al. 2021). It
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may occur as a result of natural mechanisms, such as tec-
tonic movements and volcanic eruptions, or human-induced
activities, such as mining, natural gas and oil extraction,
tunnel construction, and in particular, excessive pumping of
groundwater. To minimize and mitigate the potential hazard
that may be caused by ground deformations, it is necessary
to have an effective monitoring system.

There are various ground deformation monitoring tech-
niques that make use of geodetic techniques, such as GPS,
leveling and InSAR. Although conventional approaches,
such as GPS and leveling, provide highly accurate measure-
ments at mm scale, they could only be used in pre-specified
locations or very small areas (Besoya et al. 2021). Moreover,
these techniques are both costly, time-consuming and mostly
require field investigations. Whereas, InSAR is a powerful
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remote sensing technique that can cover large areas (up to
400 km) with a high spatial resolution (5-15 m) and high
accuracy (sub cm). With the development of new genera-
tion radar satellites, such as TanDEM-X, CosmoSkyMed,
ALOS-2 and Sentinel-1, the InSAR technique in a way has
become a standard technique for earth deformation monitor-
ing in the last decade (Biggs and Wright 2020). It has been
widely used for monitoring mining activities (Yang et al.
2020; Fan et al. 2021), subway construction (Xu et al. 2020;
Gheorghe et al. 2020; Fadhillah et al. 2020; Halicioglu et al.
2021) structural stability (Lanari et al. 2020b; Selvakumaran
2020; D’Amico et al. 2020), oil production (Chang et al.
2019; Staniewicz et al. 2020), tectonic movements (Elliott
et al. 2020; Weiss et al. 2020; Bletery et al. 2020) and land-
slides (Bekaert et al. 2020; Aslan et al. 2020; Solari et al.
2020). Free-of-charge availability, ease of distribution, and
wide spatial coverage (250 km wide) of Sentinel-1 images
and cloud computing have made the InSAR technique for
nationwide (De Luca et al. 2017; Kalia et al. 2017; Gee et al.
2019; Dehls et al. 2019; Emil et al. 2021) and even con-
tinent-wide deformation monitoring possible (Lanari et al.
2020a; Crosetto et al. 2020)

In Western Turkey, surface deformations like fractures,
fissures and vertical dislocations at the Earth’s surfaces
that resemble normal faulting have been observed in the
last 10-20 years (Demirtas et al. 2021). Bolvadin, Sar1gdl,
Odemi§, Kinik, Bursa and Soke are just a few of the districts
where these surface deformations have been observed so
far. The Gediz Graben in which Sar1gdl is located has been
previously analyzed by Poyraz and Hastaoglu (2020) who
claim that surface deformations are due to not only seasonal
underground water level changes, but also tectonic move-
ments. While it is emphasized by Imamoglu et al. (2019)
that observed surface deformations in Bolvadin and its sur-
roundings in Afyon-Aksehir Graben occur only as a result
of excessive use of groundwater, it is thought by Ozkaymak
et al. (2019) that the active fault lines in the region may also
have an effect on these deformations. The subsidence in the
Bursa Plain is mainly related to anthropogenic activities in
the region (Aslan et al. 2019). Three different regions around
Odemis settlement are reported to have long and wide sur-
face deformations mainly as a result of excessive use of
groundwater (Demirtag et al. 2002).

Many studies have been conducted on various subjects
about the K. Menderes Basin. Spatio-temporal drought anal-
ysis (Eris et al. 2020), irrigation water management (Pus-
atli et al. 2009), recharge potential of the aquifer (Sayit and
Yazicigil 2012), impacts of climate change on groundwater
recharge (Yagbasan 2016), erosion risk areas (Gtilersoy and
Celik 2015), the structural formation of the graben (Rojay
et al. 2005) are some examples of different studies about
the K. Menderes Basin. However, no subsidence analysis of
the entire region has been reported. Therefore, in this study,
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our aim is to overcome the lack of subsidence analysis in
K. Menderes Graben and its probable causes. To analyze
the subsidence phenomenon in K. Menderes Graben, the
Sentinel-1 data acquired between 2015 and 2018 inclu-
sive and the advanced InSAR techniques have been used.
Advanced multi-temporal InSAR techniques include two
main approaches called Persistent Scatterer Interferometry
(PSI) and Small Baseline Subset (SBAS). PSI techniques
exploit persistent scatterer properties of earth surface and
are mostly used for subsidence analysis in urban areas. On
the contrary, SBAS methods are developed to analyze dis-
tributed scatterers on the earth’s surface and are more suit-
able for deformation analysis of rural areas. In this study,
the SBAS approach is selected as multi-temporal InSAR
analysis since K. Menders Graben mostly contains a rural
environment.

Study area

K. Menderes Graben is located in Western Turkey between
Gediz (north and east) and Biiylik Menderes (south) basins
as shown in Fig. 1. Kii¢iik Menderes River, from which the
basin is named, is the most important river in the region.
It is surrounded by Bozdaglar Mountains in the north and
Aydin Mountains in the south. A flat graben, again named
K. Menderes, was formed in the east-west direction with
alluvial deposits carried along the K. Menderes River and
its tributaries coming from the steep mountains around it
(Rojay et al. 2005). It is part of the Western Anatolian Gra-
ben family (Dumont et al. 1979).

Kii¢iik Menderes Basin has fertile soils and high agricul-
tural potential in terms of both product quality and yield.
Major agricultural products are olive, cotton, wheat, pota-
toes, and tobacco (Izmir 2019). According to CORINE Land
Cover (CLC) maps produced in 2018, Fig. 2, permanently
irrigated lands form a large part of the agricultural areas.
Groundwater is the main irrigation source of the region.
92.7% of irrigation in 2016 has been reported to be car-
ried out by groundwater (Sahin et al. 2018). In addition to
irrigation, groundwater is extracted also for industry and in
house use. However, 78% of the total amount of groundwater
drawn is used for agriculture purposes (Izmir 2019). The
drastic drop in groundwater level observed before 2012 was
attributed by (Sayit and Yazicigil 2012) to the excessive use
of groundwater for irrigation. Observations at groundwater
wells reveal the decline of groundwater level throughout the
whole basin (Sahin et al. 2018; TOB 2018).

The seismicity of the region between 1990 and 2019
is shown together with its magnitudes and frequencies in
Fig. 1 (KOERI 2021). The active fault database of Turkey is
renewed by the Geological Research Department of the Gen-
eral Directorate of Mineral Research and Exploration (MTA)
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Fig. 1 Location of the study area, K. Menderes sub-basin (Western Turkey) and a surroundings with shaded topography, active faults and seis-
micity between 1990 and 2019 and b Sentinel-1 frames used in analysis
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Fig.2 CORINE Land Cover 2018 maps of study area. Permanently irrigated lands are indicated with label 212 and yellow colour cover very
large areas throughout the region

of Turkey (Emre et al. 2018). Active faults of Western Ana-  map. Although Western Turkey is a highly active region in
tolia in Fig. 1 were obtained from the renewed active fault terms of tectonics, K. Menderes Graben does seem to be less

@ Springer



221 Page 4 of 14

Environmental Earth Sciences (2022) 81:221

affected by these earthquakes since there are no active fault
systems within its close vicinity. Ground deformation analy-
sis in the presence of active faults in the region requires a
detailed mapping of active faults and their kinematics, simi-
lar to those in Afyon-Aksehir and Gediz Graben (Imamoglu
et al. 2019; Poyraz and Hastaoglu 2020).

Materials and methods
SAR dataset

Sentinel-1 is a twin satellite constellation of the European
Space Agency (ESA) that provides SAR data free of charge
under the Copernicus program. Sentinel-1 A, launched on
3 April 2014, and Sentinel-1 B, launched on 25 April 2016,
operate on the same orbital plane and offer a 6-day repeat
cycle. It has a C-band (~5.6 cm wavelength) sensor payload
which ensures continuity of ERS-1/2 and ENVISAT ASAR
satellites with higher temporal resolution and wider cover-
age. One of the design missions of Sentinel-1 is to facilitate
the formation of SAR interferometry for earth observation
applications, such as earthquake, glacier, subsidence and
landslide monitoring (Torres et al. 2012). The InSAR tech-
nique has now become a global monitoring tool over the last
decade with the enormous stimulating effect of Sentinel-1,
the first satellite mission designed specifically to monitor
ground deformation (Biggs and Wright 2020).

While there is only Sentinel-1A data set at the beginning
of the analysis period, the temporal resolution increases to
6 days after mid-2016 following the launch of Sentinel-1B.
We use Sentinel-1 images acquired in TOPSAR Interfero-
metric Wide (IW) Swath Mode. A total of 342 Sentinel-1

IW images, 167 in ascending and 175 in descending orbit
are used for interferogram formation. Table 1 provides
detailed information about the Sentinel-1 SAR data used in
this study. Temporal and perpendicular baselines of gener-
ated interferograms are shown in Fig. 3. The low-quality
interferograms shown in red lines were discarded in during
the multi-temporal InSAR analysis.

Multi-temporal InSAR processing

Conventional InSAR, where only two SAR images are used
to generate a single interferogram, has some limitations
and drawbacks for monitoring long-term slow deformation
processes (Hanssen and Usai 1997; Klees and Massonnet
1998). Advanced multi-temporal InSAR methods are pro-
posed to overcome the limitations of conventional InSAR,
such as temporal decorrelation and atmospheric effects
(Hooper et al. 2012; Crosetto et al. 2016; Osmanoglu et al.
2016; Pepe and Cald 2017). There are two main groups of
advanced multi-temporal InSAR techniques that exploit dif-
ferent scattering properties of the earth’s surface. In the first
approach, called PSI, methods take the advantage of perma-
nent scatterers on the earth surface which show more stable
characteristics over a long period without showing any sig-
nificant sign of temporal decorrelation (Ferretti et al. 2001).
Interferograms are formed with respect to a single-reference
SAR image within a data set without any spatial/tempo-
ral baseline criterion and only persistent scatterer points
are analyzed further as measurement points. The second
approach, SBAS, aims to decrease temporal decorrelation by
enforcing interferogram formation with only small spatial/
temporal baselines (Berardino et al. 2002). With the restric-
tion of small baselines, distributed scatterers that could not

Table 1 Sentinel-1 SAR data

) Orbit Track Heading angle® Mean incidence  Products Interferograms
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Ascending 131 350.06 38.99 167 541
Descending 36 191.06 35.98 175 556
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Fig.3 Perpendicular baselines of interferograms in a ascending track 131 and b descending track 36. Red lines show unused interferograms with

low coherence below the threshold of 0.05
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show stable properties over a long period became analyz-
able. Although more interferograms with the multi-reference
images are required, it is possible to obtain more measure-
ment points with that approach, especially in rural environ-
ments (Lauknes et al. 2010). While the PSI techniques are
the first choice for deformation analysis of urban areas with
more permanent scatterers, SBAS methods are mostly pre-
ferred for monitoring deformation in rural areas dominant
with distributed scatterers (Osmanoglu et al. 2016).

The K. Menderes Graben is dominated by agricultural
areas where temporal decorrelation is inevitable. Therefore,
to obtain more measurement points in the study region, the
SBAS approach has been chosen as the advanced multi-tem-
poral InSAR analysis method. Unwrapping interferograms
and formation of time series are the two main processing
categories of the SBAS (Osmanoglu et al. 2016). The pro-
cessing steps of these two main categories are carried out
with LICSAR (Lazecky et al. 2020) and LiCSBAS (Morish-
ita et al. 2020) open source tools. LiCSAR is a Sentinel-1
InSAR processor which was developed by the Centre for
the Observation and Modelling of Earthquakes, Volcanoes,
and Tectonics (COMET). To monitor global tectonic and
volcanic zones, Sentinel-1 interferograms are regularly gen-
erated and published freely on the COMET-LiCS web portal
(LiCSAR 2021). Each Sentinel-1 product is used to generate
a total of six interferograms, three with the previous and
three with the next adjacent products. Topographic phase
components of interferograms are removed using Shuttle
Radar Topography Mission (SRTM) (Farr et al. 2007) with
1 arc-second (about 30 m) DEM. All interferograms are
processed by Goldstein filter (Goldstein and Werner 1998)
and unwrapped with SNAPHU software (Chen and Zebker
2002). Time series InSAR analysis is performed with LiCS-
BAS open-source software, which is fully compatible with
LiCSAR result products. Unwrapped interferograms are

Input LICSAR

downloaded and prepared for time series analysis. Since it
is focused on K. Menderes Graben where flat areas are domi-
nant, as in some cases of (Morishita 2021), tropospheric
noise correction using the Generic Atmospheric Correction
Online Service (GACOS) is not applied. Bad-quality inter-
ferograms are identified with a coherence threshold of 0.05
and by checking loop closure. Then, updated unwrapped
interferogram stack is inverted to produce displacement time
series and velocity maps. In the last step, the results are
filtered to decrease the atmospheric noise. The main process-
ing steps of LiCSAR and LiCSBAS tools are summarized
in Fig. 4

Vertical and horizontal projection

The InSAR technique can only measure the LOS compo-
nent of the 3D surface displacement. However, in most
applications, it is desired to have three-dimensional (3D)
surface displacements in vertical, East-West (E-W), and
North—South (N-S) directions. To obtain a 3D displace-
ment, at least three independent acquisition geometries are
required (Hu et al. 2014). However, the azimuth direction of
polar-orbiting satellites is almost parallel to the N-S direc-
tion, as in Sentinel-1. The projection of the N—S component
of real displacement onto LOS provides almost no informa-
tion. However, vertical and E-W components of real 3D
displacement can be decomposed from LOS displacements
on ascending and descending orbits.

In this study, the method proposed in Hu et al. (2016) is
used as the decomposition method to obtain the aforemen-
tioned displacement components. Measurement points in
ascending and descending data sets might not be the same
for all locations. While some locations could provide suffi-
cient coherency in one acquisition geometry, they may not in
another acquisition geometry. Therefore, when coherency is

LICSBAS Output

Coregistration
« Enhanced spectral diversity

Data Preparation
« Download and convert format

Velocity Maps

Interferogram Formation

« Topographic phase removal
with SRTM-1sec

Interferogram Elimination

* Quality and loop closure check
and identify bad interferograms

Sentinel-1 SLCs

[Spatial Filtering

*» Goldstein

+ Obtain displacement velocities

Small Baseline Inversion
and time series

Unwrapping
+ SNAPHU

Masking and Filtering

» Mask noisy pixels and mitigate
residual noise

Fig.4 Main processing steps of LICSAR and LiCSBAS software tools
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used as a reliability measure to mask analysis results, meas-
urement points that show sufficient coherency in both data
sets are selected for 3D displacement decomposition. More-
over, acquisition dates of Sentinel-1 products in ascending
and descending data sets may not be equally sampled. For
that reason, before decomposing the LOS deformation time
series into vertical time series, spline interpolation method is
applied to both data sets to obtain a common time reference
consisting of combined acquisition dates. Spline is often
chosen as the interpolation method for InSAR time series, as
it can better fit the nonlinear ground displacement processes
(Armas et al. 2017; Bacques et al. 2018; Luo et al. 2020).

Time series decomposition

Like GPS time series, long-term InSAR time series contain
components of time-varying seasonal signals and noise in
addition to surface displacements of tectonic and non-tec-
tonic origin. Therefore, it is necessary to decompose InSAR
time series into several components to analyze the underly-
ing mechanisms more effectively. Both vertical displacement
time series and groundwater level data are decomposed into
sub-components to better understand short- and long-term
patterns and to be able to measure the correlation between
them. The general approach is to decompose a time series
signal, x, into 3 main additive components as

X = Xirend + Xseas + Xreso (1)

where x4 1S the trend component, x, is seasonal compo-
nent and x,., denotes the residual component. The additive
decomposition approach is used when there is no increase/
decrease trend in the magnitude of the seasonal components
as time moves on (Hyndman and Athanasopoulos 2018).
One of the classical and relatively simple methods of
separating time series into components is called classical
decomposition. In the classical decomposition approach, the
long-term trend is calculated using a moving average filter.
The moving average filter simply smooths data by taking
the mean of all adjacent values within a defined filter size.
The size of the moving average filter is selected according
to the length of seasonality. Afterwards, the detrended signal
is obtained by removing the trend from the original signal.
And then, each point is averaged in a corresponding year
period to estimate the seasonal component. If seasonal filter
size is selected long enough, a stable seasonal effect is being
produced. Finally, the residual component is calculated by
subtracting the estimated trend and the seasonal component.
The filtering approach requires original data to be padded
both at the beginning and at the end. Otherwise, there will
be no data in decomposed signals since equal-sided filters
are used for averaging. The classical approach also tends to
smooth rapid changes in the data that could have importance.

@ Springer

Such kind of drawbacks triggered the development of more
complex algorithms for time series decomposition, such as
X11, SEATS, STL (Hyndman and Athanasopoulos 2018).
Such kinds of algorithms are more robust to catch rapid
changes in trend and do not need additional artificial data at
the extremes of time series. However, the classical approach
is still widely used since it requires low computational com-
plexity, produces fast results, and allows manual interaction
easily (Svetunkov 2022). Besides, it provides successful
results as well when data are relatively short and do not
have any rapid fluctuations as it is in our case.

In this study, the sampling times of groundwater levels
are not equal to the acquisition dates of Sentinel-1. Before
starting the decomposing procedure, the groundwater level
data are interpolated to the same time reference with verti-
cal displacement time series. The trend filter size is selected
to be 61 days as it is the average number of data when both
Sentinel-1 A/B are operational. Filter size of 3 is suitable
for seasonal average since the magnitude of seasonal change
does not have to be the same for all years. The residual signal
obtained after the removal of the seasonal and deformation
components does not display any systematic signal that can
be attributed to ground deformation and hence is not used.

Results

Following the LICSBAS multi-temporal InSAR processing
two main products are obtained; (1) mean velocity maps and
(2) displacement time series. Mean velocity maps are com-
pared with geological settings and displacement time series
are compared with changes in groundwater levels.

Mean velocity maps

Mean velocity maps in LOS direction are produced for both
ascending and descending Sentinel-1 data sets as shown
in Fig. 5a, b respectively. The vertical mean deformation
velocity map calculated using ascending and descending
results is shown in Fig. 5. Since negligible displacements are
detected in the E-W direction, they are not used in further
analysis. To obtain more reliable pixels, results are masked
with coherence threshold (0.05) and other quality criteria
like unwrapping errors (Morishita et al. 2020). Warm colors
(negative values) from yellow to red represent moving away
from the satellite in the LOS direction and highlight sub-
sidence in the vertical direction. It is clear that the entire
K. Menderes Graben is subsiding at varying rates from a
few cm/year to 24 cm/year. The total area subject to sub-
sidence at a rate of at least 3 cm/year is approximately 688
km?. Odemis town and its surrounding regions are the most
severely affected areas with a maximum vertical deforma-
tion rate of about 29+0.3 cm/year. While Torbal1 and its
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Fig.5 Mean LOS velocity maps with topographic contours at 50 m intervals (black lines) obtained on ascending track 131 (a) and descending
track 36 (b). ¢ Vertical mean velocity map produced by decomposition of the LOS velocities

surroundings and the southern region of Bayindir are also
subjected to subsidence, Tire is located in an almost stable
region. In general, subsidence increases from east to west
and from outside in the basin.

Comparison with geological settings

Figure 6a shows contours lines of the mean vertical veloc-
ity field with 3 cm/year intervals on top of a geological map
of the K. Menderes Graben (Dubertret and Kalafatcioglu
1973). For a better visualisation, the contours are coloured
and created from the unmasked version of the mean verti-
cal velocity field shown in Fig. 5. The K. Menderes Graben
is mainly characterized by Quaternary alluvial (Qa) depos-
its that constitute a relatively flat region from Torbal1 to
Odemi§. Alluvial fans, slope debris, and moraines (Qb) are
also wide spread in the neighborhood of alluvium depos-
its. Subsidence is observed mostly in Qa and Qb geological
units starting from 3 cm/year in the margins of the graben
up to 24 cm/year in the inner part, especially in south of
Odemis. Thickness off alluvium deposits reaches up to 270
m in the southern of Odemis where the most severe subsid-
ence is observed while it decreases towards Bayindir and
Torbal1 (Rojay et al. 2005). Decreases in the thickness of

alluvium deposits and subsidence rates towards the western
regions indicate a correlation between the two.

Correlation of geological units and subsidence rates are
shown statistically in Fig. 6b. The mean, standard devia-
tion, minimum, and maximum values for each geological
unit are calculated. The mean subsidence rates are 3.6 and
2.4 cm/year with standard deviations of +4.3 and +3.3 cm/
year respectively in Qa and Qb units. The mean and standard
deviation of subsidence rate decrease to almost zero in the
other units. The maximum subsidence rate is 28.6+0.3 cm/
year and observed in Qb units located to the south—south-
west of Odemis. Statistically, it is clear that there is a very
high correlation between the existence of soft sediments,
such as alluvium and alluvial fans, and the subsidence rate.

Displacement time series and comparison
with groundwater level

Time series of vertical displacements together with ground-
water level changes at nearby wells are shown in Fig. 7. In
this study, a total of four wells are used to compare displace-
ment time series and groundwater level change: one well in
the close vicinity of Bayindir, one well from the south of
Torbali, and two wells around Odemis (Fig. 5). The total
vertical displacement in 4 years is about 15 cm in Torbali, 30
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Fig.7 Time series of groundwater level changes versus subsidence
ip a wells #46050 in Tort_)all, b #30663 in Bayindir, ¢ #25527 in
Odemis, and d #55851 in Odemis. Original time series (top raw) are

cm in Bayindir, 30 and 60 cm in Odemis. The decreases of
water levels in these wells during the same period are about
25, 15, 35, and 10 m, respectively. There are some missing
values in the water level data (e.g. #25527 in Odemis). Water
level measurements are also highly irregular. Nevertheless,
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Date(year.month)
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© (d)

decomposed into trend line (second raw) and seasonal change compo-
nents (third raw). In the bottom row, seasonal changes are compared
using wavelet coherency values

they demonstrate the positive correlation between decreas-
ing water levels and subsidence. To quantify this relation-
ship, the trend and the seasonal component of both the dis-
placement time series and groundwater levels are calculated
and compared.
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The classical decomposition method is used to obtain
trend and seasonal components for both vertical displace-
ment time series and groundwater levels. Decomposition
results are shown for all distinct well locations respectively
in Fig. 7a—d. Both displacement time series and groundwater
level changes at almost all wells show a general decline trend
for all years. The correlation coefficients between trend lines
is around 0.9 which is a quite good indication of similarity.
The correlation at well #55851 in Odemis is the lowest one
with an R value of 0.64. In fact, in the first 2.5 years, there
seems to be a high correlation. However, groundwater level
starts to increase in the last 1.5 years while vertical displace-
ments continue to decrease at the same rate which degrades
the correlation.

The seasonal effect in the vertical displacement time
series can be observed quite easily even in the original
data at well #46050 in Torbali. In the remaining wells, the
periodic effect is visible in the seasonal change component.
While the seasonal frequency of displacement time series
seems to be more stable, there are many variations in the
groundwater levels even within the same seasons. To inves-
tigate the seasonal relations of these two time series, wavelet
coherence analysis was carried out. Wavelet transformation
makes it possible to examine different frequencies (1/period)
thoroughly in a time series by decomposing signals into sub-
components with shifted varying frequencies (Daubechies
2009). The cross-correlation between the frequencies in two
different time series is calculated by the wavelet coherence
method (Torrence and Compo 1998). The wavelet coher-
ency enables the identification of common seasonal patterns
between two time series in terms of periodicity and phase.
The high coherence values indicate that both signals change
in a similar manner within that period. Wavelet coherence
graphics in Fig. 7 shows that there is a very high correlation
around a period of 1 year. While well #46050 in Torbal1 and
#25527 in Odemis show the same high coherence around
365 days throughout all analysis time, coherence decreases
at the last year for other wells. The arrows on the graphs
show the phase relations of the time series. The direction of
the arrows corresponds to the phase delay in the unit circle.
30° angle of the arrow represents that vertical displacement
follows the groundwater level with a delay of approximately
30 days as in the case of wells #46050 and #25527.

Discussion

We observe that the drop in the groundwater level gives rise
to subsidence over unconsolidated deposits, a well-known
theory first conceptualized by Terzaghi (1925) which states
that total stress on the aquifer system is the sum of intergran-
ular stress and pore fluid pressure. Intergranular stress is a
simple result of the geological medium and also emphasized

as a granular skeleton. Pore pressure is created by groundwa-
ter that exists within pore space. The decline in the ground-
water level causes a decrease in fluid stress which puts more
pressure on the granular skeleton. Increasing stress on the
skeleton results in compaction of the medium and ground
subsidence occurs.

The strong correlation between the surface subsidence
and changes in ground water level observed in the K. Men-
deres Graben indicates that subsidence results from drop in
ground water level which in turn likely result from excessive
pumping of ground waters, a conclusion supported by the
fact that subsidence is confined only to highly compress-
ible soft alluvial sediments like Qa and Qb. During the
4-year observation period, the entire basin subsides nearly
in a linear manner. A seasonal increase of the groundwater
induces transient uplift of the ground. However, although the
groundwater level increases about 10 m in the last 1.5 years
in well #55851, there seems to have been no change in the
subsidence trend since then. For this reason, it is necessary
to examine in more detail whether the resulting subsidence
is irreversible or not.

One way to analyze whether or not a deformation is
reversible (recoverable) is to look at the elasticity of the dis-
placement. Ezquerro et al. (2014) and Haghighi and Motagh
(2019) proposed to use R value which is simply formulated
as a comparison of elastic component vs inelastic compo-
nent of deformation. The long-term behavior of subsidence
is thought to be inelastic deformation since fine-grained
soils are consolidated. Due to the observation of continuous
subsidence and uplift, periodic short-term changes are con-
sidered elastic deformations. Thus, the trend line of the dis-
placement time series reflects inelastic deformation, whereas
the seasonal change component gives a sign of elastic defor-
mation. The R value of a single measurement point is then
calculated as

R= del/din’ (2)

where d., is elastic deformation found as the difference of
maximum and minimum value in seasonal component and
dy, is inelastic deformation which is the total amount of
displacement observed within a year. To obtain a constant
seasonal variation that simplifies our R value calculation
for all measurement points, a long seasonal filter size is
selected and a R value map is produced as shown in Fig. 8.
R values greater than 1 indicate that the elastic response is
the dominant component of subsidence, while values lower
than 1 indicate that inelastic deformation is dominant. Val-
ues close to 0 show strong signs of a high degree of inelastic
deformation and irreversible compaction. Although the R
value map shows us that inelastic deformation is the domi-
nant component, elastic deformation is also observed in the
study area. In general, inelastic deformation highly coexists
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Fig.8 Color-coded map of R values (d,/d,

.) on top of SRTM shaded relief image together with contours of subsidence rate at an interval of — 3

cm/year. For the sake of simplicity, only melastlc deformation range is displayed for R values between 0 and 1

together with a high subsidence rate. However, elastic defor-
mation can still exist in some regions where the mean sub-
sidence rate reaches up to 6 cm/year. In some regions, R
values around 0.6 could be seen, indicating the high impact
of inelastic deformation although the mean subsidence rate
is below — 3 cm/year. Thus, a high rate of subsidence does
not always mean high inelastic deformation.

Another way of assessing the severity of deformation in
the area is to study the relative changes in subsidence and
groundwater level changes. Such a comparative attitude may
provide more concrete results. This relation is defined as
stress—strain analysis which enables us to find the skeletal
storage coefficient (compressibility), S, in the aquifer sys-
tem (Riley 1969). S, is calculated as

S, = Ad/Ah 3)

Sk = Ske + Skv’ “)

where Ad stands for vertical displacement change and Ah
is groundwater level change. Depending on the type of
deformation S, may contain two components, namely the
elastic skeletal storage coefficient, S,., and the inelastic skel-
etal storage coefficient, S,, (Chen et al. 2016; Rezaei et al.
2020). Then, corresponding vertical displacement difference
is changed as elastic, Ad,;, or inelastic, Ad,,. Groundwa-
ter level change during elastic displacement is updated as
Ah, and inelastic, Ah;,, respectively. While inelastic verti-
cal displacement is identical to the change in the trend line
occurred in the long term, elastic displacement is the sea-
sonal max/min value difference in the short term.

Trends of groundwater level changes vary within the
analysis period. There is an acceleration in the decreasing
trend of well #46050 in Torbali over the last years. After
the drop in groundwater level at well #55851 in Odemis
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ceases in the second half of the analysis period, the ground
continues to subside. For that reason, S, and S,, are cal-
culated annually for all well locations as shown in Table 2.
R values are displayed for the entire period since displace-
ment time series show a close linear decrease trend through-
out the years. Groundwater wells displayed in Fig. 8 are
mostly located in regions of inelastic deformation type with
values of R varying below 1. Only well #46050 in Torbali
is within the elastic range with a R value of 1.56. Severe
inelastic compression could be around one to two orders
greater than elastic compression (Riley 1969; Hoffmann
et al. 2001). Well #55851 in Odemis shows us the most

Table 2 Inelastic skeletal storage coefficient (S,,), elastic skeletal
storage coefficient (S,.), elastic deformation/inelastic deformation
ratio (R) for each well

Well Year Siv Ske R
46050-Torbali 2015 0.01668 0.00382 1.55808
2016 0.00722 0.00423
2017 0.02185 0.00415
2018 0.00337 0.00391
30663-Bayindir 2015 0.02031 0.00365 0.77739
2016 0.00515 0.00321
2017 0.05900 0.00249
2018 0.01328 0.00222
25527-Odemis 2015 0.00819 0.00219 0.84989
2016 0.00485 0.00234
2017 0.01151 0.00281
2018 - -
55851-Odemis 2015 0.47053 0.00613 0.44758
2016 0.01145 0.00386
2017 0.01952 0.00290
2018 0.03519 0.00259
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severe inelastic deformation where Sy, reaches up to 0.47
value. Although groundwater level is almost steady in 2015
and 2018, subsidence still occurs with a rate of 15 cm/year.
It also has the lowest R value of 0.45 which is consistent
with S,,. Annual S, and S, values are unstable since there
is no steady decrease in the groundwater level. All wells,
including #46050 in Torbali, have greater S, values for
almost all years. However, the differences between S, and
Syy for the well #46050 in Torbal1 are much less than those
in other wells. even in 2018 the value of S, is greater than
Skv- Therefore, inelastic/elastic skeletal storage coefficient
values support the outputs of R value analysis. For lower R
values which indicate dominant inelastic deformation, S, is
much greater than S,,.

Conclusion

Ground surface deformations previously observed in the
K. Menderes Graben are analyzed by multi-temporal
InSAR techniques using Sentinel-1 SAR data acquired in
2015-2018. The main results of the analysis can be sum-
marized as follows;

— Almost the entire graben is subsiding at rates reaching as
much ash 29 cm/year, making it one of the fastest subsid-
ing regions in the world.

— Ground displacement is spatially correlated with the dis-
tribution of unconsolidated sediments, such as alluvial
deposits, slope debris, and moraines.

— There is also a strong temporal correlation between
groundwater-level changes and subsidence.

— Aforementioned observations suggest that subsidence is
the direct result of groundwater level changes.

We also examine whether the observed deformation is ine-
lastic or elastic. Obtained results regarding this issue are:

— R value calculations indicate that inelastic deformation
is the dominant component in most parts of the region.
This is an indication of irreversible deformation taking
place in the region.

— Skeletal storage coefficients, S, and S,,, in the corre-
sponding well locations also support the idea of inelastic
deformation.

However, severe inelastic deformation is not extensive,
and the region may still recover from the deformation
phenomenon. Groundwater management of the K. Men-
deres basin such as artificial refill methods as explained in
Peksezer (2010) and Sayit and Yazicigil (2012)), can cease
the severity of subsidence and even cause uplift. Similar
control strategies to mitigate the effect of subsidence due to

overexploitation of groundwater seem to be quite effective
in different regions of the world like Las Vegas valley in
Nevada (Bell et al. 2008), Madrid aquifer (Ezquerro et al.
2014), Santa Clara valley in California (Chaussard et al.
2017), Shanghai City (He et al. 2019), Querétaro Valley
in central Mexico (Tang et al. 2022), and Taiyuan basin in
Northern China (Tang et al. 2022)

As a future work, it is crucial to construct a deformation
model to better understand the current deformation process
in the region and to predict future behavior. Interpretation
of the deformation process and its spatio-temporal relation
to groundwater levels changes and geological units would
become more concrete with numerical/mathematical models
(Shen and Xu 2011; Shen et al. 2013; Xu et al. 2015; Guzy
and Malinowska 2020).
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