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Abstract

The over-extraction of groundwater for agricultural purposes in the Konya Closed Basin (KCB) has led to land subsidence
and new cover collapse sinkholes (CCS) in regions like the Akgol Wetland (AW), where such occurrences were previously
absent. InSAR data from 2014 to 2023 indicate that the average annual subsidence in AW varies between 15 mm/year and
30 mm/year. Alarmingly, in specific locations, the cumulative subsidence has reached 230 mm over nine years. The signifi-
cant subsidence observed in the southern region of the study area aligns with a fault line between limestone and alluvial
deposits. Furthermore, several bedrock collapse sinkholes (BCS) are seen in the limestone south of the lake. The orienta-
tions and alignments of the long axes of these dolines are pointed towards the region where recent CCS has developed.
This may suggest the existence of an ancient bedrock collapse structure beneath the alluvium. During intense rainfall, the
former lake region experiences transient flooding, with surface water draining southward, converging at the fault line and
concealed BCS beneath the alluvium. This flow has induced CCS formation due to the concentration of groundwater flow
within the intersection zone. The results of this study emphasise that it is necessary to develop integrated hazard mitigation
plans, considering hydrology, lithology, structural geology, remote sensing, and geomorphology to address issues such as
the KCB and other global problems.
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Introduction

The increasing global population and changing environ-
mental conditions are causing the swift deterioration of
essential natural ecosystems, such as forests, marshes, and
lakes, while also intensifying the occurrence and severity
of both natural and human-induced disasters (Foley et al.
2005; Hansen et al. 2013; Davidson 2014; IPCC 2023). Wet-
lands and lakes are distinguished by their high biodiversity
level and are among our planet's most valuable ecosystems
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(Mitsch and Gosselink 2000). They provide various direct
and indirect benefits both locally and globally. However, the
shifting climatic conditions and the growing human popula-
tion strain the world’s lakes and wetlands (Pekel et al. 2016;
Yao et al. 2023). In the last 150 years, more than fifty per-
cent of the world's wetlands have been damaged or destroyed
(Davidson 2014), especially in arid and semi-arid regions
(Micklin 2016; Demir and Keskin 2020; Vey et al. 2021;
Tudryn et al. 2021; Orhan et al. 2024; Akbas 2024). The
complete drying up, reduction in size and seasonal varia-
tions of these areas lead to many environmental changes
(Kuzucuoglu et al. 1998; Scheidt et al. 2005; Gutiérrez
2016; Jiang et al. 2023). The transformation of former lake
regions into semi-arid regions for agricultural, residential,
or economic purposes has increased groundwater extraction.
Groundwater overdraft leads to multiple adverse impacts,
including permanent groundwater storage loss, a decline in
the groundwater table, land subsidence, and sinkhole forma-
tion (Khorrami et al. 2021; Sevil and Gutiérrez 2023; Hasan
et al. 2023; Orhan et al. 2024). Subsidence and sinkhole for-
mation are serious geohazards that can significantly impact
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infrastructure and human settlements (Gutiérrez et al. 2014,
Brahmi et al. 2023; Eren et al. 2024). Due to these impacts,
it is imperative to meticulously observe subsidence, sink-
hole development, and alterations in land cover in regions of
intensive groundwater utilisation (Minderhoud et al. 2017).

The term 'land subsidence' denotes the vertical descent
of the Earth's surface caused by the compaction of aquifer
materials due to a decrease in pore pressure (Galloway and
Burbey 2011). Subsidence is a widespread global concern
with significant and detrimental consequences (Herrera-
Garcia et al. 2021; Bagheri-Gavkosh et al. 2021; Hasan et al.
2023). This phenomenon can be ascribed to numerous natu-
ral and human-induced factors. The most significant factor
is reduced groundwater levels due to excessive extraction
(Galloway and Burbey 2011; Khorrami et al. 2021). This
tendency is particularly pronounced in arid and semi-arid
urban and agricultural regions, such as the KCB (Herrera-
Garcia et al. 2021; Bagheri-Gavkosh et al. 2021; Hasan et al.
2023). In such areas, the necessity for irrigation leads to an
increased demand for groundwater.

The term 'sinkhole’ or 'doline’ refers to a closed depres-
sion typically linked to the dissolution of carbonate and
evaporite rocks. The formation of sinkholes can be attrib-
uted to a range of natural and anthropogenic factors, with
subsidence representing one of the most significant con-
tributing factors (Gutiérrez et al. 2014). Scientist catego-
rises sinkholes into specific classifications based on their
developmental attributes (Waltham and Fookes 2003). In
the Anatolian region, collapse sinkholes are called 'obruks',
with the KCB as the most active zone for obruk formation.
Researchers have identified two distinct groups of obruks

in Central Anatolia. Large "old" or "paleo" obruks, situated
on the Obruk Plateau and categorised as caprock and bed-
rock collapse sinkholes (BCS), attain widths up to 900 m
(Fig. 1a—d) (Eren et al. 2024). Natural processes caused the
formation of the old obruks (Ering 1960; Eroskay and Giinay
1979; Canik and Corekcioglu 1986; Erol 1991; Bayari et al.
2024). The "young" obruks, categorised as cover collapse
sinkholes (CCS), have emerged in recent decades and are
often measured less than 50 m in diameter (Fig. le—f). The
emergence of CCS in the KCB is linked to human-induced
groundwater extraction (Fig. 1a—d). An unpublished inven-
tory by the General Directorate of State Hydraulic Works
of Tiirkiye (DSI) indicates that there are over 130,000
groundwater extraction wells in the KCB, with around 80%
being unregistered (Sireci et al. 2021). The extraction of
groundwater in the KCB has resulted in declining ground-
water levels. This decline has consequently led to the forma-
tion of subsidence and CCS throughout the basin (Dogan
and Yilmaz 2011; Ozdemir 2015; Calé et al. 2017; Orhan
et al. 2024; Eren et al. 2024). In 2021, researchers identified
almost 700 CCS with depths greater than 1 m and 1,850 sub-
sidence and sagging structures, varying from a few meters
to 60 m in diameter and with depths of less than 1 m. Most
of these are clustered near Karapinar district (Dogan and
Yilmaz 2011; Dursun 2022; Arik 2023; Eren et al. 2024;
Coskuner et al. 2025). Nonetheless, the reduction in ground-
water levels throughout the basin has resulted in sinkholes
in regions where such occurrences had not been previously
documented, as demonstrated by the sinkhole formations
in the Akgol Wetland (AW). Since 2010, the desiccation
of the AW, a significant wetland in Tiirkiye, has resulted

Fig. 1 Change in water levels
of the old obruks; a, b Kizoren
Obruk and ¢, d Timrag Obruk.
e, f Examples of young obruks
in the Karapinar region
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in subsidence and sinkholes along the former shores of the
lake (Fig. 2e—g) (Eren et al. 2021, 2024). The formation of
sinkholes presents a significant financial risk, particularly
concerning infrastructure damage, and may also result in
human casualties. Therefore, monitoring and assessing areas
susceptible to sinkhole formation is essential. This study
applies a satellite-based methodology, Interferometric Syn-
thetic Aperture Radar (InSAR), Google Earth Engine (GEE),
and Corine Land Cover (CLC) to investigate the relation-
ship between subsidence distribution and sinkhole formation
in the AW. The underlying causes of high subsidence and
sinkhole formation in a dried wetland were elucidated by
combining these techniques with field observations.

Study area

The study area is located in the eastern part of the KCB,
the largest endorheic basin in Tiirkiye. The elevation in the
KCB varies from 850 to 1,000 m above sea level across the
relatively flat plains, with the highest point reaching 3,900 m
in the Taurus Mountains (Fig. 2a). The Taurus Mountains,
especially the Bolkar Mountains, form the southern and
southwestern boundaries of the KCB, acting as the basin’s
primary water supply. Precipitation and snowmelt from these
mountains replenish the ephemeral rivers and groundwater
of the basin.

During the last glacial period of the Quaternary, the KCB
was submerged beneath a lake called Konya Paleolake,
which reached a depth of 20 m (Roberts 1983; Fontugne
et al. 1999). Despite the absence of surface outflows, the
basin features several karstic outlets to the deeper strata, par-
ticularly in the southern section. The principal groundwater

Fig.2 a, b Location and eleva-
tion map of KCB and study
area; ¢ an aerial view of the
former lake bed of Akgol; d
wind deflation over the former
lakebed; e an obruk formed in
2019 (Akkaya et al. 2019) and f
a ponor formed in 2019 in AW
(Giingor 2019)

@ Springer



209 Page4of13

Environmental Earth Sciences (2025) 84:209

drainage system in the KCB is the flow of groundwater
through underground channels directed towards Salt Lake
in the north and the Mediterranean Sea in the south (Nazik
et al. 2019). These properties likely prevented the complete
salinisation of the basin during the paleo-history (Roberts
1983). After the last glacial maximum, rising temperatures
resulted in the desiccation of the Konya Paleolake, facili-
tating the emergence of several wetlands and swamps in
the KCB. One of these wetlands is AW, located at 1000 m,
which was one of the most extensive wetlands in Tiirkiye
in the 1950s in terms of area (Fig. 2b). It is considered one
of the most important avian habitats and one of the larg-
est wetlands in Tiirkiye, playing a crucial role in a primary
migratory route for birds. In 1992, AW was classified as
a Class 1 Natural Protection Area; in 1995, it was further
designated a Nature Reserve Area. Nevertheless, the wet-
land has substantially decreased surface area due to human-
induced environmental alterations. The drying process of
the AW began in the 1950s due to malaria control efforts
and subsequent agricultural advancements. The construction
of the Ayranci, Ivriz, and Gédet dams in 1958, 1984, and
1988, respectively, within the lake basin has significantly
contributed to the desiccation of the lake (Dervigoglu et al.
2017; Tanik et al. 2018). The current environment features a
variety of habitats, including reedbeds, swamps, mud islets,
meadows, arid plains, and steppes (Fig. 2c, d).

The Eregli Meteorological Station, situated 30 km east of
the study area, has an average annual temperature of 11.7 °C.
The monthly average temperatures decrease to 0 °C dur-
ing winter and rise to 23.3 °C during summer. The total
annual precipitation in the study area, one of the least rainy
regions of Tiirkiye, is 302 mm. The annual evaporation rate
is 1.355 mm, leading to a considerable annual water deficit.
The average precipitation in August is 4.6 mm in the area
characterised by significant summer drought. The climatic

data suggest that the study area has a semi-arid climate char-
acteristic (Oztiirk et al. 2017; Aydin et al. 2019; Tasoglu
et al. 2024). Despite the arid conditions of the plain, sur-
face runoff from the surrounding mountainous, particularly
from the Bolkar Mountains, aids in replenishing the plain
(Kuzucuoglu 2019).

The study area's lithology primarily consists of Qua-
ternary units, with volcanic and volcano-sedimentary for-
mations in the north and metamorphic units in the south.
Located south of AW, the metamorphic Meydan Forma-
tion (JKme), part of the Bolkar Mountain range (Fig. 3),
comprises Jurassic-Cretaceous-aged meta-carbonates. This
unit, composed of recrystallised limestones and dolomites,
is devoid of fossils (Bilgi¢c 2009; Ulu 2009). Thirteen BCS
exist within these limestones, varying in length from 270 to
710 m, with their long axes aligned in an NW-SE orienta-
tion (Fig. 3b).

The Late Pleistocene-Holocene-aged Hotamis Formation
(Qho) is the predominant lithologic unit in AW and its sur-
roundings (Fig. 3). It comprises gravels, gravelly sands, silts,
and clays. It is subdivided into five members: Boriicekyayla,
Kiipbasan, Ismil, Sazlipinar, and Bataklik. These members
represent depositional sequences from the Konya Paleolake’s
shoreline to its central basin.

The Boriicekyayla Member (Qhob) consists of pebbly
sand layers with an approximate thickness of 10 m, while
the Kiipbasan Member (Qhok) comprises lacustrine shore
deposits, reaching around 20 m. The Ismil Member (Qhoi)
contains clastic lake bottom sediments, including gravel,
sand, clay, silt, and gypsum. In contrast, the Sazlipinar
Member (Qhos) comprises carbonate-rich lacustrine depos-
its with gypsum nodules and cross-laminated gypsum sands.
The Bataklik (Swamp) Member (Qhoba) is distinguished by
water-saturated, dark-coloured soils formed due to persistent
saturation in swampy depositional settings, accumulating

Fig.3 a Lithology map of the
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2009) and b rose diagram of the
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stained organic-rich soils. The Alluvial Fan (Qay), located
south of the study area, also consists of gravelly and sandy
limestone and clayey and silty units (Ulu 20009).

Data and method

This study employs a multi-faceted approach, utilising
Interferometric Synthetic Aperture Radar (InSAR), Google
Earth Engine (GEE), and Corine Land Cover (CLC) change
features to analyse the dynamics of AW and its surround-
ings, with a particular focus on temporal and spatial changes
(Table 1). The following sections describe these methods in
detail, highlighting their contributions to the study.

Google Earth Engine (GEE)

GEE, a powerful platform, enables efficient observation and
processing of multi-sensor satellite imagery without local
storage, rapidly handling large datasets and multiple images
within a single workflow (Gorelick et al. 2017). The GEE
has become the preferred tool in numerous studies, particu-
larly those involving time series analysis, such as the explo-
ration of changes in land cover (Pekel et al. 2016; Chen et al.
2017; Giirbiiz 2023). This study used GEE to analyse long-
term (1985-2023) areal and temporal changes in the AW,
processing over 400 Landsat (TM, ETM +, OLI) images
available on the platform.

In the initial stages of data processing, a comprehensive
study area boundary was delineated to encompass the entire
region surrounding the lake. Filtering out cloud cover was
applied when retrieving images from the relevant Landsat
libraries. Water surface extraction was performed using
images from Landsat 5 satellite between 1985 and 2011.
ETM images were avoided as much as possible due to the
failure in the scan line corrector mechanism of the Landsat 7
satellite in 2003. The images of this satellite were only used
to represent the lake area in 2012-2013. Missing linear areas
in the analysis were corrected as polygons after a manual
correction process. Landsat 8 images were used for lake area
representation between 2014 and 2023.

The NDWTI is one of the most critical remote sensing
indexes, and it is frequently employed to differentiate water
bodies within land cover classifications. Many researchers
have conducted comprehensive studies on mapping water
bodies, including lakes and monitoring them based on
NDWI or its modified forms (McFeeters 1996; Ashok et al.
2021; Ismail et al. 2022; Sha et al. 2022; Li et al. 2022;
Atesoglu et al. 2025).

In this study, images were rapidly acquired using the GEE
platform and the NDWI equation was applied. Annual and
seasonal (summer and winter) area values were calculated
and compared during the NDWI application. Summer was
represented by July, August, and September to represent the
effect of surface temperature on evaporation, while winter
was similarly defined by January, February, and March.
The raster-based images obtained within the scope of the
prepared study area were saved by creating a geographical
database, and the analysis part was completed. The NDWI
equation creates result maps that produce values between
-1 and 1. The threshold value recommended by (McFeeters
1996) for the extraction of water and land in the index results
is 0. Positive values represent water, and negative values rep-
resent land areas. However, since the effect of the distinction
between water and land on the reflectance values recorded
by satellites depends on land cover components such as
shadow, forest, built-up, clouds, and snow, setting a fixed
number as a threshold value makes it difficult to establish
precise boundaries in the extraction of water areas (Ji et al.
2009; Acharya et al. 2018). Since AW is a shallow lake with
a low water level, while determining the specific threshold
values for each index map in the inference of the water area,
the values following the lake boundaries were determined
separately for each index map by visual interpretation of the
index results. This way, the shallow regions constituting the
lake's boundaries were also evaluated. In the post-processing
stage, the lake boundaries were extracted as a vector using
the uniquely determined threshold values. The lake's areal
change was analysed with a 39-year temporal series based on
each year's summer and winter seasons. In 39 years, seasonal
and annual areas of the lake were calculated and visualised
graphically (Fig. 4a). GEE analysis yielded comprehensive
insights into the long-term seasonal and yearly fluctuations

Table 1 The spatial resolution

o Method Dataset Resolution Period Purpose
and the time interval of the
datasets used in the study InSAR Sentinel-1 A/B 100 m 2014-2023 Subsidence rates,
earth surface defor-
mation
GEE Landsat 5 TM 30 m 1985-2011 Water surface changes
Landsat 7 ETM + 30 m 2012-2013
Landsat 8 OLI 30 m 2014-2023
CLC Landsat, Sentinel 100 m 1990 and 2018 Land cover changes
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Fig.4 a The water area extrac- (a) Lake Change

(b) Land Subsidence

tion analysis flow chart. The
first part shows the data pre-pro-
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in the AW's surface area. This analysis provided detailed
insights into the AW's surface area's long-term seasonal and
annual changes. In addition, the methodology framework of
this analysis reveals the ease of GEE in processing big data
and its strengths in temporal series analysis.

Corine Land Cover (CLC)

The desiccation of wetlands and lakes leads to significant
land cover changes (Cal6 et al. 2017; Assefa et al. 2021),
especially in arid and semi-arid regions, where water loss
creates salt pans or playas due to mineral-rich water evapo-
ration (Bilgilioglu et al. 2021). Additionally, the exposure
of dry lakebeds and wetland sediments to aeolian erosion
often forms dunes (Kuzucuoglu et al. 1998) (Fig. 2d). These
transformations impact both the physical environment and
ecosystems, causing habitat loss, reduced biodiversity, and
disruptions to ecosystem services (Erwin 2009).

Monitoring land use and cover changes over time is cru-
cial for understanding the interactions between human activ-
ities and natural processes. This supports informed decision-
making in land management, conservation, and sustainable
development. The CLC system, based on satellite imagery
interpretation, is widely used in Europe to analyse land use
changes, providing national-scale maps every six years for
39 countries (Popovici et al. 2013; Biittner 2014).

This study used CLC maps from 1990 and 2018 to assess
AW's land cover changes and surroundings. A 352 km? area
within a 5 km buffer around the 1985 wetland boundary
was analysed, revealing long-term trends such as agricultural
expansion, urbanisation, and habitat loss.

Interferometric Synthetic Aperture Radar (InSAR)

In addition to GEE, this study employed InSAR to assess
surface deformation, revealing land subsidence in the former
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lake area and its surroundings over the past nine years fol-
lowing desiccation.

InSAR, a technique that detects surface deformations by
comparing radar images from different orbital passes, has
proven reliable for monitoring subsidence and groundwater
storage depletion (Higgins et al. 2014). This method requires
analysing many interferograms, an inherently time-consum-
ing process. The Centre for the Observation and Modelling
of Earthquakes, Volcanoes, and Tectonics (COMET 2024)
provides freely downloadable Sentinel-1A/B interferograms,
operated by the European Space Agency (ESA), coherence
data and unwrapped/ geocoded interferograms with 0.001°
spatial resolution using the Looking into Continents from
Space with Synthetic Aperture Radar (LiCSAR) system
(Morishita et al. 2020; COMET 2024).

To conduct a comprehensive examination of subsid-
ence in the AW, LiCSAR products were employed for both
ascending track 087 (frame 05317) and descending track 167
(frame 05276), encompassing the period from October 2014
to May 2023 (Morishita et al. 2020). A total of 1,521 inter-
ferograms and coherence data for ascending orbits and 1,291
for descending orbits were processed using a small baseline
interferogram inversion approach through the LiCSBAS
open-source software (Morishita et al. 2020, 2023; Morish-
ita 2021). The LiCSBAS is an open-source software pack-
age for analysing InSAR time series that can be used with
LiCSAR products. The LICSBAS software was selected for
its compatibility with the LICSAR products, offering signifi-
cant advantages in terms of time efficiency and disk space
optimisation during interferogram generation, as well as its
effectiveness in processing large interferogram datasets. Fig-
ure 4b demonstrates the general processing workflow.

The Generic Atmospheric Correction Online Service data
were applied to ascending and descending frames to reduce
tropospheric noise (Yu et al. 2018). Furthermore, unwrap-
ping errors exceeding 1.5 radians RMS of the loop phase
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for the closure of three interferograms were discarded from
the processing. Next, we utilised the small baseline network
inversion to calculate the deformation time series (Lopez-
Quiroz et al. 2009). A temporal interpolation technique was
employed to address gaps within the interferogram network,
assuming a linear deformation trend over the long term. Sub-
sequently, a low-pass filter was applied manner spatially.

The Low-pass filtering spatially employs attenuation of
high-frequency components, often associated with noise,
within spatial data. This method achieves spatial smooth-
ing of deformations by diffusively averaging values across
adjacent data points, thereby reducing abrupt variations
and enhancing the continuity of small-scale fluctuations.
In addition, a high-pass filter was used manner temporally.
The high-pass temporal filter is utilised to preserve high-fre-
quency variations, such as rapid changes, while attenuating
low-frequency components, including long-term trends and
periodic oscillations like annual cycles. Both were employed
to enhance the signal-to-noise ratio and emphasise long-term
deformations.

Results

The GEE analyses indicate that AW's surface area displays
significant seasonal fluctuation. The water surface area of
AW, roughly 53 km? during the winter of 1985, significantly
decreased to 0.54 km? by the winter of 2023. In the summer
of 1985, the water body was estimated to have an area of
around 29 km?. By the summer of 2023, the surface area
had decreased to 0.41 km? (Fig. 5a), marking a nearly 99%
reduction in AW's water area. The decrease in the area of
the lake prompted the construction of a filling embankment
approximately 7 km in length and 1.5 m in height in the
northern part of the lake in 2014 (Fig. 7a). As part of the rec-
lamation works, water was transported through water canals.
The implementation has resulted in the formation of a small,
permanent water body during summer (Fig. 5b).

Fig.5 a Variations in lake 60
surface area throughout winter
and summer from 1985 to
2023, accompanied by sinkhole
formation. b The AW's surface
area in 1985 and 2023

(@)

50

40

30

Total surface area (km?)

10

The submerged portion of the lake is now small, and
increasing human activity in and around the former lake
region has significantly altered the land cover. The lake's
disappearance has led to marshes and salt marshes. A 5 km
buffer zone established in 1985 (Fig. 6) shows that salt
marshes emerged on the lakebed between 1990 and 2018,
expanding to 665 ha. Their formation coincided with sur-
face runoff, particularly in the southwest, where sinkholes
are present. Marshland has also expanded, and pastureland
has grown, especially in the east, replacing natural grass-
lands. Due to nearby small villages, artificial area expan-
sion has remained limited (Fig. 6).

Subsidence rates from October 2014 to May 2023 high-
light significant ground deformation in the study area.
InSAR results indicate annual subsidence of 15-33 mm
in the southern part of the AW (Fig. 7a-b). This region,
the lowest elevation zone, consists of Quaternary units
overlying limestones, where high subsidence aligns with
the Akgol Fault line separating the geological units (Eren
et al. 2025). The CCS is located near the Akgol Fault,
covered by lake sediments, which play a crucial role in
subsidence and sinkhole formation by creating zones of
weakness that facilitate fluid movement. The alignment of
high subsidence in the study area follows the fault lines,
while the intersection of the fault with surface water runoff
from rainwater influences CCS development.

To analyse the temporal characteristics of subsidence,
time series were generated from two locations (Site 1 and
Site 2) exhibiting elevated subsidence rates. The time
series for Site 2 indicates that the total sinking during nine
years amounted to 232 mm. A seasonal subsidence pat-
tern is seen in the study area, with the most pronounced
seasonality observed at Site 1 (Fig. 7c). Additionally, a
significant increase in subsidence levels has been recorded
at Site 2 since 2019 (Fig. 7d). The InSAR time series data
indicate that subsidence rates escalate during intervals of
reduced precipitation, attributed to a decrease in the water
table.
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Discussion

The KCB is the largest closed basin in Tiirkiye, encompass-
ing numerous lakes and wetlands, but faces severe water-
related issues. Climate change and inefficient water manage-
ment policies have exacerbated these issues, especially in the
agricultural sector (Cal¢ et al. 2017). The surface waters and
groundwater in the KCB are extensively utilised for agri-
cultural purposes. The construction of dams in the KCB,
characterised by a semi-arid climate, has reduced surface
water flow and led to decreased groundwater levels due to
the installation of water wells (Yilmaz et al. 2021). Water
well data reveals a significant acceleration in groundwater
level decline in the KCB, particularly since 2014 (Fig. 1c—d),
with water levels dropping by approximately 3—4 m annu-
ally (Ustiin et al. 2015; Orhan 2021; Sireci et al. 2021).
This situation has resulted in the formation of cover col-
lapse sinkholes and the occurrence of varying rates of sub-
sidence in the KCB (Bayari et al. 2009; Ustiin et al. 2010,
2015; Dogan and Yilmaz 2011). The Karapinar region is
undergoing land subsidence and sinkhole development due
to significant groundwater extraction that began in the early
2000s (Orhan et al. 2024). Over-extraction of groundwater
in agricultural regions has led to a decline in the water table
by ~4 m per year from 2014 to 2019, causing subsidence of
8 cm per year in the Konya metropolitan area (Sireci et al.
2021). Groundwater levels decreased by 20-24 m from 2000
to 2022 (Orhan et al. 2024). In addition to accelerating sub-
sidence, seasonal variations in subsidence are also noticed.
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This seasonal pattern of subsidence follows the temporal
fluctuations in groundwater levels (Ustiin et al. 2015; Gezgin
2022; Orhan et al. 2024).

In recent years, the occurrence of land subsidence and
the formation of sinkholes in the KCB has been identified
and monitored using InSAR observations (Ustiin et al. 2010,
2015; Cal6 et al. 2017; Orhan et al. 2024). One of the most
notable findings is the increase in the subsidence rate over
time. For example, in Konya City, the subsidence rate rose
from 15 mm/year between 1995 and 2000 to 30 mm/year
between 2002 and 2010 and to 50 mm/year from 2014 to
2015 (Ustiin et al. 2015; Canaslan Comut 2016). A further
study found that the subsidence rate increased from a few cm
per year to 11 cm per year between 2014 and 2019 (Sireci
et al. 2021). Our study recorded the highest total subsidence,
232 mm, over the observation periods (Table 2).

The formation of sinkholes in the KCB is primarily linked
to the distribution of faults, subsidence, and groundwater
extraction (Dogan and Yilmaz 2011; Coskuner et al. 2021;
Eren et al. 2021, 2024, 2025; Bayar1 et al. 2024; Orhan et al.
2024). The density and extent of cracks and faults signifi-
cantly influence subsidence and sinkhole development by
creating zones of weakness that facilitate fluid movement
(Burbey 2002; Cigna et al. 2011; Hu et al. 2019; Eren et al.
2021; Vassileva et al. 2021; Raspini et al. 2022). The regions
most affected by subsidence and sinkhole formation in the
KCB coincide with fault distributions, often lying by Qua-
ternary sediments (Sireci et al. 2021; Arik 2023; Orhan et al.
2024; Eren et al. 2024). This study highlights a connection
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Fig.7 a, b InSAR deforma-
tion maps show the vertical
component derived from
ascending and descending orbits
using LICSAR products. ¢, d
InSAR time series data at Site

1 and Site 2 for ascending and
descending orbits
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Table 2 Subsidence values determined by InSAR method in KCB

References Study area Period Annual subsidence rate Maximum rate Total subsidence
(Local rate)

(Ustiin et al. 2010) KCB 2006-2009 12-52 mm/year

(Ustiin et al. 2015) KCB 2002-2009 10-40 mm/year

(Canaslan Comut 2016) Konya city 1995-2015 30-60 mm/year 50 mm/year

(Cal6 et al. 2017) Eastern part of KCB 2002-2010 12 mm/year 100 mm

(Ahmed et al. 2020) KCB 20112014 50 mm/year 200 mm

(Weiss et al. 2020) KCB 2014-2019 > 50 mm/year

(Orhan 2021) Konya city 2014-2018 75 mm/year 200 mm

(Sireci et al. 2021) Konya city 2014-2019 60-70 mm/year 110 mm/year

(Yesilmaden et al. 2021) KCB 2016-2019 17 mm/year 160 mm

(Gezgin 2022) Karaman province 2016-2021 25 mm/ year in city centre 50 mm/year

(Orhan et al. 2024) Karapinar Region 2014-2018 25 mm/year 70 mm/year 100 mm

This study Akgol Wetland 2014-2023 15-30 mm/year 50 mm/year 232 mm
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between seasonal surface runoff in dried lake areas and
sinkhole occurrence, particularly where it intersects with
the Akgol Fault, main crack and high subsidence zones.

The Akgol Fault is intersected by NW—-SE and NE-SW
oriented transfer faults, subsidence-related surface fissures,
and surface faulting (Eren et al. 2025). Figures 3 and 7a
reveal thirteen BCS in the limestone south of AW, aligned
NW-SE toward the CCS formation area. The orientation of
BCS generally matches fault and crack lines (Oztiirk et al.
2018a, b), suggesting two potential mechanisms for their
role in covered collapse sinkhole formation in AW. The
first hypothesis posits that subsidence dolines, buried under
alluvium, lie beneath the current sinkholes and align with
BCS extensions. The second proposes a significant NW—SE
trending crack system alongside the Akgol Fault. Given the
interrelationship between subsidence, sinkholes, BCS, sea-
sonal runoff, and faults, it is imperative to conduct precise
fault mapping and monitor temporal changes in lake surfaces
in regions where subsidence and sinkholes pose a risk, as
well as to undertake a comprehensive investigation into the
interactions among these phenomena.

Conclusion

The AW has undergone significant subsidence in recent
years, accompanied by the formation of numerous sinkholes.
The annual average subsidence rate in the former lake area
ranges from 15 mm/year to 30 mm/year, resulting in a total
subsidence of 232 mm between 2014 and 2023. The highest
subsidence rates are concentrated in the southern part of the
former lake, particularly along the limestone, where struc-
tural weaknesses and fault activity play a crucial role. Recent
CCS formations in this region are primarily attributed to the
intersection of the surface runoff direction with fault lines,
particularly along the Akgol Fault and associated crack lines.

In addition to the region's tectonics, the BCS in the south
of the area is oriented to the current sinkhole area. These
tectonic and geomorphologic highlights are two possible
mechanisms driving sinkhole formation in the AW. First,
BCS buried beneath alluvium may exist beneath the cur-
rent sinkholes. Second, a significant crack system, extend-
ing in NW-SE direction in addition to the Akgdol Fault,
likely enhances subsidence processes. These structural
weaknesses, surface water infiltration and seasonal fluctua-
tions in groundwater levels contribute to progressive land
deformation.

Time-series analyses indicate that while subsidence
exhibits seasonal variability, its rate has accelerated mark-
edly in recent years. This trend suggests an increasing risk
of further sinkhole formation, particularly in areas that have
already experienced substantial ground deformation. Given
the interrelationship between subsidence, sinkholes, collapse

@ Springer

dolines, seasonal runoff, and fault activity, conducting high-
precision fault mapping and monitoring temporal changes
in lake surfaces is critical. Furthermore, a comprehensive
investigation into the interactions among these processes
is necessary to assess future risks and develop mitigation
strategies for the affected areas.
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