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Abstract

:

The endorheic Konya Basin is a vast aggradational plain in Central Anatolia, Türkiye. It occupies a significant portion of Konya Province, covering approximately 50,000 km2. The basin is subjected to intense groundwater withdrawal and extensive agricultural activities with excessive irrigation. These activities have led to human-induced hazards, such as sinkholes and regional land subsidence. Although sinkhole occurrence mainly occurs in the Karapınar area, land subsidence is primarily observed in the central sector of Konya city, with 2 million inhabitants, as well as in various parts of the basin. This study focuses on determining the extent and rate of land subsidence throughout the basin, understanding sinkhole formation, and unraveling their relationship with anthropogenic activities. For this purpose, Interferometric Synthetic Aperture Radar (InSAR) analysis of Sentinel-1 data from 2014 to 2022 was conducted to identify and assess land subsidence. We also used the land cover data and groundwater-level information to better understand the spatial and temporal patterns of land subsidence and sinkhole occurrence. Additionally, the land cover data were used to resolve spatial–temporal variations in the cultivated area and urbanization, which are the main factors governing groundwater exploitation in the region. Our study identified widespread subsidence zones with rates as high as 90 mm/y. Groundwater overexploitation to sustain extensive agricultural operations is the main cause of the high rate of land subsidence. Additionally, it was discovered that the number of sinkholes has substantially increased due to anthropogenic influences, currently amounting to as many as 660.
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1. Introduction


Karst landscapes are characterized by the predominance of subsurface drainage and distinctive landforms associated with soluble rocks, such as carbonates and evaporites [1]. Karst landforms cover a wide range of sizes, from millimeters to hundreds of kilometers (e.g., karren, sinkholes, caves, poljes, monoclinal scarps atop dissolution fronts), and are primarily created by solutional denudation in the surface and subsurface [2]. Essentially, subsurface dissolution by undersaturated groundwater with respect to the constituent minerals of the surrounding rocks results in the development of permeability and underground drainage systems through which solute load is transported. Subsidence related to subsurface dissolution is one of the most important morphogenetic processes in karst terrains. Solutional mass removal at depth may lead to the gravitational deformation (collapse, sagging) and/or internal erosion (subrosion) of the overlying undermined material. These subsidence phenomena can display a wide spectrum of spatial and temporal patterns, ranging from small catastrophic sinkholes to regional subsidence structure-related long-term interstratal dissolution of evaporites [2].



About 40% of the area in Türkiye is underlain by rocks suitable for karstification (ca. 300,000 km2), and six major karst regions have been identified in the country [3]. The Central Anatolian Karst Region (CAK) is a semi-arid continental area surrounded by the Taurus Mountains Karst in the south, the Thrace and Black Sea Mountains Karst in the north, and the Eastern and Western Anatolian Karst [3]. Tectonically, the CAK lies at the center of the Anatolian microplate within the Arabia–Eurasia convergence realm, characterized by substantial neotectonic deformation [4]. The plateau is bounded by NE–SW and NW–SE (Sultanhani Fault as part of the Eskisehir Fault zone, Tuz Gölü Fault) trending faults, and its tectonic evolution as an endorheic basin is related to an extensional regime that took place mainly during Miocene–Early Pliocene times [5], but active normal faults are also present today.



At the southern sector of the CAK, the Konya Basin is a high-elevation and low-relief region [6] lying between 1050 and 1350 m a.s.l. [3]. It contains the dried-out pluvial Konya paleolake and the residual Salt Lake (Tuz Gölü in Turkish) (Figure 1) [7,8,9]. The Akşehir Lake closed basin to the north also forms part of the CAK.



In a number of regions in the world, hypersaline lakes show extremely high rates of water-level drop, such as Urmia Lake in NW Iran [10], the Dead Sea [11] in the Middle East, and Salt Lake in central Türkiye [7,12]. Anthropogenic salt production and the use of water resources (Dead Sea, Salt Lake) have been identified as the main reasons for the decrease in the water levels (e.g., [13,14,15,16]), whereas at Urmia Lake, recovery programs are currently being implemented [17].



Worldwide, sinkholes are among the most significant geological hazards in karst areas, leading to negative consequences in terms of economic losses and loss of human life [18,19,20]. Some of the most destructive sinkholes have formed in Wink, TX, USA [21]; southeastern Minnesota, USA [22]; Nash Draw, southeastern New Mexico, USA [23]; Tournaisis, southern Belgium [24]; Apulia, southern Italy [25]; Naples, southern Italy [26]; Ebro River valley, Spain [27]; the shores of the Dead Sea [28,29]; Hamedan, Iran [30]; Sivas, Turkey [31]; Konya, Turkey [14]; and Karapınar, Turkey [32,33]. Gutiérrez (2016) provided a compilation of some of the most damaging sinkhole events in carbonate and evaporite karst areas [34].



Paleoclimate reconstructions indicate that cold and wet environmental conditions in the Eastern Mediterranean during the Last Glacial Maximum led to lake-level highstands between 20 and 22 ka [35]. The transition between wet and dry periods was recorded by the deposition of evaporites in some lakes, as determined by borehole data [36]. Recent dating situates the highstand of Konya Lake at around 28~21.7 ka, lasting sufficient time for the development of wave-cut landforms in the Jurassic and Pliocene carbonates exposed at the northern shore of the Konya paleolake [6].



The Karapınar Hotamış plain is a desiccated sub-basin of the Konya paleolake [37]. Research has focused on this area since the 2000s because of the increasing occurrence of cover collapse sinkholes [38,39,40,41]. Sinkholes in Turkish are commonly designated as obruks, mainly referring to as collapse sinkholes, which reach hectometer-scale diameters in the limestone plateau within the Konya Basin of central Türkiye [42]. These obruks, which often form catastrophically and with sizes ranging between a few meters and tens of meters in diameter (Figure 2), can cause detrimental effects on agriculture, infrastructure, and human safety, as documented in many places worldwide [15,43,44,45,46,47,48]. Sinkholes that have occurred since 1970 are considered new depressions potentially induced by human activity, whereas other depressions, especially the numerous degraded bedrock collapse sinkholes, may have formed a long time ago in Quaternary and Neogene times and under different environmental conditions [49]. The formation process has been attributed to the collapse of cavities created in Neogene limestones by rising undersaturated groundwater in a hypogenic karst system. Older, buried sinkholes (i.e., paleosinkholes) are also observable in exposures of Permian to Triassic marbles and Jurassic to Cretaceous limestones [3] at elevations of up to 550 m above the basin floor. Their potential role in the desiccation of the Konya paleolake is still under debate [3]. The aggressiveness of the rising water can be renewed/enhanced by the incorporation of deep-sourced CO2 of volcanic origin. Most probably, cavity-roof instability has been induced in recent times by the escalating groundwater-level drop caused by aquifer overexploitation [49,50]. Recently, various types of sinkhole susceptibility maps have been developed to help local authorities identify the most hazardous areas and mitigate the potential detrimental effects of new sinkholes [15].



However, sinkholes have also occurred recently in other areas around the paleolake, such as in basin floor and in alluvial deposits around the dried-out lake in Seyithacılar village in the Hotamış and Çumra area. Remote sensing studies analyzing recent subsidence patterns in the whole Konya Basin are lacking. Here, we focus on the Interferometric Synthetic Aperture Radar (InSAR) analysis of the distribution of recent high-rate subsidence areas and the role played by anthropogenic factors. We aim to answer the following main questions: Where does the subsidence occur? What are the spatial patterns of sinkhole formation? Which region is the most active (i.e., most hazardous one)? Is there a relation between the highstand shorelines of the Konya paleolake and the distribution of subsidence phenomena? What is the relation between the groundwater flow directions and subsidence processes? Can we decipher specific hydrogeologic conditions for subsidence development?




2. Study Area and Hydrogeology


The endorheic Konya Basin, covering over 50,000 km2, is located in the southern sector of the Central Anatolian Plateau, lying at approximately 1000 m a.s.l. (Figure 1). The Konya Basin includes the NW–SE-trending Beyşehir and Suğla sub-basins in the western sector of the basin, north of the Taurus Mountains; the V-shaped Konya–Karapınar sub-basin in the south; and the Tuz Lake sub-basin in the north (Figure 3).



The endorheic Konya Basin is located between 36°51′ N and 39°29′ N latitude and between 31°36′ E and 34°52′ E longitude. Geographically, the Konya Basin is surrounded by high mountain ranges such as the Sultan Mountains to the west and the Taurus Mountains to the south [15]. These ranges define the divides of this hydrologically closed basin, limiting surface and underground water inflow and outflow. In addition, outcrops of recent volcanic rocks such as the Karacadağ Mountain, the Erenler Mountain, and the Takkeli Mountain form topographic highs within the basin. The endorheic Konya Basin has a complex hydrogeology with significant underground water resources. The water of the Büyük Menderes River and the groundwater recharged in the Taurus Mountains flow underground, forming significant karst water resources. Groundwater levels decrease progressively due to the excessive use of water resources and the arid climatic conditions of the basin [14]. This situation not only threatens the sustainability of water resources but also induces the formation of sinkholes that cause social and economic damage [51]. Our cartographic sinkhole inventory was obtained from the State Hydraulic Works (DSİ). This inventory was updated with field studies carried out in 2023 and orthoimages from 2021 and 2022. The inventory includes a total of 660 sinkholes located within the basin. Additionally, chemical fertilizers and pesticides used in agricultural areas cause groundwater-quality problems in the region.



The basin has a continental climate characterized by hot summers and cold winters with considerable spatial variability. Whereas the climate demonstrates Mediterranean features in Beyşehir and its surroundings in the southwest, a semi-arid climate prevails in most of the endorheic basin. The driest zone corresponds to the Karapınar area, which is the region with the least rainfall in Türkiye (270 mm/y). The mean annual precipitation varies between 250 mm and 400 mm [52,53,54], with considerable potential for droughts. Despite the shortage of precipitation in the basin and the limited aquifer recharge, extensive agricultural activities are developed using groundwater [55]. The water needs of agricultural lands are met by groundwater. Aquifer overexploitation, together with the geological characteristics of the area, including thick Quaternary deposits and karstified bedrock, lead to geohazards such as land subsidence and sinkholes. Therefore, sustainable water management and measures to counteract climate change are of great importance in this region.



The basement of the basin consists of three continental blocks: the Sakarya Zone Block, the Kırşehir Massif, and the Torid Block. The Sakarya Zone includes Triassic subduction–accretion complexes overlain by Jurassic–Cretaceous carbonate rocks and Cretaceous–Paleocene volcanic and sedimentary successions [56]. The Kırşehir Massif is characterized by Cretaceous metamorphic and granitic rocks. The Torid Block in the south of the basin consists of Paleozoic–Mesozoic sedimentary rocks. The Eocene sequence includes flysch, limestone, and volcanic rock.



The neo-autochthonous rocks of the basin include Mio–Pliocene terrestrial formations and Miocene–Quaternary volcanic rocks (Figure 4). The Late Miocene–Pliocene İnsuyu Fm. Consists of lacustrine micritic limestones, marls, claystones, and sandstones [57,58]. The formation of sinkholes in the Konya Basin is mainly related to the presence of karstified (i.e., cavernous) carbonate rocks of the İnsuyu Fm. Törk et al. (2013) determined a thickness of 180 m for this formation in a borehole drilled near Karapınar. Many cavities with heights ≥ 50 cm and reaching up to 190 cm were identified in this borehole, especially concentrated at depths of 24–47, 70–93, and 131–179 m [59]. Canik and Arıgün (2001) presented data from an oil well drilled near Sultanhanı, where the thickness of the İnsuyu Fm. is at least 300 m [60]. The volcanism that occurred in the basin between the middle Miocene and the late Holocene resulted in the widespread distribution of the volcanic rocks, including Miocene andesites, Pliocene Karacadağ volcanites, and Late Holocene maar-related pyroclastic rocks and basalts found near Karapınar and Aksaray in the eastern portion of the basin [58]. Lacustrine and alluvial sediments are interbedded with the volcanic products. Bayarı et.al. (2009), using hydrochemical and isotopic data, noted the presence of high contents of dissolved carbon dioxide and volcanic elements in the basin [50]. The volcanic nature of the area has potentially contributed to renewing or enhancing the aggressiveness of the underground waters with respect to carbonate minerals by supplying deep-sourced CO2 and SO2, leading to localized hypogene karst [50,60].



Quaternary deposits unconformably overlie the İnsuyu Formation, covering large areas of the basin (Figure 4). The Quaternary cover mainly corresponds to unconsolidated deposits of the Konya paleolake in the Konya–Karapinar sub-basin and the deposits of the Tuz pluvial lake, which covered a much larger area in the Late Pleistocene than today [35,61]. These Quaternary lacustrine sediments, which are up to 400 m thick in places, consist of clays, silts, sands, and gravels with thin evaporite and carbonate layers [58]. The margins of both the Tuz pluvial lake and the Konya pluvial lake are characterized by alluvial fans associated with marginal Quaternary faults. During the Late Pleistocene, climate fluctuations caused water-level changes in the Konya pluvial lake, recorded by four shoreline scarps and lake terraces [62]. There are two generations of nested alluvial fans on the margins of the Konya paleolake, in which base-level changes and tectonic activity played an important role in their formation [63]. The lake extent peaked during the Last Glacial Maximum, reaching an area of more than 4000 km2. Erol (1985) stated that the lake-level changes were instrumental in the formation of the old sinkholes and that they may have controlled the development of caves related to groundwater flow from the Konya paleolake to the relatively low-lying Tuz pluvial lake during the pluvial period [62].



The sub-basins are bounded by faults. The Tuz Gölü sub-basin is bounded by the active NW–SE-trending Tuz Gölü Fault zone, which is one of the main tectonic structures in Central Anatolia [64,65]. This is a right-lateral strike-slip fault with a SW-ward displacement component. The V-shaped Konya graben is one of the largest extensional neotectonic structures in western Anatolia [66]. It is bounded by active normal faults capable of generating large earthquakes (e.g., [67]). The Konya Basin includes a number of smaller intrabasinal grabens and horsts. One of these smaller grabens is the NE–SW-trending Karapinar graben, flanked to the SE by the Karacadağ horst, which is composed of volcanic complexes [66]. The active fault zone bounding the NW margin of the Karapınar graben mainly strikes NE-–SW, whereas some segments of the fault show a NW–-SSE trend to the north of the graben (e.g., Seyithacı Fault [68]). There are also concealed active normal faults that offset young lacustrine sediments within the basin. The fact that most sinkholes are concentrated close to the faults, forming two main alignments with NE–SW and NW–SSE orientations (Figure 4), reveals strong tectonic control over sinkhole formation [69].
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Figure 4. Geological map (modified from [70]). 






Figure 4. Geological map (modified from [70]).
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The main groundwater drainage in the Konya endorheic basin has been considered to flow via subsurface channels to Tuz Lake to the NE and via Göksu River to the Mediterranean in the south [3]. Lakes and marshes (e.g., Akgöl) still exist in several sub-basins of the Konya endorheic basin. The surface drainage system from Karaman to Salt Lake seems not to exist anymore, and an underground karst drainage system similar to that of the Taurus Mountains with sinkholes acting as connection pathways has been proposed to exist instead [37,71].




3. Data and Methodology


In this study, we used data from various sources to identify the temporal and spatial patterns of land subsidence in the Konya endorheic basin. First, SAR satellite data acquired by Sentinel-1, operated by the European Space Agency, were used to detect ground subsidence in the basin. Groundwater well data showing the temporal variation of the groundwater level were analyzed, and the flow directions in the basin were determined. We analyzed the relationship between land subsidence and the groundwater flow directions in the basin, as well as the drop in the water table level. Sentinel-2 land cover data within the scope of the ESA WorldCover project [72] were also used to reveal the current status of the basin and its relationship with land subsidence. In addition, the cartographic inventory of sinkholes in the region was first provided by the General Directorate of State Hydraulic Works (DSİ) and then updated using georeferenced orthophotos (2021–2022) in a GIS environment. This inventory was refined by field studies, which also included the investigation of surface fissures and scarps associated with land subsidence. This updated sinkhole inventory was used to investigate the spatial distribution of the sinkholes in the basin, their relationship with water table decrease, and its relationship with land subsidence. Finally, the shorelines of the maximum level of the Konya paleolake and the Tuz pluvial lake [36,73] were digitized and used to unravel the relationships of the old shorelines with the deformations in the basin.



InSAR Processing


To comprehensively analyze surface deformation in the Konya Basin, we employed the InSAR technique using Sentinel-1 data spanning from October 2014 to August 2022. The Konya Basin is covered by two frames (05077 and 05276) of Sentinel-1 data in descending track 167. The LiCSAR automatic InSAR processing platform provided the interferograms were used in this study, with a spatial resolution of approximately 100 by 100 m [74]. In the northern frame (05077), we used a total of 1136 interferograms from 338 Sentinel-1 images. However, it is important to note that a temporal gap exists in the interferogram network between July 2020 and February 2021. Similarly, in the southern frame (05276), we obtained 1218 interferograms from 367 Sentinel-1 images.



To ensure robust surface deformation results, we conducted a small baseline analysis for each frame using the LiCSBAS processor [75]. Tropospheric phase delay correction was applied using Generic Atmospheric Correction Online Service for InSAR (GACOS) products [76]. Additionally, the loop phase was calculated for triplet interferograms to identify and remove interferograms with significant unwrapping errors. Subsequently, 69 and 90 interferograms with large unwrapping errors were eliminated from the northern and southern frames, respectively. The small baseline network inversion was then employed to estimate the deformation time series. To handle the gaps in the interferogram network, we applied a temporal interpolation based on the assumption of a long-term linear deformation.



Next, we masked out pixels that met specific criteria: pixels with more than 10 gaps in the small baseline network, more than 15 unclosed loops, or pixels with a root mean square of residuals in the small baseline inversion higher than 2 mm. After applying the masking process, approximately 89% and 80% of pixels in the northern and southern frames remained, respectively. Subsequently, we applied a low-pass filter in space and a high-pass filter in time to enhance the signal-to-noise ratio and highlight the long-term deformation patterns. Finally, we estimated the average velocity in each frame and stitched the results from both frames to create a seamless velocity map covering the entire Konya Basin. This approach allowed us to obtain a comprehensive and accurate representation of the surface deformation in the study area over the 8-year period from October 2014 to August 2022.





4. Results


The SBAS method was used to process Sentinel-1 images taken between October 2014 and August 2022, resulting in a deformation velocity map of the Konya endorheic basin in the satellite line of sight (LOS) direction (Figure 5). Whereas the red areas in the map represent surface deformation reaching 90 mm/year away from the satellite, the green areas show stable areas in the closed basin where there is no appreciable surface deformation. Subsidence was observed over extensive areas throughout the basin. The spatial extent of land subsidence with LOS rates ≤ 10 mm/year covers 7360 km2, corresponding to approximately 15% of the closed basin. Given that subsidence is anticipated to be the primary deformation factor in this region, we henceforth refer to the observed deformation away from the satellite as subsidence.



Additionally, the surface deformation map in Figure 5 shows the shorelines of the pluvial Tuz Lake and the Konya paleolake within the endorheic basin. It illustrates that the shorelines of the Konya paleolake, shown with white lines, largely coincide with the red areas showing high-rate land subsidence on the deformation map. The main reason for this is the variable facies of the Quaternary sediments accumulated in the paleolake and the uneven consolidation of this material over time, leading to differential subsidence. The pluvial Tuz Lake, located in the northern part of the basin, is shown with pink lines in Figure 5. When the relationship between the pluvial Tuz Lake, which has a surface area of 5800 km2, and the InSAR results were examined, it was determined that there was a moderate level of agreement. It is noteworthy that substantial deformation was detected, especially in the southern parts of this lake and outside the border of the pluvial Tuz Lake.



Figure 6 and Figure 7 show land cover, groundwater well locations, InSAR results, and time series of ground subsidence at various settlements and locations within the Konya Basin. As mentioned in the Section 3, the unavailability of interferograms in frame 05077 on the LiCS platform during 2020 and 2021 caused a temporal gap in the time series for points c-III and b-III in Figure 6 and Figure 7, respectively. To address this gap in data coverage, a long-term linear deformation was assumed in the InSAR time series processing. Maps and graphs in Figure 6 illustrate the spatial–temporal variations of ground deformation in Konya, Karaman, and Aksaray cities and surroundings, as well as their relationships with human factors. The areas in red in Figure 6a-I show the built-up areas in Konya city, whereas those in pink are the croplands. Figure 6a-II shows the ground subsidence values in the same area obtained by the InSAR technique. The comparison of both figures reveals that subsidence zones with LOS rates corresponding to movement away from the satellite greater than 80 mm/y occurred in the central and eastern parts of Konya city. In addition, the time series at the location indicated with a star in Figure 6a-II shows that land subsidence reached 50 cm in LOS in Konya city center in approximately eight years (Figure 6a-III). Rapid subsidence in urban areas, especially when deformation occurs unevenly, can potentially cause significant building damage and economic losses. The effect of subsidence is clearly seen in linear urban elements, such as garden boulevards. In addition, settlement at different rates, which can affect buildings, can cause severe cracking in the structure, compromising its integrity. This situation is commonly observed in doors and windows.



In the Karaman area, there was a clear spatial correlation between agricultural areas, wells used for groundwater withdrawal, and areas affected by subsidence (Figure 6b-I,b-II). Since the city center of Karaman is mainly located on bedrock, the subsidence observed in the areas underlain by lake deposits does not occur in the city center of Karaman, founded on bedrock. LOS rates close to −80 mm/y were detected in croplands and grasslands. Additionally, the time series graph of the Karaman region indicates that seasonal water table changes have an effect on deformation values (Figure 6b-III). The time series graph shows that although deformation slows down in the winter months, subsidence rates increase in the summer months due to the water table drop. Intensive agricultural activities are carried out in the Aksaray city area, like in other sectors of the basin. At the same time, the NW–SE-oriented Tuz Gölü Fault zone runs along the NE edge of the city (Figure 6c-I,c-II). InSAR results indicate LoS rates between −10 mm/y and −70 mm/y, especially in the downthrown block of the fault (i.e., basin fill), whereas no deformation was identified in the bedrock terrain of the footwall. Additionally, slow subsidence was detected in Aksaray city center.



In the Karapınar region, where approximately 90% of the recent sinkholes have formed, no deformation was observed in the city or the eastern parts, whereas LOS rates reaching −60 mm/y were observed in the western parts (Figure 7a-II). LOS deformation values of up to −75 mm/year were observed in croplands and some grasslands, as shown in Figure 7a-I. In addition, the spatial distribution of ground subsidence in the Karapınar region is restricted by faults, which define the boundary of the unconsolidated deposits of the basin fill. The Karapınar solar power plant, which is the largest in Europe and one of the largest solar plants in the world, is located in the endorheic basin. This renewable energy facility, covering an area equivalent to about 2600 soccer fields, was built with an investment of USD 1 billion. According to the InSAR results in the area, framed by a dashed yellow line in Figure 7a-II, a significant portion of this land is affected by subsidence that might cause damage. LOS rates as high as −60 mm/year were observed in this area. Additionally, the facility is located in the vicinity of a sinkhole area with a high probability of new sinkhole occurrence. Therefore, this area is also threatened by potential sinkhole damage. Another region within the basin that is strategically important and can be considered hazardous is the Tuz Gölü Underground Natural Gas Storage Project area, located in the southern parts of Tuz Lake. The places shown with black triangles in Figure 7b-I show the approximate locations of this natural gas storage area. This region is where the highest subsidence values were observed in the basin, with LOS rate values as high as −100 mm/y. InSAR results and land cover maps of the Ereğli region are shown in Figure 7c-I,c-III, respectively. While no subsidence is observed in the Ereğli city center, underground by bedrock similar to Karaman city, LOS deformation rates of up to −75 mm/y was observed in places with intense agricultural activities.



Figure 8b shows an image taken from an unmanned aerial vehicle and topographic/deformation profiles of the N–S-oriented surface fissures and scarps examined in the Adakale/Karapınar region in August 2023. This site is associated with the eastern margin of the Konya Lake graben, controlled by a N–S-striking and west-dipping normal fault system, whose main strand runs next to Adakale village. The topographic profile traverses a 120 m-high andesite hill in the east, and the piedmont to the west is underlain by basin-fill alluvium. These scarps–fissures, which are up to 500 m long, are parallel to the basin margin fault and show a westward vertical displacement of up to 2 m, consistent with the normal fault system that controls the margin of the graben and thickness variations in the basin fill (Figure 8b). InSAR data indicate that land subsidence is restricted to the area underlain by alluvium, reaching values of −80 mm/y in LOS, whereas no displacement was recorded on the hill with exposed bedrock. These surface ruptures are compatible with differential compaction controlled by sharp lateral changes in the overburden thickness, likely governed by concealed normal westward faults.



In order to analyze the spatial and temporal patterns of land subsidence, the subsidence map of the study area, the land cover map of 2021, the temporal variations in groundwater levels, and possible groundwater flow directions were determined and are shown in Figure 9, Figure 10 and Figure 11. ESA land cover data from 2021 were used to assess the spatial relationship between the current land use and the two types of subsidence—mainly large-scale subsidence detected by InSAR plus cover collapse sinkholes. The Konya endorheic basin consists of 41.6% (20,700 km2) cropland, 39.5% (19,657 km2) grassland, 9.7% (4843 km2) bare/sparse vegetation, 3.8% (1923 km2) tree cover, 3.7% (1856 km2) permanent water bodies, and 1.5% (750 km2) built-up areas. Less than 1% consists of herbaceous wetlands and shrublands (Figure 9). When the land cover in which the recent sinkholes occurred were analyzed, it was determined that 390 (60%) of the sinkholes formed in grasslands, 195 (30%) in croplands, 73 (11%) in bare/sparse vegetation areas, and 2 in built-up areas.



On the other hand, the relationships between land subsidence and sinkhole formations observed in the endorheic basin with groundwater withdrawals and groundwater table were examined temporally and spatially. Figure 9 shows that the areas affected by higher subsidence rates tended to be associated with the shorelines of the pluvial Konya and Tuz lakes, as documented in the literature [6,73]. Figure 10 shows groundwater level changes between 2022–2000 and 2022–2014. Although the average decrease was around 20 m between 2000 and 2014, it was determined that water table drop increased to 40 m in 2022. In addition, the regions where sinkholes are most common correspond to areas with the greatest groundwater level decreases. Figure 10 shows the overall groundwater-level change in the study area using 30 observation wells with long-term and continuous data. Although the maximum water level depth in the region was 72.88 m in 2000, it was 85.66 m in 2014 and 96.86 m in 2022. The average groundwater level depth of the 30 observation wells was 23.63, 31.47, and 39.45 m for 2000, 2014, and 2022, respectively. Thus, it can be estimated that the average water table decrease in the region was 0.69 m/y. Figure 11 also depicts the possible groundwater flow directions based on contour lines of the groundwater level (i.e., equipotential lines). Groundwater flows northwards from the Taurus foothills to the central areas and then towards Lake Tuz, located in the north of the basin and functioning at the regional base level (Figure 11) [6].




5. Discussion


This study analyzes land subsidence induced by groundwater over-pumping in the Konya endorheic basin using (1) InSAR displacement data (deformation maps and time series) derived from Sentinel-1 data covering the period 2014–2022, (2) spatial–temporal variations of groundwater level, (3) land cover data, and (4) field studies. Land subsidence locally reached satellite LOS rates of 90–100 mm/y between 2014 and 2022.



Previously published information in areas such as Konya [51,77], Karaman [78], and Karapınar [79] was updated and refined in this study. Moreover, active land subsidence in the Aksaray, Ereğli, and Niğde settlements and their surroundings were investigated for the first time. In addition, the land subsidence in the Tuz Gölü Underground Natural Gas Storage Project area and the Karapınar solar power plant area, which are economically and strategically important regions, were investigated. It was observed that these strategically important areas suffer from rapid ground subsidence, which may potentially cause damage to these facilities. In 2012, a sinkhole with a diameter of approximately 110 m formed in Louisiana in the USA [80]. When the reasons for the formation of this sinkhole were investigated, it was reported that it was caused by emptied salt domes operated by the Texas Brine Company in the region and opened for underground gas storage [80]. All settlements near this sinkhole, called the Bayou Corne sinkhole, were evacuated, and economic losses were experienced in the region [81]. Other areas of sinkhole and subsidence formation above solution salt mining include Pinheiro (Maceió), Brazil [82], where even after a complete stop to salt mining, the area continues to subside, and recently, a submerged sinkhole appeared. Also, the famous Cerville–Buissoncourt salt-mining sinkhole in France [83] is an important case study for triggered large-scale collapses. Therefore, Salt Lake Underground Natural Gas Storage authorities should consider such situations and use monitoring systems for surface deformations.



The main reasons for the occurrence of severe instances of land subsidence are (1) the over-exploitation of aquifers for agricultural activities and the accompanying groundwater-level drop; (2) natural basin fill, including thick fine-grained deposits subject to progressively higher normal effective stresses beyond the pre-consolidation stress; and (3) the semiarid climate of the region, which contributes to increasing water demands in crops and restricts groundwater recharge in the endorheic basin. Previous studies conducted by [51,79] document that the region turned to intensive irrigated agricultural activities especially after the 2000s and that the majority of groundwater wells used for irrigation needs in the region have been performed without permission. Moreover, our field studies and interviews with farmers indicate that irrigated agricultural activities continue to increase in the basin and that new illegal wells continue to be developed.



Concealed normal faults most likely control sharp variations in the thickness of the lacustrine and alluvial deposits of the basin fill. Greater cumulative consolidation–compaction in the thicker sediments on the downthrown side of the faults may result in differential subsidence with abrupt lateral gradient changes across the faults. This may result in the development of non-tectonic scarps and fissures (Figure 2c and Figure 8), as documented in other basins where the water table has decreased (e.g., [84]). Therefore, basin margins close to fault systems are more prone to differential subsidence and the formation of potentially damaging ground ruptures.



Points #1 and #2 shown in Figure 12 are located in Konya city, where approximately 2 million people live. According to the InSAR results, point #1 experienced rapid subsidence at an LOS rate of approximately −60 mm/y between 2014 and 2018, whereas a lower rate of −10 to −15 mm/year was observed between 2018 and 2022 (Figure 12a). Figure 12a shows the groundwater level of a well near the city center. The groundwater-level data show that water usage exceeded the recovery capability of the aquifer by recharge until 2018, and the deformation value increased over time in direct proportion to the decline in the water level. Between 2018 and 2022, the amount of groundwater withdrawal decreased and subsidence slowed down accordingly. Şireci et al. (2021) observed a decrease in the subsidence rate in this region after 2018 approximately at the location of point #1 [77]. Thus, the result of this study is in good agreement with their study. Figure 12b shows the InSAR results at point #2 in the northeastern part of Konya city. The displacement time series of this point, shown with red lines, shows the subsidence of the western part of the city, which reached 550 mm in LOS between 2014 and 2022. When the groundwater-level data of well no. 181 was examined, it clearly showed a constant declining trend, which is one of the main reasons for land subsidence and the occurrence of recent cover collapse sinkholes in the basin. There is a strong correlation between the InSAR time series and the groundwater table levels in wells on the alluvium, indicating that the region’s subsidence is caused by over-exploitation of aquifers, as documented by [51,77,79,85].



Differential land subsidence can cause damage to linear structures (highways, railways, water networks, pipelines, flood-control structures, and sewer lines) [86]. For example, in regions of Arizona, more than 500 times the amount of naturally replenished groundwater has been used for irrigation, mining, and utilities since 1900 [87]. The resulting groundwater-level decreases have caused increased pumping costs in some places, decreased groundwater quality in many places and damaging linear objects [88]. In order to eliminate or minimize the damage, it is necessary to control groundwater withdrawal and prevent or minimize the decrease in groundwater level.



The groundwater-level drop, which occurred at a rate of around 0.5 m/y before the 2000s, has reached a current average of 8 m/y. Agricultural crops with high water demand such as sugar beet and corn impose an unsustainable impact on the aquifers, with limited recharge given the semiarid climate of the region. A transition towards crops with less or null irrigation water demand would significantly contribute to mitigating the subsidence hazards induced by groundwater over-exploitation.




6. Conclusions


The Konya endorheic basin in Central Anatolia Region, Türkiye, where 3 million people live, has various important assets, such as extensive agriculture, ecosystem diversity, and animal husbandry. This endorheic basin has ideal conditions for growing dry agricultural products such as wheat, barley, and cotton. However, in the last two decades, a profound transformation has been carried out on irrigated agriculture that is incompatible with the region’s climatic conditions and hydrology. This transformation, together with urban development, have caused excessive groundwater withdrawal, leading to a continuous decline in the groundwater level. This human-induced change in the hydrology has caused land subsidence, local surface ruptures (scarps and fissures), and sinkhole formation in the endorheic basin, as has recently been observed in many regions.



Within the scope of this study, the temporal and spatial patterns of land subsidence in the Konya Basin were successfully determined using the InSAR technique. The obtained ground deformation was compared with paleolake highstand shorelines, land cover data, and groundwater data, with consistent relationships being observed. Aquifer overexploitation due to erroneous agricultural policies causes the depletion of aquifer systems and triggers sinkhole formation and surface deformation of as much as 90–100 mm/y away from the satellite, corresponding to land subsidence. In addition, the presence of strategic facilities of great economic importance makes this region particularly sensitive to human-induced hazards. Therefore, it is critical to design and implement sustainable agricultural plans and raise awareness among farmers about these issues. We estimate that there are currently 100,000 illegal wells in the region. It would be desirable to restrict and control these wells with practices such as quota applications.



This study has demonstrated how Sentinel-1 satellite data can be an effective tool for quantitatively determining the temporal and spatial extent of land subsidence in a large study area. Moreover, critical issues related to managing groundwater resources, land subsidence, ground fissures, and sinkhole formation can be tackled in other parts of the world by using the approaches applied in this study.
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Figure 1. Distribution of the main karst regions in Türkiye (modified from [9]). 
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Figure 2. Examples of recent cover collapse sinkholes (obruks) and old bedrock collapse sinkholes in the Konya Basin. (a) Sinkhole that destroyed a building in Seyit Hacı village. (b) Kolca Yayla Obruk, with nested collapse holes in the floor. (c) Surface fissures–scarps located near the Hotamış storage area. (d) Akviran sinkhole 80 m deep and 25 m across. (e) Cover collapse sinkhole cluster with a distinct linear distribution north of Karapınar. These sinkholes formed after 2011. The red triangles indicate the location of the sinkholes. (f) Sekizli cover collapse sinkhole. Note the arcuate cracks at the margin of the sinkhole, which are the initial stage of mass movements. (g) The old Çıralı sinkhole, which hosts many artificial cave houses (h) The old Kızören bedrock collapse sinkhole. The distinctive ledge on the steep margin of the sinkhole is associated with calcareous tufas deposited underwater during a high water table level. The sinkhole, which hosts a permanent lake, is about 100 m deep. The circles indicate people for scale. 
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Figure 3. Location of the study area on a digital elevation model. Red circles mark the location of sinkholes. White frames I, II, and III mark the location of Figure 6a–c, respectively. White frames IV, V, and VI mark the location of Figure 7a–c, respectively. 
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Figure 5. Map of average surface deformation rate derived from Sentinel−1 SAR data. Negative values correspond to surface deformation away from the satellite, whereas positive values indicate motion towards the satellite. 
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Figure 6. Columns designated as (I,II) show the land cover and InSAR results of selected sectors, respectively, and column (III) shows deformation time series at sites indicated with a star in the corresponding displacement maps. Rows (a–c) show results for Konya, Karaman, and Aksaray cities, respectively. 
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Figure 7. Columns designated as (I,II) show the land cover and InSAR results of selected sectors, respectively, and column (III) shows deformation time series at sites indicated with a star in the corresponding displacement maps. Rows (a–c) show results for the Karapınar solar energy field, Tuz Gölü Underground Natural Gas Storage Project, and the Ereğli region, respectively. 
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Figure 8. (a) Profiles showing the topography in a section perpendicular to the west-facing scarps–fissures alongside displacement rates (check Figure 6 for deformation legend). (b) Images of the N–S-oriented and westward scarps–fissures formed in the Adakale/Karapınar region. (c) Image indicating the depth of the surface fissures and the deformation. Note the vertical downward displacement on the right (west) side of the fissure–scarp. View looking south. 
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Figure 9. Left: land subsidence map of Konya Closed Basin. Right: 2021 land cover map of the basin. 
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Figure 10. Groundwater-level drop that occurred over the periods 2014−2022 and 2000−2022. 
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Figure 11. Groundwater elevation and possible flow directions in Konya Closed Basin. 
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Figure 12. LOS deformation time series of the eastern and western sectors of Konya city (red lines). Graphs of the temporal variation in groundwater level at Hatip (a) and Fethiye (b) stations (blue lines). Note the seasonal variations superimposed on the general decreasing trend. (c) The white triangles represent subsidence points and the blue circles represent groundwater wells. 
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