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Abstract

:

This research focuses on the investigation of hydrogeological hazards in open pit coal mines. The study area is the Amyntaio sub-basin area, located in West Macedonia prefecture, Greece. A major part of the SE of this area is occupied by the Amyntaio open pit coal mine. In recent decades, the Amyntaio basin’s aquifer has been overexploited both by dewatering wells of the open pit coal mine and irrigation wells, triggering extensive land subsidence in an area that extends 3 km around the mine. Additionally, one of the biggest mining landslides worldwide occurred on the South-West slopes of the open pit on 10 June 2017. The current study investigates the land subsidence phenomenon and the landslide, highlighting the influence and the interaction of their causal factors which were strongly affected by the groundwater management. To estimate ground surface movement, Earth Observation data from the European Ground Motion Service, of the Copernicus European Union′s Earth observation program, were used for the period 1 January 2016–31 December 2020. The geologic, geotechnical and hydrogeologic data coming from the extensive ground truth survey have been incorporated with the Earth Observation data, highlighting the opposing mechanisms of the interacting geohazards.
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1. Introduction


Anthropogenic activities, such as mining, significantly affect the natural environment [1], causing various types of hazards. The most common geohazards are land subsidence and landslides; these catastrophic events can occur during mining as well as in the post-mining period (in cases where appropriate mitigation measures are not taken) and can be triggered by a range of hydrologic, geologic, and tectonic factors. Specifically, 132 different cases of slope failures have been documented worldwide since 1960 [2], causing hundreds of deaths and massive economic damage. Key examples include the Bingham Canyon Mine landslide in Utah, USA, in which two landslides displaced around 145 million tons of geomaterial on 10 Arpil 2013 [3,4,5,6], and the Jade Mine landslide in the northern state of Kachin, Myanmar, in which over 170 people were killed [7]. In contrast, land subsidence slowly affects extensive areas around mines, causing mainly significant economic damage [8,9,10,11,12].



To date, many studies have been conducted to investigate the failure mechanisms triggering natural hazards such as landslides [13], land subsidence [14,15], floods [16,17], and seasonal ground movement due to swelling formations [18] using state of the art Earth Observation technologies. The use of Synthetic Aperture Radar Interferometry satellite data (InSAR) combined with the geotechnical research helps to obtain new insights into the failure mechanisms of the geohazards. Furthermore, it can contribute significantly to estimating the main causal factors that play an active role in the occurrence of the geohazard. Thus, it can give the opportunity to take all the necessary measures for the mitigation of the catastrophic events.



The study area in this work is the Amyntaio sub-basin, which is located in the West Macedonia prefecture of Greece. A major part of the southeast of this area is occupied by the Amyntaio open pit coal mine. A 220 m deep coal mine that operated between 1989 and 2020, with 179 million tons of lignite production and 1595 million m3 of total excavations.



There are four lakes and ten villages within the Amyntaio basin, and the basin’s agricultural area exceeds 200 km2. In recent decades, an extensive groundwater level drop has been recorded due to the overpumping of the aquifer, both for protecting the open pit coal mine’s slopes (i.e., draining wells) and providing for the irrigation needs of the area’s agricultural activity. Specifically, the groundwater level drawdown between May 1992 and May 2015 reaches 70 m near the mine, extending northwest to the village of Valtonera and west to Anargiroi village [19,20,21,22,23]. The drop in the groundwater level, combined with the area’s general geotectonic setting, triggered extensive land subsidence in an area extending up to 2 km around the mine, causing damage to villages and infrastructure since 2002. Additionally, one of the world’s largest mining landslides took place on the South-West slopes of the open pit mine on 10 June 2017. Based on previous studies, the landslide mass involved in this event was 80 million m3 [24]. A timely prediction of this event allowed precautionary measures (such as stopping work inside the mine) to be taken and, therefore, loss of human life was avoided.



Aiming to further study the mechanisms of the catastrophic events that took place at the perimeter of the Amyntaio open pit coal mine, this study employs InSAR data from the European Ground Motion Service (EGMS) product covering the period 2016–2021. The EGMS provides reliable information regarding natural and anthropogenic ground motion over the Copernicus Participating States and across national borders, with millimeter accuracy [25,26,27,28,29].



The motivation of this study is to combine the ground truth datasets acquired for the study of the mining geohazards, namely land subsidence and landslide, with the EGMS InSAR data set, aiming to cross-verify their outcomes. The main objectives of the study are to (a) estimate the spatial distribution of the vertical deformation due to land subsidence and landslide by evaluating the EGMS InSAR datasets; (b) correlate the above data with the data obtain thought the geotechnical research highlighting opposite driving failures mechanisms and main causal factors and (c) estimate the interaction between these two catastrophic events.



The comparison of the ground truth survey data (that have been acquired for more than 15 years since 2005) with the INSAR datasets, provides an excellent case study to demonstrate the reliability and value of the EGMS product. The understanding of the failure mechanism of land subsidence and landslide as well the estimation of their interaction can help local and regional authorities to understand the arising risks. This knowledge will enable them to take appropriate mitigation measures to ensure the future safe landplaning development.




2. Study Area


2.1. Geologic, and Geotechnical Setting


The study area forms part of the Kozani–Amyntaio–Ptolemaida–Florina basin and belongs to the Pelagonian geotectonic zone. The area consists of a Paleozoic and Mesozoic crystalline schist bedrock covered by Neogene and Quaternary deposits. Based on previous geotechnical studies [23,30,31,32], some useful insights can be gained relating to the geotechnical behavior of the formations developed in the study area. In detail, the study area’s geological formations are as follows (Figure 1).



Recent alluvial deposits: including lacustrine and peat deposits. They obtain high to extremely high compressibility index (Cc) values of up to 0.187 and 1.707, respectively. Despite their high compressibility index, these units occur superficially and, therefore, are unlikely to be significantly affected by changes in groundwater levels; thus, they likely do not play a major role in driving land subsidence due to overexploitation of the aquifer. However, these units exhibit land subsidence driven by oxidation as a result of their high organic content levels.



Anargiroi Formation: Quaternary formation comprising of silty–clayey sands and red clays with coarse-grained intercalations. This unit has high strength values, consistent with its soil grain distribution; its Cc value, which reaches 0.133 for the clay intercalations, is likely due to the presence of small amounts of swelling clay minerals. This formation occurs in hilly areas of the study region’s lowlands, at heights above the aquifers’ phreatic head. Thus, it is not directly affected by groundwater head variations and does not contribute to or interact with land subsidence phenomena.



Perdikas formation: Quaternary formation divided into sandy silty clay (65–75%), organic silty clay (10–20%), and coarse-grained (10–20%) layers with some organic silty–clayey intercalations in the upper part. This unit mainly occurs under the recent deposits across the majority of the basin. In terms of its geotechnical data, the Perdikas formation shows high Cc values due to the significant montmorillonite content, which reach 0.16 for the silty–clayey sand, 0.27 for the sandy silty clay, and 0.99 for the organic silty clay horizons. Therefore, this formation, as a result of its composition (around 65–75% clayey horizons) and its geotechnical setting, is prone to vertical deformation in areas where fluctuation of the aquifer occurs.



Proastio Formation: lower Quaternary formation consisting of sandy coarse-grained horizons with red silty–clayey sands, clays, and organic layers [33]. It can be separated into two distinct parts; the upper part consists of more than 80% coarse-grained material and the lower part contains over 30% silty clay layers. The average Cc values are 0.16 for the silty–clayey sands, 0.18 for the organic layers, and 0.16 for the sandy silty clay layers. Due to the minor contribution of the fine-grained layers in the stratigraphy of the Proastio formation, their impact on the overall land subsidence is considered insignificant.



The Neogene formations underlie the Proastio formation. They are separated into two series: (a) the lignite-bearing Ptolemaida formation (Amyntaio and Ptolemaida lignite deposits), which consists mainly of gray silty clays and clayey marls [34,35], and (b) the lignite-bearing Komnina formation (Vegora and Komnina lignite deposits), which consists of sand and clay layers with intercalations of xylite [35] and sandstones. These formations are over-consolidated and impermeable, occurring beneath the base of the aquifer. Thus, they are not considered prone to consolidation, even if the active stresses change. However, it should be stressed that throughout this formation, bedding-parallel shear zones with reduced shear strength values occur [36]. These zones are highly likely to contribute to the formation of failure planes along the working slopes. Therefore, although this formation is not susceptible to land subsidence, it is susceptible to landslide failures.



Alpine–pre-Alpine formations: these formations are divided into: (a) Paleozoic metamorphic rocks (gneiss and schists) and (b) Triassic–Lower Jurassic carbonate rocks (crystalline limestones and marbles) [37,38]. They mainly occur in the west of the basin.



The faults in the Amyntaio sub-basin can be separated into two groups [39,40,41,42]. The first, trending NW–SE, affects only the Alpine–pre-Alpine formations, and the second, trending NE–SW, extends up to the Quaternary deposits. Three active tectonic structures with NE-SW directions [43] occur in the Amyntaio basin (Figure 1): (a) the Petron–Xino Nero–Aetos fault (Fpxa) in the northwest; (b) the Anargiroi fault (Fang) in the south, and (c) the Vegoritida fault (Fveg) on the east to northeast side of the basin.




2.2. Hydrogeologic Setting


Two aquifer systems can be identified in the Amyntaio sub-basin. The first one constitutes a karstic aquifer system within the Alpine–pre-Alpine bedrock formations, while the second one is developed in the Quaternary formations.



The piezometric head of the karstic aquifer system exceeds 100 m above the open pit bottom floor. Given that high piezometric loads were transferred on the slopes of the open pit mine in addition to the existence of bedding-parallel shear zones, negative slope stability conditions are expected [24]. Note that this aquifer does not affect the land subsidence phenomenon as it is not subjected to any kind of exploitation along its entire plane due to its depth, considering that it is completely isolated underneath the Neogene formations. The shallow semiconfined aquifer is recharged by both karstic water overflow, along the boundaries of the basin, and by filtration of surface water; its total depth does not exceed 120 m [44].



During recent decades, a significant level drop in this aquifer has been identified as a result of systematic overpumping both for protecting the open pit coal mine’s slopes (i.e., draining wells) and providing for the irrigation needs of the area’s agricultural activity. Considering the results of extensive field investigation measurement campaigns [20,45,46], some key conclusions concerning changes in the piezometric level are as follows (Figure 2A–E): according to the results of groundwater level measurements that were carried out at the end of the dry season (October 2014 and October 2015), the groundwater flow appears to occur toward the open pit mine, forming an extensive depression cone (Figure 2B,D). In addition, local dynamic depression cones of minor importance were observed in areas of agricultural activity. A similar groundwater flow trend was identified in data that were obtained from water level measurement campaigns during May 2015 and May 2016 (i.e., the end of the wet period). Therefore, currently the open pit along with the surrounding draining wells operate as an oversized (4 km wide) well, continuously draining a big part of the Amyntaio basin.



The evolution of the groundwater flow over time can be easily estimated by comparing equal-drawdown contour lines between May 1992–May 2015 [23] and May 1992–May 2016 [47]. Note that the data from May 1992 relate to the period before the operation of the open pit coal mine [48]. As shown in Figure 3A,B, the drawdown reaches 70 m near the working slopes of the mine and decreases with increasing distance away from the mine. The depression cone extends to the west reaching to the villages of Valtonera and Anargiroi. On the contrary, as indicated in Figure 2A, before the operation of the mine, only a gentle groundwater flow from the west towards the east of the basin can be identified. It is clear that during the last three decades the operation of the mine and, secondarily, the increase of the agricultural activities radically changed the groundwater dynamics of the basin.
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Figure 2. Ground water table contour lines based on the measurements carried out on: (A) May 1992 [48], (B) October 2014; (C) May 2015, (D) October 2016, and (E) May 2016. 
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3. Methodology for the Determination of the Catastrophic Events Driving Mechanism


Initially, all geological [34], tectonic [28,34,35,37,43], geotechnical [32] and hydrogeological [42] data, from previous studies, were collected and reevaluated during the 15 years long study, conducted by the authors of the current paper. New data sets have been added to the existing knowledge, including: (a) engineering geological mapping of the study area, (b) geotechnical laboratory tests’ results from over 60 samples; (b) four ground water level measurements’ campaigns (October 2014, May 2015, October 2015, May 2016) on a newly established network of over 40 wells and (c) detailed surface rapture mapping and infrastructure damage recording. All data sources taken into account are presented in the Supplementary Material (Table S1).



Aiming to validate the ground truth datasets as well as to identify the spatial distribution of deformation occurring in the villages surrounding the mine, data from the EGMS product were cross-validated with the above-described ground truth data sets. The EGMS is based on the multi-temporal interferometric analysis of Sentinel-1 radar images at full resolution. This technique allows for identifying reliable measurement points for which ground motion velocity values and time series of deformation are extracted [47]. The EGMS Ortho product provides purely vertical and purely east-west displacements over time with 100 m × 100 m output resolution cells. The data available for the studied site range from 5 January 2016 to 31 December 2021 [26], which includes the period of the landslide event that occurred on 10 June 2017.



The cross-validation of the Earth Observation data with the ground truth data sets provided a clear view on the driving mechanism of the land subsidence and landslide phenomena, highlighting their opposing triggering factors.



3.1. The Land Subsidence Mechanism


In 2001, Anargiroi village was affected by land subsidence. Until 2006, vertical deformation was recorded across the entire study area. To investigate the spatial distribution of surface ruptures in the Amyntaio basin, observations from previous studies were initially compiled [23,49,50,51,52]. Then, six field work campaigns were carried out, in which 15.5 km of surface ruptures were recorded (Figure 4). Most of these ruptures are oriented NW–SE and NE–SW, following the trends of the area’s main fault lines. Thus, the tectonic faults acted as a pre-existing structural fabric that has controlled the orientation of later ruptures.



Three villages have been significantly affected by surface deformation (Anargiroi (Figure S1), Valtonera (Figure S2), and Fanos (Figure S3)) [23]. All these settlements share some common characteristics, namely (a) they are located in areas affected by groundwater level drawdown, (b) they are crossed by faults, and (c) they are underlain by the Perdikas formation.



The vertical displacements of the surface ruptures appear to be proportional to the groundwater table drop and the distance from the mine. Specifically, the largest offsets (0.5 m to 1 m) are observed in areas near the mine where the groundwater withdrawal reaches 70 m. The differential displacements decrease with increasing distance from the mine and do not occur in areas where no water table level drop is recorded.



The correlation of the persistent scatterer (PS) point data obtained from the EGMS datasets (for the period between 5 January 2016 and 31 December 2020) with the recorded surface ruptures and drawdown contour lines for the period between May 1992 and May 2016 can be shown in Figure 4. Although the datasets do not refer to the exact same period, their correlation is applicable as the general hydrogeological conditions remain practically unchanged since 1992. The open pit keeps on operating as the main draining source while no extra irrigation wells have been drilled at the wider area. Evaluating the EGMS datasets, it is clear that the largest vertical displacement amplitudes, exceeding −20 mm/year, are observed to the northwest of Anargiroi village; the vertical deformation then decreases southeast of the village. This observation correlates closely with the recorded surface ruptures and drawdown contour lines, highlighting that land subsidence is still occurring in the study area.



Similar conclusions can be drawn from the PS points at Valtonera village. The observed water level drop in this area of around 10 to 20 m can trigger high-amplitude vertical displacements.




3.2. The Landslide Mechanism


On 10 June 2017, the largest recorded Greek mining landslide took place on the mining slopes of the Amyntaio open pit coal mine (Figure 5). According to estimates, the collapse mass reached 80 million m3, extending over an area of 2 km in width and 2.2 km in length, while the foot of the landslide coincided with the lower point of the open pit mine at a depth of 210 m.



The first signs of this failure were recorded some months before it occurred. In detail, eight months before the failure (November 2016), archaeological excavations, which were being carried out on the plain above the northwest side of the mine, were interrupted due to the occurrence of rapidly formed surface raptures caused by the increasing vertical deformation. In addition, five months before the failure (February 2017), deformation along the surface ruptures in the wider area of Anargiroi village began to increase. The timely recognition and prediction of the phenomenon allowed the evacuation of the open pit coal mine eight days before the failure, which contributed to avoiding the loss of lives.



Furthermore, the financial impacts of this landslide, which affected infrastructure both inside the mine and in the nearby area, were extremely large. Specifically, four bucket wheel excavators (weighing 500 to 1500 tons each), many small excavators, and several kilometers of conveyor were significantly damaged or buried inside the mine (Figure 5A). Additionally, 25 million tons of lignite were buried under the sliding mass, leading to further losses. Outside the open pit coal mine, the landslide caused enormous damage to the village of Anargiroi (Figure S4). In particular, the northwest part of Anargiroi village was severely damaged and permanently evacuated, the wastewater treatment plant collapsed into the pit (Figure 5B,C), and hundreds of meters of road network and electricity and water supply infrastructure were destroyed (Figure 6A–E). Furthermore, an archaeological settlement of lacustrine Neolithic age, which was located at the western perimeter of the mine, disappeared as it collapsed into the open cast pit.



To constrain the potential failure mechanism for this event, the three main triggering factors, tectonic activity, groundwater pore pressure, and slope geometry, were investigated. In terms of tectonic activity, according to the National Observatory of Greece’s earthquake database [53], no earthquakes of magnitude 2.5 or above were recorded in the area surrounding the open pit in the five-month period preceding the landslides. Therefore, the area’s tectonic activity is deemed to have not played a major active role in activating this particular landslide or in the associated pre-failure vertical deformation. Nonetheless, it should be stressed that the faults crossing the mine affected the formations occupying the working slopes of the mine, creating zones with reduced shear strength. In particular, the Vegoritida fault (FVeg) defines the western boundary of the landslide while the Anargiri fault (FAng) crosses the crown and eastern boundary of the landslide. In addition, secondary parallel faults cross the site, affecting the geometry of the landslide mass. Thus, the tectonic structure of the study area can be characterized as a preparatory factor, but not a triggering causal factor, of the landslide on 10 June 2017.



In regard to the groundwater pore pressure, two aquifer systems occur in the study area. The aquifer system developed in the Quaternary formations has been systematically overexploited during recent decades, aiming to protect the mining slopes from failure. The volume of water pumped out from the aquifers, via the mine protection wells, was reduced over time as the subsurface consolidation resulted in compaction of the aquifers and a gradual reduction of their hydraulic conductivity. In detail, the protection wells around the mine extracted 13 × 106 m3/year of water in 2002, 9 × 106 m3/year in 2009, and 3 × 106 m3/year in 2016 [51]. Furthermore, the pumping activities directly adjacent to Anargiroi village, according to PPC [51], were essentially stopped in 2016, aiming to eliminate the deformation caused by overpumping at the nearby village. These two factors led to a steady increase in the water table between Anargiroi village and the mine, thereby significantly degrading the mechanical properties of the Quaternary deposits. This increase became visible after the occurrence of the landslide when water from the aquifer began gushing from the main scarp of the landslides (Figure 5B). In contrast, this did not occur along the northwestern parts of the main scarp where pumping activities were active at least since the slope failure (Figure 5C). Additionally, the karstic aquifer system created negative slope stability conditions by transferring piezometric load to the lower Neogene formations at the bottom of the mine.



The geometry of the working slopes was uneven and steep, negatively impacting their stability. The evaluation of all available satellite images of the mine illustrates that the two upper benches were excavated first in order to unload the slope. Subsequently, the excavation of the lower benches of the coal seams was prioritized to meet production needs. As a result, the excavation of the middle benches, occupied by the upper Neogene and lower Quaternary formations, was systematically neglected. Accordingly, the geometry of the working slopes was uneven, as the upper parts were more gently sloped and the lower parts steeper. This configuration, with a steeper base of the working slopes, raises significant issues concerning the overall safety factor.



Overall, the stratigraphy of the Neogene formations, including shear zones, the tectonic structure of the plain with faults crossing the mine, and the hydrogeologic setting with two aquifer systems interacting with the mine are considered to be the main preparatory factors for the studied landslide event. Respectively, the main triggering factors of this failure were: (a) the increase in the water table in the Quaternary formation aquifer due to selective reduction of pumping and (b) the steep geometry of the working slopes.





4. Results and Discussion


Based on the vertical and east-west displacement time series from PS points at the villages of Anargiroi, Valtonera, and Fanos, various insights can be gained into the spatial distribution of land subsidence and the impact of the landslide.



In regard to the Anargiroi village, the maximum vertical displacements occur in areas closer to the mine (Figure 4 and Figure S1). This area is underlain by the highly compressible Perdikas Formation; in addition, the maximum groundwater dropdown values of the mine’s depression cone occur in this area. As anticipated, the vertical displacement decreases (from NE to SW) in proportion to the groundwater level drop (Figure 4 and Figure S1). In contrast, at the southwestern end of the village, only slight seasonal groundwater fluctuations appear to affect the displacements (A7).



Considering the vertical displacement time series, the village appears to be affected by a steadily decreasing deformation trend (i.e., decreasing land subsidence) during the period January 2016 to December 2020. This observation is directly linked with changes in pumping activities, which have practically stopped since 2016 (Figure 7), allowing partial recovery of the unconfined aquifer.



The abrupt fluctuations of PS points in both the vertical and east/west displacements that can be observed in the period around 10 June 2017, especially in the NΕ part of the village (i.e., A1, A2, A3, and A6), highlights the significant impact of the landslide. Furthermore, as clearly shown from the east–west horizontal displacement time series (Figure 7), the majority of the PSs around the NE part of the village display a steady eastward displacement trend, towards the open pit, after the landslide. The westward displacement trend identified at two PS points (A2 and A3) can be attributed to rotational movements of the structures that operated as reflectors for those two PSs. Thus, the present trends suggest that the studied site is slowly moving toward the abandoned 220 m deep open pit located only 180 m from the first houses of the village. Physical evidence of the ongoing activity of the landslide can be obtained by the continuous deformations recorded at the damaged buildings located close to the open pit (Figure S7).



Consistent with the vertical displacement distribution identified at Anargiroi village, the deformation at Valtonera village increases toward the east, i.e., in areas closer to the mine (Figure 4). Similar to Anargiroi village, this area is also underlain by the highly compressible Perdikas formation and the depression cone of the mine is present. The vertical displacements clearly decreased in the western part of the village with increasing distance from the mine.



The vertical displacement time series in the village of Valtonera shows a steadily decreasing trend with pronounced annual fluctuations. This observation is highly consistent with the water table time series at Valtonera village, which shows a steady downward trend with seasonal fluctuations. The observed trend of a continuous groundwater level drop can be attributed to the draining of the aquifer toward the mines, whereas the seasonal fluctuation likely results from exploitation of the aquifers for irrigation purposes followed by a partial rebound of the groundwater head during the winter [47]. As shown in Figure 8, the vertical displacements each year exhibit a decreasing trend until October (end of the dry period) followed by an increasing trend until May (end of the rainy period). Note that as this village was unaffected by the landslide (Figure S5), no abrupt scatter in the vertical and east–west displacement time series can be identified during the landslide period (Figure 8).



Considering the east–west horizontal displacement time series (Figure 7), most of the PSs around the village indicate a steady eastward displacement trend toward the open pit. These movements cannot be attributed to any landslide activity due to the great distance of the village from the mine (1800 m) relative to the height of the slopes (220 m). Thus, this deformation can only be attributed to ongoing land subsidence-driven deformation. It should be noted that the village is crossed by the Vegoritida fault (Fveg) dipping to the SE and that the fault acted as a pre-existing structural fabric that controls the orientation of the later ruptures generating slight horizontal movements.



The vertical displacements identified at the Fanos village are significantly less intense than those at the Valtonera and Anargiroi villages; nonetheless, this village also suffers from the occurrence of surface ruptures and differential deformation. These deformation types can be attributed to the pronounced stiffness and compressibility differences of the area’s underlying formations, as the northern part of the village overlies Neogene rocks, and the western part overlies Quaternary formations.



Considering the vertical displacement time series (Figure 9), although annual fluctuations can be observed, there is no evidence of a gradually evolving long-term land subsidence trend. This implies that groundwater exploitation of the aquifer for irrigation needs is the main factor triggering the deformation that more strongly affects the softer and more compressible Quaternary formations. As shown in the deformation time series, no disturbance is recorded that can be attributed to the 10 June 2017 landslide (Figure 9 and Figure S6); in addition, there are no clear trends observed in the east–west displacement values.




5. Conclusions


In conclusion, the combination of ground truth data and information from EGMS datasets provides important insights into the mechanisms and interactions of geocatastrophic events taking place at the Amyntaio coal mine.



In particular, Anargiroi village is clearly affected by aquifer overexploitation via the mine’s protection wells. The seasonal fluctuations in vertical deformation identified at Valtonera and Fanos villages, due to the operation of irrigation wells, are not visible in the vertical displacement time series acquired for Anargiroi village. Accordingly, farming activity is interpreted as not contributing significantly to land subsidence in the vicinity of Anargiroi village. This conclusion was largely expected as most of the farms in the village are irrigated from irrigation canals rather than from wells. In addition, the coincidence between the observed decreasing subsidence trends and the termination of pumping activities in 2016 between the open cast mine and the village also strongly supports the interpretation that the subsidence phenomenon is mainly caused by dewatering activities performed at the perimeter of the open cast mine. Regarding the effect of the 10 June 2017, landslide, the InSAR data set demonstrates that the failure affected and continues to affect at least the NΕ part of the village; in addition, slow horizontal movements toward the open pit are still taking place.



In terms of the deformation occurring at Valtonera village, the 10 June 2017, landslide did not affect the settlement due to the large distance between the village and the open cast mine. Subsidence in this area can be attributed to overpumping caused by both the mine’s dewatering activity and farming activity. The mining activity appears to be responsible for the ongoing steady subsidence trend affecting the village, causing substantial damage. In contrast, farming activities in this area appear to cause gentle fluctuating deformations of a minor scale compared to those caused by mining activities.



The deformations at Fanos village are affected only by farming activity, as evidenced by the lack of any observed cross-seasonal or long-term deformation trend and the exclusive occurrence of seasonal deformation in this area. In addition, as expected, the fluctuating deformations appear to be more intense in areas of soft Quaternary formations rather than those of the stiff Neogene.



As a final conclusion, it should be stressed that EGMS datasets are a powerful resource for deciphering the different causal factors of deformations affecting the study area for more than two decades, highlighting the important role of the groundwater management. Because these datasets are provided by an independent and reliable international source, their conclusions are highly robust. Overall, InSAR techniques represent a highly important approach for the study of geohazards.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/w15081474/s1, Figure S1: The impact of land subsidence at the Anarigoi village. Τhe photos were capture in May 2016 (before the landslide event that occurred on 10 June 2017); Figure S2: The impact of land subsidence at the Valtonera village. Τhe photos were capture in May 2016 (before the landslide event that occurred on 10 June 2017); Figure S3: The impact of land subsidence at the Fanos village. Τhe photos were capture in May 2016 (before the landslide event that occurred on 10 June 2017); Figure S4: The impact of landslide event in areas previously affected by land subsidence, at the Anarigoi village. The expansion of the surface raptures and the intensification of the damages on the constructions is clearly precented; Figure S5: Images taken at the Valtonera village before and after the occurrence of the major landslide event, that took place on 10 June 2017. It is clear that, as expected due to the large distance of the village from the open pit, the landslide did not cause any further damages to the already damaged, by the land subsidence, constructions of the village; Figure S6: Images taken at the Fanos village before and after the occurrence of the major landslide event, that took place on 10 June 2017. It is clear that, as expected due to the large distance of the village from the open pit, the landslide did not cause any further damages to the already damaged, by the land subsidence, constructions of the village; Figure S7: Images taken at the Anargyroi village after the occurrence of the major landslide event, that took place on 10 June 2017. The deformations taking place due to the continuous landslide and land subsidence movements since the occurrence of the landslide are clearly presented; Table S1: Ground truth dataset.
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Figure 1. Geological map of the Amyntaio basin. The three active tectonic lines identified in the Amyntaio basin are clearly indicated. 
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Figure 3. Equal drawdown contour lines between: (A) May 1992–May 2015 and (B) May 1992–May 2016. 
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Figure 4. (A) Vertical deformations (mm/year) between 5 January 2016 and 31 December 2020 according to the InSAR data provided by Copernicus Land Monitoring Service [26] along with the recorded surfaces ruptures and the drawdown contour lines. (B,C) scale up view of the Anargiroi and Valtonera villages. 
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Figure 5. The spatial extent of the 10 June 2017 landslide at the Amyntaio mine, as shown by satellite imagery. Images obtained by Google Earth. (A–C) show oblique views of the landslide area. (A) one of the bucket wheel excavators buried inside the sliding mass; (B) panoramic view of the landslide scarp in front of the Anargyroi village; and (C) panoramic view of the landslide head looking towards East West. 
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Figure 6. Spatial distribution of surface ruptures identified behind the crown of the 10 June 2017 landslide. (A,B) surface ruptures within the basin between Anargiroi and Valtonera village (the height of the scarp is approximately 1 m), (C,D) pre-existing surface ruptures caused by the land subsidence phenomenon that were intensified by the landslide event in the NW part of Anargiroi village, and (E) damage along the Anargyroi village road network. 
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Figure 7. Spatial distribution of examined PS points (A) along with their displacement time series (B,C) at the village of Anargiroi. The dashed red line indicates the date of the mining landslide event. The trend lines added to the time series of point A6 indicate the variations of the land subsiding trend due to the draining activities before and after the occurrence of the landslide, as well as after the 2016 cessation of pumping from the wells located between the village and the open pit. Point A6 was selected as it clearly presents the disturbance caused by the landslide as well as the slight reduction of the deformations after the end of the end of the draining activities. 
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Figure 8. Spatial distribution of examined PS points (A) along with their displacement time series (B,C) at the village of Valtonera. The dashed line indicates the date of the mining landslide event. 
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Figure 9. Spatial distribution of examined PS points (A) along with their displacement time series (B,C) at the village of Fanos. The dashed line indicates the date of the mining landslide event. The points were selected from both sides of the fault crossing the village, pointing to the displacements taking place on the stiff Neogene, point F1, and the soft Quaternary, point F2, formations. 
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