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Abstract

:

The Causse of El Hajeb belongs to the Tabular Middle Atlas (TMA), in which thousands of karst landforms have been identified. Among them, collapse dolines and dissolution sinkholes have been highlighted as a source of environmental risks and geo-hazards. In particular, such sinkholes have been linked to the degradation of water quality in water springs located in the junction of the TMA and Saïss basin. Furthermore, the developments of collapse dolines in agricultural and inhabited areas enhance the risk of life loss, injury, and property damage. Here, the lack of research on newly formed cavities has exacerbated the situation. The limited studies using remote sensing or geophysical methods to determine the degree of karstification and vulnerability of this environment fail to provide the spatial extent and depth location of individual karst cavities. In order to contribute to the effort of sinkhole risk reduction in TMA, we employed remote sensing and geophysical surveys to integrate electrical resistivity tomography (ERT) and self-potential (SP) for subsurface characterization of four sinkholes identified in the Causse of El Hajeb. The results revealed the existence of sinkholes, both visible and non-accessible at the surface, in carbonate rocks. The sinkholes exhibited distinct morphologies, with depths reaching 35 m. Topography, geographic coordinates and land cover information extracted on remote sensing data demonstrated that these cavities were developed in depressions in which agricultural activities are regularly performed. The fusion of these methods benefits from remote sensing in geophysical surveys, particularly in acquisition, georeferencing, processing and interpretation of geophysical data. Furthermore, our proposed method allows identification of the protection perimeter required to minimize the risks posed by sinkholes.
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1. Introduction


Introduced by Fairbridge [1] as subcircular surface depressions or collapse structures created by the collapse of small subterranean karst cavities [2], sinkholes are fascinating structures in karst landscapes. There are also known as dolines [3], or in general, as karst cavities. However, the use of these two terms is not interchangeable and can be differentiated via their development and their evolution aspects. More specifically, sinkholes are defined as cavities resulting from the collapse or cover dolines developed in carbonate or dissolution rocks, while dolines are cavities defined by their morphogenetical mechanisms and hydrological structures [4]. For carbonate rocks with a fluctuating water table, as the level of water in the aquifer drops, unsupported cover-cavities become instable. Furthermore, continuous decreases in the water table and a diminishing roof thickness by gradual erosion consequently result in the inability of some areas to support heavy charges at the surface. This results in the eventual collapse of the roof. Such a phenomenon can occur in both urban areas due to the presence of new infrastructures or buildings, and in rural areas due to the movement of agricultural trucks. The development of sinkholes (or collapse dolines) enhances the risk of injury and life loss, property damage [2] and groundwater pollution.



The Causse of El Hajeb forms part of the large area of Tabular Middle Atlas (TMA), where thousands of karst landforms developed in Lower Liassic dolomite and Middle Liassic Limestone have been identified [5]. These carbonate rocks are highly fractured and are generally affected by two fracture systems (NE-SW and NW-SE) in which snow and rainwater precipitation gradually dissolved and created karst landforms. The development of karst landforms in this region is driven by the tectono-karstification process [6]. Among these karst landforms, collapse and cover-subsidence dolines and dissolution sinkholes have been identified as a source of environmental and geo-hazards risks. Chemical analysis performed on water springs located in the junction of the TMA and Saïs Basin [7,8,9,10] revealed that, during periods of high precipitation, the degradation of water quality is linked to superficial pollutants infiltrated into reservoirs through sinkholes located in agricultural areas, thus resulting in the internal gradual erosion of karst systems. The pesticides, herbicides and chemical fertilizers used in farming and agricultural production percolate into the groundwater aquifer and consequently change the composition, color and the taste of water springs. Long periods of drought [11], as well as the extraction of groundwater resources for agricultural activities, have reduced the level of water, enhanced the instability of subterranean karst cavities and ultimately increased the sinkhole development frequency in this region. In addition, newly formed cavities are rarely reported, thus further heightening the vulnerabilities in this environment [12]. Previous studies have applied remote sensing [8,13] and traditional geological surveying [14] in the TMA area, providing the degree of karstification of superficial karstic forms developed in carbonate, marno-calcareous rocks, and clays. However, these studies failed to identify their exact subsurface extent and depth location. Furthermore, a large number of sinkholes have previously been identified within a NE-SW fracture system, which has structured the area into graben and plays a big role in surface water infiltration [5].



In order to improve the qualitative interpretation of aeromagnetic data in the Middle Atlas mountain range, Mhiyaoui et al. [15] reinterpreted maps of the digitized magnetic field determined from aeromagnetic surveys over the Middle Atlas and High Moulouya. Results revealed the relationship between fractures affecting carbonate rocks and the development of karstic landforms in the regions of Azrou, Sefrou, El Hajeb and Boulemane. In particular, a major accident oriented NE-SW and second degree accidents oriented NNW-SSE and ENE-WSW, were identified to merge with karst depression alignments developed in Liassic limestone. Moreover, Quaternary volcanism activity increased the development of cryptokarsts, sinkholes and karst cavities in Jurassic fractured carbonate rocks in the direction of major faults.



Recent geophysical research in the Causse of El Hajeb [16] characterized the hydrogeological connection between the TMA and the Saiss basin, with a focus on the mapping of fracture networks involved in the hydrogeological system of Bittit water springs. In particular, complex water flow behavior involving probable water drains composed by fractures, karst cavities and stratification joints was detected via electrical tomography, suggesting the direct connection between identified karst cavities and the groundwater aquifer in this region.



Despite the accurate results produced from studies on karst cavities conducted using either geophysical [17,18,19,20] or remote sensing [21,22,23,24] methods, the fusion of the two techniques results in advantages in the acquisition, processing, and interpretation of geophysical data. Collecting spatial information on electrodes and surveyed points can particularly enhance sinkhole research. Billi et al. [25] combined calibrated electrical resistivity tomography (ERT) and dynamic penetration measurements with well logs to investigate hidden sinkholes and Karst cavities in the highly-populated geothermal seismic territory of the Travertine plateau. The study identified the presence of sinkholes and caves that failed to be detected by previous studies using digital elevation models (DEMs), aerial photography and field surveys. Youssef et al. [26] used remote sensing images with geophysical data in predicting the susceptible areas for sinkholes that may collapse in the future. The study analyzed low resolution Landsat data to identify surface features related to subsurface sinkholes which were ultimately investigated using fieldwork and geophysical explorations.



However, remote sensing measurements are not always precise enough to provide the exact coordinates of every point surveyed on the regional scale. This is attributed to the specific geographic coordinate system used for the measurements or the inadequate spatial resolution of the measurements.



In order to contribute to the effort of determining a flexible and cost-effective methodology for sinkhole research and as an attempt to overcome the aforementioned problems of the current methods, we propose a method that integrates geo-electrical and remote sensing techniques. Optical satellite imagery (Sentinel-2 and Google images), GPS coordinate and DEM data were re-projected to the local datum (Merchich Degree) by transforming the 1984 World Geodetic System UTM zone 30N into Lambert Conic Conform based on information from Moroccan cartographic zonation (Morocco Z1). We employ the ERT and Self-Potential (SP) methods adapted to areas dominated by clay, basalts and carbonate rocks, along with well log data provided by local authorities. The equipment used for the geo-electrical surveying is capable of providing resistivity ranges for each of these geological formations [27]. SP instrumentation is suitable for hazardous areas due to its simple manipulation and the limited required manpower during the data acquisition. Furthermore, we investigate the local population with a living radius of 1 km from each sinkhole, with a particular focus on how they can behave and live with these sinkholes in terms of adaptation and mitigation to danger.



The current study forms part of a larger research initiative on the adaptation and mitigation of the effects of climate change on water resources in the Fez/Meknes region. This region is particularly important for the Moroccan economy due to its agricultural production of olive oil, wheat, maize, and onion. However, the water availability and quality in this region is deteriorating due to the presence of substances introduced into the karst aquifer via sinkholes and karst landforms. To reduce the consequences of this geo-hazard cycle, both the scientific community and general public have been working together to implement solutions for the reduction of sinkhole risks. As part of this, we performed geophysical surveys around four sinkholes identified as the most hostile to both the local communities and to the environment. The methodology adopted to mitigate the risks posed by the presence of sinkholes in the Causse of El Hajeb provides information that can improve the management of the relationship between the needs of the communities and the presence of sinkholes. The main objectives of this study are as follows: (1) To determine and characterize horizontal and vertical repartition collapse dolines; (2) to provide the exact coordinates of the studied sinkholes; and (3) to identify a location for the sinkhole protection perimeter in order to reduce environmental and geo-hazards risks.




2. Geological and Geomorphological Overview of the Middle Atlas


During the Triassic period Morocco was subdivided into several basins [28]. The formation of these Triassic basins was initiated during the Permian period and was accentuated during the Triassic by distension. This subsequently led to the formation of the basins, particularly in grabens and half-grabens with fracture networks distributed across the directions N60, N90 and N120. This rhombic aspect constituted a permanent geometrical characteristic in the Triassic and Jurassic evolution [29,30]; during the early stages of the Pangea breakup in the upper Triassic, visible at the outcrops. The individualization of the basins was carried out via two stages. First, the sinistral motion along the N90 and N120 directions occurred, causing NW-SE distension compatible with the formation of the NE-SW grabens. This was followed by the accentuation of the directional movement along N90 and N120, again due to sinistral motion [30,31].



The filling of these formed basins began with variable detrital material composed by conglomerates, sandstones and arkoses developed in the High Atlas of Marrakech and in the Middle Atlas in the North of Midelt. The filling continued by depositing evaporite argillites in the Middle Atlas and in the Mesetian domain, where it is possible to distinguish the lower and upper saliferous argillites separated by the basaltic complex. This basaltic complex is formed by a stack of lava flow with deposited sedimentary levels that indicate that these basalts are typical oceanic and continental tholeites [32]. The effusions of the basaltic flows were either in a shallow marine environment or in the open air under a hot and arid climate. This intrusive (sill and dyke) or effusive basaltic complex, associated with the explosive volcanism common throughout North Africa and the eastern coast of North America, is one of the manifestations of the Hercynian basement disintegration linked to Atlantic rifting [33].



During the Jurassic period, the Atlas domain differentiated and evolved into regions separated by the old massif of the High Atlas. The Saouira-Agadir lies in the western region, while the eastern region is occupied by the Atlas chain domain, stretching from the East of the Hercyanian central massif to Mediterranean Sea. The Liassic carbonate platforms experienced a great extension during the Sinemurian and Carixian, represented by thick carbonate sedimentation in subsiding zones which can be subdivided into two litho-stratigraphic units separated by a sedimentary discontinuity [34]. During the Liassic period, the indices of the synsedimentary tectonics were frequent, namely the slip, synsedimentary faults and progressive discordances. These synsedimentary tectonics led to the dislocation of the Liassic carbonate platform and the differentiation of the intracontinental basins (from the Middle Atlas and the High Atlas separated by carbonate forms).



The middle Liassic–upper Liassic is characterized by a tectonic activity that yielded a major sedimentary discontinuity, condensed stratigraphic deficiency of the Lower Toarcian. This tectonic activity led to the dislocation of the Liassic carbonated platform and the individualization of the basins of the High Atlas and Middle Atlas. Newly formed basins were surrounded by remnant or sub-emerged horst residual platforms (the Highlands and the Causses) which contained subsidence zones with marly sedimentation that evolved into sub-basin depocentres and high zones. The filling of the basins by an essentially carbonated syntectonic sedimentation initiated at the beginning of the lower Toarcian, following sedimentation marly deposits that included carbonate intercalations on the borders of the basins. In the Middle Atlas, these deposits experienced lateral variations in facies. In particular, black micritic limestones were found in the NE direction, while thin reddish limestones on the flanks of rock wrinkles were identified in the SW. Towards the end of the Lower Bajocian, the underwater seabed decreased in depth and the development of the upper Bajocian carbonate platform initiated. The extensive phase of the Mesozoic led to the opening of the basins occupied today by the Middle Atlas.



The TMA region (Figure 1) is characterized by a landscape of slightly subhorizontal structures, with highly fractured Liassic limestone and dolomite bedrock. The structures form a large karst plateau along the NE-SW direction at an altitude ranging between 700 to 2200 m bordered to the north by the Saiss basin and to the SE by the Middle Atlas. The TMA is affected by two major fracturing systems in the Mesozoic, Cenozoic and Quaternary formations, related to Hercynian tectonics and a post Hercynian event. A NE-SW oriented longitudinal fracturing system, incorporate Triassic and post-Hercynian bedrock units, similar to existing transversal fracturing system oriented NW-SE to ESE-WNW. It is this phenomenon in the NW-SE extension that has favored the generation of NE-SW fractures [35,36,37]. The Cenozoic was marked by the N-S compression and WNW-ESE extension that favored the genesis of the N-S to ESE-WNW fractures. During the Middle and Upper Quaternary, the second extensive phase of intense volcanic activity occurred (e.g., the Outigui and El Koudiate volcanoes) and the generation of the Tizi N’Tretten accident [38]. These fracturation systems (NE-SW, NW-SE and flexures) led to the current structural relations of the TMA. The set of Tizi N’Tretten faults divides the TMA into the North West and South East regions. The NW region is formed by the Causses d’Imouzzère, Ain Leuh, Ifrane and the Causse d El Hajeb, while southern part by the Causses of Annonceur and El Menzel, Guigou and the Oum Er-Rbia basin.



As part of the TMA, the Causse of El Hajeb is lithostratigraphically dominated by weathered basalts, red clays and sandstones of the Triassic period, carbonate rocks (dolomite and limestone) of the Jurassic era, and basalts, clay, and alluvial deposits of the Quaternary era. These formations are slightly deformed and gently folded in Jurassic carbonate rocks with approximately 20°–50° dip values. In addition, they are reversely covered with Paleozoic basement units composed of sandstone and pelite arranged as turbidity sequences [39]. The latter surrounds the southern part of the little Causse of Agourai oriented to the NE-SW and outcrops the SW limit of the Causse of El Hajeb. The carbonate rocks are affected by many fractures oriented NE-SW and NW-SE and define the structural framework of this area, with numerous blocks and narrow distensive structures corresponding to half-grabens [40]. Initial information on the Karstic phenomena in the Atlas Middle Causse was collected from studies carried out in the Atlas Middle Causse [13,14,41]. The development of different karstic forms in the TMA is conditioned in part by the presence of the subhumid to humid climate characterized by low temperatures and by the abundance of winter snow. These conditions favor the dissolution of the highly fractured Liassic dolomitic and limestone rocks and evaporite rocks of the Triassic, with different karstic forms developed in deep layers as well as close to the surface (e.g., avens, sinkholes, galleries, collapse chasms, caves, lapiez, polje and porches). Some of these karst landforms are invisible on the surface, unlike the very frequent sinkholes with diameters ranging from 15 to 12 m. This is often due to the accumulation of snow which led to the collapse of roofs of underground galleries and the pockets of salt dissolution during the Triassic, or due to equipment used in agricultural activities. Accumulated alteration products of carbonate rocks or reddish clay minerals are often located at the bottom of the karst depressions. This accumulation leads to the formation of clay residues that can circulate in the groundwater to the exit at the sources.



In regions where the Plio-Quaternary basaltic flows overlaid on calcareous substratum, large sinkholes, with depths ranging from 20 to 30 m, are visible on the surface. This karstic environment hosts an important underground aquifer in which the meteoric water (snow or rain) infiltrates through cracks and voids drains [6,42] and recharges the groundwater aquifer. Groundwater formed in carbonate rocks in the Lower and Middle Liassic rocks arrives on the surface at the level of local lake system in the basins and at the levels of the waters springs (resurgences or exsurgences), particularly at the point of contact with the TMA and Saiss Basin. During periods of intense rainfall, water turbidity is observed [36], reducing water quality. This turbidity can be attributed internally to the leaching of the karstic network in which meteoric water circulates, and also externally, at the level of infiltration within different karst landforms [7,41].



Our study region (Figure 2) has an approximate area of 3.5 km × 2.4 km and is located in the Causse of El Hajeb at 37 km, 45 km and 15 km from the regional main cities of Meknes, Fez and El Hajeb respectively. It is an area characterized by rich soil cover and abundant groundwater; these conditions have favored agricultural activities and regional economic development. The presences of fractured and weathered quaternary basalts deposed on major faults affecting Jurassic carbonate rocks have favored the development of subsidence sinkholes in or around agricultural fields. However, anthropogenic activities have increased the frequency of collapsed or subsidence sinkholes developed on superficial carbonate rocks of limited thickness. This can be attributed to the displacement of large basalts by trucks which subsequently apply pressure on the thin underground cavities roofs and eventually trigger their sudden collapse. In addition to this, the use of fertilizers and other types of chemicals alter the water surface composition, infiltrating through faults and fractures to gradually dissolve the carbonate rocks, and ultimately leading to the creation of karst cavities.




3. Methodology and Datasets


The datasets consist of satellite imagery and measurements collected in the field. Satellite images were re-projected using a local coordinate system projection (Table 1) in order to minimize cartographic distortions and measurement errors during the planning of the fieldwork, as well for the determination of sinkhole locations. The remotely identified sinkhole locations were validated during the fieldwork. Furthermore, geophysical surveying was used to examine the vertical and horizontal extent of the sinkholes. Interpretations of geophysical data were based on borehole data, geologic information and on site direct observations.



The Figure 3 details the methodology followed in order to identify sinkholes presenting high risks to the environment and protection zones for groundwater resources in the Fez/Meknes region.



3.1. Remote Sensing and Geophysical Data Acquisition and Processing


Satellite images can optimally retrieve information on large-scale and remote areas. Unlike direct field measurements, the acquisition of satellite remote sensing data does not require administrative or local own authorization. Contrary to aerial photogrammetry (using drone), satellites have the ability to provide land cover and land use information at very large area in one single acquisition. In addition, the high temporal resolution, satellite allows the monitoring of natural phenomena as well as change detection of landscape. We used a multispectral Sentinel-2A image acquired on 30 March 2017 (specifications provided in Table 2), the Advanced Space borne Thermal Emission and Reflection Radiometer global digital elevation model (ASTER-GDEM) product Version 1 acquired on 17 October 2011 (provided by the Ministry of Economy, Trade, and Industry (METI) of Japan and the United States National Aeronautics and Space Administration (NASA)) and Google Earth image acquired on 19 July 2019.




3.2. Multispectral Sentinel-2A Image


The Copernicus Sentinel-2A satellite, along with its twin Sentinel-2B, is part of a satellite series developed by the European Union Earth Observation program. Launched on 23 June 2015 at an altitude of 786 km for a 7-year mission, the Sentinel-2A satellite monitors the Earth’s surface and the changes resulting from natural phenomena or human activities. It provides multispectral, high to medium spatial resolution images with 13 bands in the visible, near infrared (NIR) and shortwave infrared (SWIR) for a temporal resolution of 10 days (5 days when combined with Sentinel-2B). The data acquired by Sentinel satellites constellation is managed by the European Commission and distributed by the European Space Agency (ESA) via the Copernicus Open Access Hub. The images can be accessed and downloaded for free at https://scihub.copernicus.eu/dhus/#/home for regions located within 84° N and 56° S.



Sentinel-2 images are frequently applied in many fields, particularly for water management and land protection purposes [43], as well as the management of agricultural plots [44], the identification and monitoring of crops [45] and for the risk management of floods [46], forest fires [47], and coastal water contaminant [48]. Additional applications include geological mapping [49] and the monitoring of geological waste [50]. In the current study, we employed Sentinel-2A imagery in order to identify the extent of agricultural areas, the distribution of geological formations, and the location of potential karst landforms. Sentinel-2A data was combined with images from Google Earth and ASTER-GDEM, allowing us to identify land cover types in the Causse of El Hajeb.



The ASTER-GDEM (version 2), acquired on 17 October 2011 with a spatial resolution of 30 m, was downloaded from the US geological survey website (http://earthexplorer.usgs.gov).



3.2.1. Remote Sensing Data Processing and Interpretation


The detection and extraction of sinkholes via the analysis of remote sensing data was performed using a GIS-environment. Satellite imagery can provide precise information on vegetation, urban development, and bare soil. In the current study, we analyzed the vegetation and the bare soil, with the analysis procedure detailed as follows.



In the first step, we determined the geologic formation extent likely to host karst landforms. More specifically, the delineation of the outcrop geological formation was performed using the level-2A Sentinel-2A image using SNAP desktop (version 6.0, ESA, Paris, France) and ArcGIS (version 10.1, Esri, Redland, CA, USA). After resizing the spatial resolution of all bands to 10 m via SNAP desktop, ArcGIS was used for the re-projection to the local coordinates and false band combination using the SWIR, NIR, red bands. These bands were used based on the reflectance of land cover types, whereby vegetation exhibits a peak in the NIR band whereas carbonate rocks exhibits a peak in the SWIR band. The false color RGB image reveals the location of carbonate rocks, basalts, and red clays, as well as the vegetation within agricultural areas and numerous trees (Figure 4).



Second, sinkholes located on the geologic formations were extracted from the ASTER-GDEM using ArcGIS hydrological tool. The fill sinks is commonly used in hydrological studies to determine the flow direction of surface runoff without taking into account the effect of sinks and depression information recorded during DEM data processing. In a karst environment, these sinks and depressions can be related to the presence of cavities or sinkholes. It is possible to identify these karst landforms by subtracting the initial ASTER-GDEM raster from the output ASTER-GDEM raster derived from the fill sink algorithm. This technique has previously been used for the automatic delineation of karst sinkholes on high spatial resolution data [51,52,53]. In the current study, a 30 m spatial resolution was too course to identify individual sinkholes. Thus, we applied a triangulated irregular network (TIN) derived from ASTER-GDEM via the Delaunay triangulation method. This method has the advantage of forming triangles from nearby points, hence providing a good representation of the topography of a given area [54]. We computed the TIN in order to analyze the ASTER- GDEM karst depressions and compare their locations with the land cover information derived from the S-2A data, the geologic map of El Hajeb (published in 1975 with a scale of 1/100,000), and the Google Earth image (Figure 5). A detailed investigation was subsequently conducted during fieldwork in the study area, whereby the coordinates of the identified sinkholes were recorded using a GPS Garmin. These coordinates were then manually digitalized on TIN topography of the studied area in ArcGIS. In summary, sinkhole identification was conducted in five steps: (1) The identification of carbonate rocks (on geologic maps and multispectral images); (2) the delineation of karst depressions on ASTER- GDEM; (3) the identification of farmlands located in and near the karst depressions; (4) the identification of sinkholes and the recording of their coordinates in the field; and (5) the transformation of coordinates and digitization of sinkholes on the TIN elevation model.



Geophysical surveys were conducted on the second site in order to study the subsurface behavior of two sinkholes identified close to the farmland.




3.2.2. Geophysical Data Acquisition


In order to investigate surface and subsurface extensions of the identified sinkholes, we conducted geophysical surveys using electrical resistivity tomography (ERT) and Self-potential (SP). These non-invasive geoelectrical methods are generally employed in the measurements of electrical properties (electrical resistivity and electrical potential) of lithologic and pedologic formations in karst environments [55,56,57,58]. Advancements in equipment and software have increased both the speed and accuracy of the detection of sinkholes across different geologic formations. In particular, the application of non-polarizing electrodes combined with multimeters to measure ground surface electrical potential has previously been analyzed [59] to monitor SP anomalies associated with sinkholes. Furthermore, Zhou et al. [60] evaluated the advantages and disadvantages of different electrode configuration arrays for depth investigation, sensitivity to horizontal and vertical variations, and for the signal strength of electrode configurations by evaluating the resistivity of subsurface materials. The authors detected that images obtained using a dipole-dipole array were of a higher spatial resolution compared to those from the Wenner and Schlumberger arrays in displaying the sinkhole collapse areas. They concluded the dipole–dipole array as the most effective and less costly configuration in mapping karst hazards areas [60].



In the current study, four ERT profiles were acquired using a dipole-dipole array placed around two sinkholes. In addition, two SP surveys were conducted in order to produce a map of the electrical potential distribution at the ground surface. The fusion of ERT and SP was able to provide a clear picture of the sinkhole extension at the surface as well as underground. Geographic coordinates were registered for each measurement in order to enhance the geolocation precision of the studied sinkholes and the geo-electrical measurements. This allowed for the acquisition and processing of geophysical data and for the subsequent interpretation of the results.



Electrical Resistivity Survey Using ERT


ERT, an active geophysical prospecting method, measures the electrical resistivity (Equation (1)) following the injection of an electric current into the ground at the level of the electrodes. The circulation of this current depends on the chemical composition, lithology and underground structures of the prospected zone.


  ρ =  1 σ   



(1)




where ρ (Ωm) is resistivity and σ (S/m) is conductivity.



Electrical resistivity surveying is based on Ohm’s Law, which governs the flow of the current injected into the ground. Equation (2) is Ohm´s Law in vector form for the current density flow in a continuous medium [61] and demonstrates the relationship between the current density and the conductivity of soil and geologic formations.


  J =  σ E   



(2)




where J (A m−2 )is current density and E (V/m) is the electric field intensity.



The gradient expressed in Equation (3) shows the relationship between electric field intensity and electrical potential:


  E = − ∇ Φ  



(3)




where Φ (V) is electrical potential due to point sources.



The combination of Equations (2) and (3) gives the relation of current density with electrical potential and the conductivity expressed as follows:


  J = − σ ∇ Φ  



(4)







During the ERT surveying process, the positions of the electrodes are determined by the X, Y, and Z coordinates. These electrodes are the current source (I). The relationship between current density (J) and the current (I) is given by Equation (5):


  ∇ J =  (   I  ∆ V    )  δ  (  X −  X s   )  δ  (  Y −  Y s   )  δ  (  Z −  Z s   )   



(5)




where ∆V is the elemental volume surrounding the electrodes and δ is the Dirac delta function. Following Ohm’s Law, where the current is considered to spread in all direction, Equation (4) can be rewritten in terms of the potential distribution in the ground due to a point current source as follows:


  − ∇ ×  {   1  ρ  (  X , Y , Z  )    ∇ Φ  (  X , Y , Z  )   }  =  (   I  ∆ V    )  δ  (  X −  X s   )  δ  (  Y −  Y s   )  δ  (  Z −  Z s   )   



(6)







The resolution process in Equation (6) allows us to determine the electrical potential at the ground surface due to point current sources.



Apparent resistivity ERT field measurements of soil and geologic formations are conducted by injecting a current into the ground through two current electrodes (C1 and C2) and measuring the resulting voltage difference at two potential electrodes (P1 and P2) expressed by Equation (7) as follows:


   ρ a  =   ∆ Φ  I  × K  



(7)




where    ρ a    is the apparent resistivity, K is a geometric factor that depends on the arrangement of the electrodes, I is the electrical current and   ∆ Φ   the electrical potential.



Note that the instrument used to measure geologic and soil formation resistivity generally records the resistance values as follows:


  R =   ∆ Φ  I   



(8)







The apparent resistivity is determined by incorporating geometric factor K. For ERT surveys conducted using a dipole-dipole array, K is expressed as follows:


  K = π × a ×  ( n )  ×  (  n + 1  )  ×  (  n + 2  )   



(9)




where π is the constant, a is horizontal electrode spacing (for current source electrodes or potential measuring electrodes) and n is an integer representing the number of spacing times between current source electrodes and potential measuring electrodes as shown on Figure 6.



The final apparent resistivity measured by ERT using a dipole-dipole array can thus be written as follows:


   ρ a  = π × a ×  ( n )  ×  (  n + 1  )  ×  (  n + 2  )  ×   ∆ V  I   



(10)







The investigation depth depends on the length of the profile used, and the spatial resolution of a resistivity model section is a function of the distance between the electrodes.



During the ERT survey process, the electrode separation (a) is kept constant while n is constantly increased in order to measure the resistivity of deep structures. Potential measurements are performed at several points at different depths for each electrode. The Figure 7 illustrates an example of ERT survey for dipole-dipole configuration with 14 electrodes, during the acquisition of apparent resistivity; two electrodes are taken as the current source while the rest are used for potential measurements. The results obtained from several positions form a pseudosection of the apparent measured resistivity. The measurements are automatically controlled via an algorithm located in the acquisition instrument which selects the appropriate four electrodes for each measurement.



During the ERT measurements with a dipole-dipole array, we set the electrode separation to 2 m for three profiles and 5 m for one profile for 64 electrodes. From the measurements, we were able to obtain a 2D subsurface electrical model where the variation of resistivity revealed the location of the sinkholes and different enclosing geologic formations. The acquisition equipment (Figure 8) is manufactured by IRIS instruments and includes a Syscal PRO resistivity meter that measures the apparent resistivity, a 12 volt battery, 64 stainless steel electrodes, four yellow colored cables to connect the electrodes to the resistivity meter, four cable connectors and a Garmin GPS to register the geographic coordinates of the electrodes.




SP Field Measurements


SP is a passive geophysical prospecting method that measures the distribution of natural electrical potential at the ground surface. This electrical potential is related to the electric charge polarization mechanisms observed in the porous or microcracked medium due to the chemical potential gradient of the carriers of ionic or electronic charges. The origin of this gradient makes it possible to distinguish the SP anomaly in three main categories. We distinguish the SP signal of (1) electrochemical origin (fluid diffusion through pedologic and lithologic contacts), (2) electrokinetic phenomena (underground water flow through pores, fractures, and cavities), and (3) thermal origin (namely subterranean temperature). SP can generally be attributed to underground stream flows in fractured and porous areas such as karstic environments. The SP method has previously been employed to determine the location of subsurface cavities [62] and the preferential groundwater flow pathways in sinkholes [59], and to investigate the vertical infiltration of water from agricultural ditches into sinkholes [63]. Furthermore, Ikard et al. [64] applied the fusion of SP with ERT to identify the occurrence of preferential groundwater seepage in karst terrain.



In the current study, we performed SP signal measurements at the ground surface using non-polarizing electrodes connected to a multimeter in voltage mode (with impedance at 10 MΩ) via an electric cable. Equation (11) represents the relationship between the electrical current density at point M and the measured SP signal at non-polarizing electrode P. This electrical potential signal φ (mV) can be computed as follows:


  φ  ( P )  =   ∫  Ω 1  K  (  P , M  )  jS  ( M )  dV  



(11)




where jS is the source current density (in both saturated and unsaturated conditions), K(P,M) is the kernel connecting the φ(P) signal measured at a set of non-polarizing electrodes P (with respect to a reference electrode) and the source of current at point M in the conducting ground. It is important to note that this kernel depends on a number of factors including the number of measurement stations at the ground surface (Figure 9) as well as the distribution of resistivity [55]. The total current density is expressed as follows (Equation (12)) [65,66]:


  j = − σ  ( θ )  ∇ φ + Qv    θ s   θ  u  



(12)




where j is the electrical current density (A m2), σ is the electric conductivity of the porous material, φ is the SP, Qv is the excess charge of the diffuse layer of the pore water per unit pore volume and depends on the permeability of the porous material, θ is the water content, θs is the porosity, and u is the Darcy velocity.






3.3. Geophysical Data Processing and Interpretation


3.3.1. ERT Data Processing


The apparent resistivity values obtained in the field represent the resistivity of homogeneous ground, with constant resistance values associated with the same electrode arrangement [55]. In order to obtain the true resistivity of the soil and geologic formations, computer inversion techniques are generally applied to determine the true subsurface resistivity from the apparent resistivity values [67]. These inversion techniques are made up of computer based algorithms. In particular, for ERT surveys, RES2DINV software, developed by Dr. M.H. Loke, is employed for the processing of 2D data. This program applies the conventional smoothness-constrained least-squares algorithm [68] as the default inversion method. More specifically, a 2D model of the subsurface is determined by first creating a large number of blocks and subsequently applying the least-squares inversion scheme to determine the appropriate resistivity for each block. By doing so, the calculated apparent resistivity values agree with the measured apparent resistivity values determined from the field surveying [61]. During the processing of the data, the difference between the calculated and measured apparent resistivity values is computed using, for example, the root-mean-squared (RMS) error (Equation (13)). This difference is reduced by adjusting the resistivity of the model blocks over a number of iterations. The optimum 2D model is chosen at the iteration where the change in the root mean square error (RMSE) is minimal.


  RMSE =    1 n    ∑   i = 1  n    (   ρ ca  −  ρ ma   )  2     



(13)




where ρca is the calculated apparent resistivity (using RES2DINV), ρma is the measured apparent resistivity (on the field), and n is the number of points surveyed.



In the current study, ERT profiles acquired around four sinkholes were processed using the RES2DINV (version 4.8.10. 64-bit, GEOTOMO SOFTWARE, Gelugor, Penang, Malaysia) inversion software to map the electrical resistivity in two dimensions (vertically and horizontally). This updated version of RES2DINV softwares, dating 2 May 2018, is capable of processing 60,000 acquired data points for a maximum number of 6000 electrodes and 40 maximum model layers.




3.3.2. From SP Data Acquisition to SP Signal Maps


The measured SP signals are electrical potentials primarily attributed to the circulation of water in the saturated zone [16] or to the percolation of water seeping into the vadose zone. We used simple equipment consisting of two non-polarizing electrodes, a very high sensitivity multimeter and a coil of electric cable. The measurements values were then written down in a table on a field notebook. We chose to make an acquisition of electrical potential via a mesh of 2 m inter-measurements with a fixed and mobile electrode, allowing us to subsequently determine electrical potential variation maps around the sinkholes. In laboratory, SP data was saved in Excel (version 2010, Microsoft Corporation, Redmond, WA, USA) spreadsheets and then processed using the Surfer (version 13, Golden Software LLC Company, Golden, CO, USA) to output the electrical potential maps.




3.3.3. Boreholes Data and Geophysical Data Interpretation of the Second Site


The Figure 10 shows the location of geophysical measurements (ERT and SP) conducted around the sinkholes developed on the second site with geological formations dominated by basalts, dolomitic limestone, and dolomites.



As previously mentioned, the SP signal can originate from different sources. Thus, in order to determine the origin of the measured SP signal, and to subsequently facilitate its interpretation, we combined the SP results with those derived from the ERT method. This allows for an improved understanding of the underground polarization mechanism that is responsible for the electrical potentials measured at the surface. We assumed that the dominant process contributing to the SP signal was the electro filtration electrokinetic phenomena generated by the streaming potential gradient from underground water flows through pores, fractures, and cavities in this karst environment.



The 2D model of subsurface true resistivity represents the resistivity values of geologic formations, soils, and other materials. An accurate interpretation of the model must be based on the electrical properties of the present materials in order to translate the resistivity model into a geologic model.



To do this, the subsurface materials and geologic formations of the surveyed area must be identified. This information can be obtained by conducting a number of borehole loggings and by determining the subsurface true geologic composition.



During the drilling of this borehole, different subsurface geology information (such as the lithology and the thickness of geological formation layers, their structural and composition as well as the water table level is saved in the form of stratigratic logs. The Figure 11, Figure 12 and Figure 13 represent the logs of boreholes F8, F12 and F48 located near the studied sinkholes (Figure 10). In particular, they contain descriptions of the stratigraphic composition of the surveyed area dominated by basalts, clays, sandy dolomites, fractured limestones, and dolomite. At the drilled point, the presence of cavities was identified by the free fall of the hammer deep in the borehole and was reported on borehole log as shown on the Figure 11, Figure 12 and Figure 13.



Following the determination of subsurface geologic formations of the study area, the locations of the formations must be identified on the 2D true resistivity model. Volcanic rocks such as basalts have a resistivity of 103–1.3 × 107 (dry) Ωm, sedimentary rocks such as sandstone, limestone and dolomite have values of 1–6.4 × 108 Ωm, 50–107 Ωm and 3.5 × 102–5 × 103 Ωm respectively, while soil (clay and alluvium) values are measured as 1–100 Ωm and 10–800 Ωm respectively [69]. The resistivity value is a function of various factors, such as the degree of porosity, fracturing and the type and the quantity of material filled in these voids. The combination of this information allows for the identification of structures and types of geological formations at the subsurface as well as at the horizontal extent of the studied sinkholes.






4. Results and Discussion


The measurements from the remote sensing and applied geophysical techniques were analyzed with the ultimate aim of identifying and protecting the sinkholes in the study area. The study was conducted in order to contribute to the big effort launched in the region of Fez/Meknes for climate change adaptation with a focus on groundwater resource protection. First, karst depressions and agricultural areas were identified using Sentinel-2A, ASTER-GDEM and Google Earth images. Based on the surface reflectance and morphology contained in the imagery, the interpretation of visual features of the 3-band false color Sentinel-2A image and TIN topographic model conducted in conjunction with geologic information and fieldwork measurements allowed us to identify sinkholes and karst cavities at the two study sites. Remote sensing measurements were used to identify the location and horizontal extent of the sinkholes, while geophysical surveys were conducted in order to determine their subsurface location and extent. The methods were able to delineate the soil and geological materials of the study area. Furthermore, geophysical data was acquired at the second site, whereby we identified collapse and solution sinkholes located close to agricultural fields.



4.1. Sinkholes Identified Remotely


The processed satellite imagery reveals that sinkholes are located in areas occupied by basalts and come into contact with carbonate rocks. In particular, these areas possess fertile and rich soil suitable for agricultural activity. In addition, the presence of fractured limestone and dolomite allow for the water infiltration and retention, thus making the area more attractive as farmland. Figure 14 presents the TIN elevation model computed from the ASTER-GDEM on which we digitalized the identified sinkholes and other karst cavities. Variations in the elevation and the interpolation of triangles representing nearest point elevations indicate that these karst landforms are developed on large to small depressions. These depressions are expressed by subcircular surface features with low elevation located in areas occupied by basalts and with their contact with carbonate rocks. On-site observations confirmed the location and characteristics of different karst landforms that were identified remotely (Table 3). Different types of sinkholes, such as collapse, solution, and dropout doline, were observed (Figure 15).



Table 3 reports the key characteristics of karst landforms identified via the satellite imagery and confirmed using on-site observations. The distance from farmland value calculated from the sinkhole or cavity location represents the distance a polluting substance used in agricultural activities would have travel in order to reach the fractured carbonate rocks to eventually end up in the groundwater aquifer. Knowledge of the surface morphology and outcrop geology can help to determine the type of protection perimeter structure required to protect these sinkholes.




4.2. ERT


The location of the karst cavities was observed in areas with very low electrical resistivity values compared to the whole resistivity model section values. The 2D Resistivity model was chosen for the 7th iteration with RMSE (absolute errors) of 8.9, 9.4, 11.3 and 14 for different electrical resistivity profiles conducted during of the field surveys.



Figure 16, Figure 17, Figure 18 and Figure 19 represent the 2D resistivity model sections obtained from the ERT profiles conducted around sinkholes and cavities identified at the second site (Figure 14). The results of the ERT survey obtained following seven iterations reveals the electrical resistivity of subsurface materials, with higher values representing resistive geological formations whereas lower values represent conductive materials. Based on the borehole logging information, we were able to determine the subsurface geological formations belonging to these materials. The resistivity model allowed us to identify soil materials and red clays on the surface and inside the sinkhole cavities with values ranging from 3 to 60 Ωm. These sinkholes are located in high resistive host rocks, namely dolomitic limestone, fractured limestone, and dolomite, with resistivity values ranging from 165 to 4000 Ωm.



The resistivity model sections for the ERT profiles derived from surveying conducted around the Funnel shaped collapse sinkhole and the solution sinkhole, (Figure 15), exhibit low resistivity values, indicating that theses cavities, developed in fractured dolomitic limestone, are filled with conductive materials. These resistivity low values, shown on the Figure 16, are attributed to the clay filled in the Funnel shaped sinkhole. Furthermore, the sinkhole was observed to become deeper, and its continuity was identified in the northwest of Figure 17.



The resistivity model section of the ERT profiles obtained for the survey conducted in the northwest of sinkhole (2) indicate a number of sinkholes not observed at the surface. These sinkholes exhibit low resistivity values, indicating that they are filled with conductive materials, well developed in depth and are hosted by fractured dolomite and limestone. The results of the ERT survey (Figure 18 and Figure 19) present resistivity low values for a sinkhole well-developed bellow fractured limestone. The resistivity models were derived using cells with a width of 2.0 m (Figure 18) and 5.0 m (Figure 19). The sinkholes are denoted by the low resistivity anomaly at the 26 m and 64 m horizontal distance marks from NE to the SW for Figure 18. Other underground cavities can be identified at 185 m and 232 m horizontal distance marks from NE to the SW as seen on the Figure 19. These sections demonstrate the connectivity of the two sinkholes, with greater depths from the SE to the NW. In addition, the fractured limestone in Figure 18 is affected by a sinkhole of approximately 30 m in size that is accessible at the surface. This shows the complexity of this karst system.




4.3. SP


The analysis of the ERT measurements allows us to determine the vertical extent of subsurface sinkholes and buried cavities, while the results of the SP measurements provide their subsurface horizontal extant. SP signal measurements conducted around identified sinkholes were processed and presented on the maps of electrical potential (Figure 20 and Figure 21). Two maps were produced from the data, with areas of 756 m2 and 2760 m2. The results exhibit several anomalies, with very high SP values linked to the level of the sinkholes (more than 10 mV). These high values are a result of materials that fill the sinkhole, which are essentially composed of clays and soil erosion materials. The continuity of these anomalies reveals the subsurface extent of the sinkholes from the SE to the NW.




4.4. Protection Zoning of Sinkholes


In natural environments, the solubility of calcite and dolomite minerals depends on pH, which is largely controlled by carbon dioxide (CO2) partial pressure [70]. In agricultural areas, the chemicals and fertilizers used for the protection and growth of crops change the surface runoff pH, which in turns influences the solubility of these minerals. Cavities formed by the gradual dissolution of carbonate rocks may lead to the development of ground subsidence or sinkhole formations. While infrastructure damage or the loss of human live can occur during the development of sinkholes, hydrogeological hazards are more common in karst environments.



The key factors controlling karstification processes in the TMA are discussed in detail in [9,71] and include the following: lithology, geomorphological settings and adjacent aquifers, water table fluctuations (variations in the piezometric level), faults and structures affecting carbonate rocks (tectono-structures), Mediterranean climate and precipitation regimes, surface runoff and its physicochemical properties, and regional land cover and land use.



Amraoui et al. [9] and Howell et al. [10] investigated the hydrochemistry of the principle water springs located in the piedmont of TMA and identified the contribution of sinkholes (from the surface as well as from internal gradual erosion) to the turbidity of these springs.



Internal erosion and deformational processes are generally controlled by different factors [72] including water table fluctuations (variations in the piezometric level), hydraulic gradient and mechanical properties of carbonate rocks (which may control dissolution processes), subsurface karst and void networks generated by dissolution, and surface run-off and its physicochemical properties flowing in sinkholes and cavities.



Figure 22 depicts the derived protection zones to weaken the key effects controlling karstification processes in the study area, and for the eventual reduction of the impact of sinkholes on the turbidity observed on the main water sources in the Fez/Meknes region. The zones indicate areas which require protection, with anthropic activities prohibited within the zones. In particular, they indicate highly vulnerable areas surrounding the sinkholes, and their protection will minimize the effects of agricultural activity and land reclaiming for agricultural needs conducted in the Causse of El Hajeb.



The results obtained in the current study highlight the advantage of combining multiple methods for natural hazards studies. In particular, remote sensing imagery is able to provide surface land cover information with the exact location of different karst landforms over large areas, while ERT measurements can supply us with subsurface vertical information of sinkholes according to variations in depth. Furthermore, SP measurements complement the ERT results by providing the horizontal extent of subsurface cavities. This information can be applied to determine protection zones for the identified sinkholes.




4.5. Assessment of Measurements and Sinkhole Delineation Precisions


By taking 22.2 Ωm as the model resistivity value at the limit of sinkholes and their hosting rocks, we can determine the error propagation of the resistivity chosen for sinkhole delineation on model section of each ERT profiles. The relationship between the obtained model resistivity and the measured resistivity can be expressed as follow (Equation (14)):


   ρ   model  =  (   ρ   measured  ±  absolute   error   )   (  Ω m  )   



(14)







While the absolute errors indicate the precision of equipment used to take the measurement, the accuracy of the results can be evaluated by examining the relative uncertainty.



The relative uncertainty is the ratio between absolute error and the value of modeled resistivity multiple by 100 (Equation (15)). The large percentage of relative uncertainty means less precision of the measured resistivity. This can be explored to evaluate the accuracy of the results for each ERT profile.


   Relative   uncertainty    =    Absolute   error  × 100    ρ   model     ( % )   



(15)







The Table 4 shows uncertainty parameters examined to determine the precision of the resistivity model section for ERT profiles and eventually its usage for the delineation of sinkhole. We noticed that for ERT profiles (P1 and P3) acquired too close to the sinkholes, absolute errors and relative uncertainty are very high. This can be explained by electrical property of materials filled in the sinkhole cavities where their variations can be affecting the precision of equipment. On the Figure 23 we can observe the resistivity values which can be mistaken during the delineation of the sinkhole for each profile. We noticed that the delineation of the sinkhole for ERT profile (P1) requires particular attention due to the highly variable resistivity between the sinkhole and the hosting rocks.





5. Conclusions


The protection of sinkholes requires precise information on their location, shape, subsurface extent, and host rocks in order to determine a protection perimeter. The current study examines the potential of remote sensing and applied geophysics in mapping sinkholes and karst cavities. More specifically, Sentinel-2; ASTER-GDEM and Google Images were combined with fieldwork and GPS information to identify sinkholes in the Causse of El Hajeb. Electrical resistivity and electrical potential, acquired using ERT and SP respectively, provided subsurface extent and host rock information of the identified sinkholes. The results provide insights into the questions raised by the influence of water table fluctuations and their influence on karst aquifers. Subsurface sinkhole locations, their filling materials and host rocks suggest the presence of a complex subsurface network of karst conduits with numerous underground cavities developed in this area. This confirms the vulnerability of karst environments, where the development of sinkholes presents environmental and geo-hazards risks.



We conclude that the combination of remote sensing and applied geophysics can effectively be applied for the sinkhole risk mitigation process, where satellite images and electrical resistivity can delineate geological formations and anthropic activities for both large and small areas. In addition, precision accuracy assessment provided the degree of confidence for subsurface sinkhole delineation process. Groundwater pollution risks posed by these sinkholes should be mitigated by establishing and implementing a protection perimeter, as well as reducing anthropic activities conducted nearby. The results of this study can aid decision makers involved in water management and water protection in implementing protection zones for the studied sinkholes. In addition, future research will be conducted on the sinkholes identified on the first site and also employ corrective measures by mobilizing local population. For this we recommend measures including the reduction of groundwater withdrawal, which contributes to the decline of the water table, as well as rational agricultural practices and water usage.
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Figure 1. Geologic stretch of the TMA of Morocco with red boxes indicating the location of the area of study on Moroccan as well as on TMA scales. 
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Figure 2. Geological map extract of El Hajeb (1:100,000) indicating the study sites location. The first site represents area hosting buried sinkholes filled with basalts and dropout doline whereas the Second site represents area hosting funnel shaped collapse sinkhole with an approximate depth of 35 m and solution sinkhole with an approximate depth of 50 m. 
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Figure 3. Flowchart of the methodological steps adopted in this study. 
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Figure 4. False-color Sentinel-2 image (bands 11, 8, and 5) demonstrate the principle land cover types: vegetation (green colors), basalts (purple), and carbonate rocks (pink). Derived from a level-2A Sentinel-2A acquired on 30 March 2017 from the Copernicus Open Access Hub. 
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Figure 5. Identification of sinkholes by comparing (A) a regional geological map of El Hajeb (B) a false color Sentinel-2A image using the SWIR, NIR and Red bands, (C) the TIN derived via the ASTER-GDEM, and a high spatial resolution Google image containing sinkholes (D,E) identified in agricultural areas. 
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Figure 6. Dipole-dipole array configuration for resistivity surveys for n = 1, where C1 and C2 represent the current source electrodes and P1 and P2 the potential measuring electrodes. 
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Figure 7. ERT survey example: The plot of the dipole-dipole apparent resistivity on a pseudosection. Electrical potential measurements are performed at several positions for every current source location (from a to k). We used a 2 m spacing distance for both the current electrodes (C1, C2) and potential electrodes (P1, P2). The separation of current electrodes (I) and potential electrodes (V) is equal to n × 2 m. The arrows indicate the orientation of the measurements; the red dots indicate the measurement location at the intersection of two lines, at 45 degrees, to the center of the current and potential electrodes. 
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Figure 8. The acquisition equipment manufactured by IRIS and includes battery, resistivimeter, electrodes, coil, cables, and cable connector. 
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Figure 9. An example of SP measurement station at the ground surface on which a pickaxe (A) is used to dig a shallow hole with 30 cm of depth where one non-polarizing electrode (D) connected to a multimeter (C) and another fixed non-polarizing electrode via an electrical cable (B) is introduced to take SP signal. 
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Figure 10. Position map indicating the location (B) of the ERT profiles, SP and the sinkholes of the second site (A). 
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Figure 11. Borehole log F8 from 1982 with final depth of 100 m where water table was identified at 74.9 m of depth. 
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Figure 12. Borehole log F12 from 1986 with final depth of 105 m where water table was identified at 5.6 m of depth. 
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Figure 13. Borehole log from 1998 with final depth of 238 m where water table was identified at 136 m of depth. 
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Figure 14. TIN topography of studied area highlighting the variation in topography and the locations of the studies sinkholes. 
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Figure 15. Photographs of sinkholes identified during fieldwork observations. (1) Funnel shaped collapse sinkhole with an approximate depth of 35 m, (2) solution sinkhole with an approximate depth of 50 m, (3) buried sinkholes filled with basalts, and (4) dropout doline. 
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Figure 16. Resistivity model section for ERT profile P1, representing the variation in electrical resistivity values obtained following the inversion of apparent resistivity values for seven iterations with absolute error of 14.0. This profile was acquired in the southeast of the first sinkhole identified at 64 m from the first electrode. The continuity of the vertical anomaly demonstrates that the development of the sinkhole in carbonate rocks, reaching a 30 m depth from the surface where the cavity is visible (Figure 15). 
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Figure 17. Resistivity model section for ERT profile P2, representing the variation of electrical resistivity values obtained following the inversion of apparent resistivity values for seven iterations with absolute error of 9.4. This profile was acquired in the northwest of the first sinkhole identified at 70 m from the first electrode. Vertical anomaly analysis demonstrates the development of the sinkhole in carbonate rocks, reaching deep into fractured dolomitic limestone. 
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Figure 18. Resistivity model section for ERT profile P3 representing the variation of electrical resistivity values obtained following the inversion of apparent resistivity values for seven iterations with absolute error of 11.3. This profile was acquired in the northwest of the second sinkhole, approximately 30 m in size and identified at 70 m from the first electrode. Vertical anomaly analysis shows that the sinkhole is developed in carbonate rocks and reaches deep into fractured dolomitic limestone. In addition, a second sinkhole was identified 32 m from the first electrode. 
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Figure 19. Resistivity model section for ERT profile P4 representing the variation of electrical resistivity values obtained following the inversion of the apparent resistivity values for seven iterations with absolute error of 8.9. This profile was acquired in the northwest of the second sinkhole identified, at 185 m from the first electrode. Vertical anomaly analysis shows that the sinkhole is developed in carbonate rocks and reaches deep into fractured limestone. In addition, two small cavities were identified at 190 m and 240 m from the first electrode. 






Figure 19. Resistivity model section for ERT profile P4 representing the variation of electrical resistivity values obtained following the inversion of the apparent resistivity values for seven iterations with absolute error of 8.9. This profile was acquired in the northwest of the second sinkhole identified, at 185 m from the first electrode. Vertical anomaly analysis shows that the sinkhole is developed in carbonate rocks and reaches deep into fractured limestone. In addition, two small cavities were identified at 190 m and 240 m from the first electrode.



[image: Resources 09 00051 g019]







[image: Resources 09 00051 g020 550] 





Figure 20. Map of SP signal (A) measured around the funnel shaped collapse sinkhole (B) with high values (10 to 20 mV) indicating the horizontal extent of the sinkhole whereas the low values (6 to −12 mV) indicate the extent of the hosting rock. The black circle indicates the position of the sinkhole as observed to the ground surface. 
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Figure 21. Map of SP signal (A) measured around the solution sinkhole (B) with high values (10 to 20 mV) indicating the horizontal extent of the sinkhole while the low values (6 to −7 mV) indicate distribution of the hosting rock. The black circle indicates the accessible part of the sinkhole from the ground surface. 
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Figure 22. Map indicating the location of geophysical measurements (SP and ERT) and the sinkholes studied (B) as well as the zoom in indicating the location of landcover (farmland and non-agriculture carbonate rocks) and the proposed protection zones (A). Note that these sinkholes are located in the contact of intensive agricultural area and carbonate rocks. The protection of these sinkholes requires the implementation of protection zone covering their whole horizontal extent. 
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Figure 23. Error propagation of electrical resistivity for different ERT profiles, this figure shows the margin of error (low and high resistivity values) for sinkhole delineation on resistivity model section. 
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Table 1. The principle characteristics of the Moroccan Geographic coordinate system (Morocco Z1) used for the transformation of satellite imagery, GPS coordinate and DEM 84WGS UTM zone 30N projection system into Lambert Conic Conform.
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	Morocco Z1: Geographic Coordinate System, Merchich Degree
	Transformation Parameters





	Projection
	Lambert Conformal Conic



	Datum
	D_Merchich



	Spheroid
	“Clarke_1880_IGN”,6378249.2,293.46602



	Prime Meridian
	“Greenwich”,0.0



	Linear unit
	“Meter”,1.0



	Angular unit
	“Degree”,0.0174532925199433



	False easting
	500000.0



	False northing
	300000.0



	Central meridian
	−5.4



	Standard parallel_1
	34.86645765555556



	Standard parallel_2
	31.72392564722222



	Scale factor
	0.999625769



	Latitude of origin
	33.3
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Table 2. Specifications of the Copernicus Sentinel-2 image employed in the data analysis.
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	Sentinel-2 Bands
	Spatial Resolution
	Wavelength (nm)
	Application





	Band-1 Ultra blue
	60 m
	433–453
	Aerosol correction



	Band-2 Blue
	10 m
	458–523
	Aerosol correction, sensitive to vegetation stress, land cove/use mapping



	Band-3 Green
	10 m
	543–578
	Sensitive to total chlorophyll, land cover/use mapping



	Band-4 Red
	10 m
	650–680
	Maximum absorption of chlorophyll, land cover/use mapping



	Band-5 Near infrared (NIR)
	20 m
	698–713
	Consolidation of atmospheric correction/baseline of Fluorescence, land cover/use mapping



	Band-6 Near infrared (NIR)
	20 m
	734–748
	Atmospheric correction, recovery of aerosol charge, land cover/use mapping



	Band-7 Near infrared (NIR)
	20 m
	765–785
	Land cover/use mapping



	Band-8 Near infrared (NIR)
	10 m
	785–900
	Leaf area index, water vapor correction, land cover/use mapping



	Band-8A Near infrared
	20 m
	855–875
	Water vapor absorption reference, land cover/use mapping



	Band-9 Shortwave infrared (SWIR)
	60 m
	930–950
	Water vapor absorption reference, land cover/use mapping, atmospheric correction



	Band-10 Shortwave infrared (SWIR)
	60 m
	1365–1385
	Cirrus cloud detection for atmospheric correction, land cover/use mapping



	Band-11 Shortwave infrared (SWIR)
	20 m
	1565–1655
	Soil detection, sensitive to above ground forest biomass, cloud/snow/ice separation, land cover/use mapping.



	Band-12 Shortwave infrared (SWIR)
	20 m
	2100–2880
	Soil mineral mapping, soil erosion monitoring, stressed biomass and soil distinction, wildfire mapping, land cover/use mapping
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Table 3. Karst landforms characteristics identified in the Causse of El Hajeb.
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	Karst Landforms
	Outcrop Geological Formation
	Distance from Farmland
	Surface Morphology





	1
	Mixt of red clay and carbonate rocks
	3 m
	circular



	2
	Carbonate rocks
	10 m
	rhombus



	3
	Basalts and carbonate rocks
	0 m
	circular



	4
	Red clay and basalts
	0 m
	circular



	5
	Carbonate rocks
	200 m
	circular



	6
	Basalts and carbonate rocks
	170 m
	circular depression



	7
	Carbonate rocks
	40 m
	circular



	8
	Carbonate rocks
	50 m
	circular



	9
	Basalts and carbonate rocks
	30 m
	variable
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Table 4. Precision measurement parameters estimated on the level of sinkhole.
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	Precision Parameters
	P1
	P2
	P3
	P4





	Absolute error (Ωm)
	14.0
	9.4
	11.3
	8.9



	Relative uncertainty (%)
	63.3
	42.3
	50.9
	40.0
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