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Abstract

:

Sustainable water resources management in desert environment has yet to be reached due to the limited hydrological datasets under such extreme arid conditions. In the Eastern Sahara, the tectonic activity associated with the opening of the Red Sea adds more complexity to developing sustainable water management by creating multiple aquifers within subsided half-grabens along the Red Sea extension. To overcome these difficulties, a two-fold approach is adopted including integrated remote sensing and geoelectrical methods using Wadi Al-Ambagi watershed in the Eastern Desert of Egypt as a test site. First, the total discharge is estimated as 15.7 × 106 m3 following the application of a uniform storm of 10 mm effective precipitation, which exceeds the storage capacity of existing mitigation measures (5.5 × 106 m3), and thus additional dams are required. Second, the subsurface geometry of alluvium and sedimentary aquifers, within subsided blocks in the Arabian–Nubian shield (ANS), is delineated using 1D direct current and 2D electrical-resistivity tomography (ERT). Findings indicate that significant thicknesses of more than 80 m of permeable sedimentary units occur within the subsided blocks. Therefore, the scarce water resources can be managed by controlling the flash floods and suggesting proper dam sites at the location of thick alluvium and sedimentary rocks, where aquifers can be recharged representing a sustainable source for freshwater. The proposed approach is transferable and can be applied in similar arid rift-related watersheds in Saudi Arabia and worldwide.
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1. Introduction


The opening of the Red Sea during the late-Oligocene–early-Miocene time as a major continental rift with a later transition to oceanic rift [1], resulted in the formation of extensional rift basins and half-grabens such as the Gulf of Suez and El-Qaa plain [2,3,4] as well as NW elongated gorges that modulated the east–west river flow, captured surface water, and introduced new northwest and north-flowing river systems [5]. The Red Sea opening also associated with significant uplift of the Arabian–Nubian shield (ANS) leading to erosion of enormous thicknesses of pre-rift Cambrian to Eocene rocks of up to 15 km [6,7], which ultimately resulted in the outcropping of the Precambrian crystalline rocks of the ANS in the Eastern Desert of Egypt, Sinai, and western Saudi Arabia (Figure 1). In addition to the formation of major rift basins and half-grabens (Figure 1b), the extensional stresses also resulted in the preservation of pre-rift sedimentary successions in subsided blocks within the Precambrian ANS and near the coastal plain of the Red Sea, where relatively enhanced precipitation is taking place under the current arid climates [8]. Example of these subsided blocks include Jabal Duwi, Esh Al-Malaha in Egypt [2], and the Hamd-Jizl basin in Saudi Arabia [9]. However, these subsided blocks of sedimentary facies can be easily differentiated from the surrounding crystalline rocks on satellite images by their higher albedo (Figure 1c), yet some of these blocks are currently concealed beneath alluvium deposits within the major watersheds in the ANS. The storage capacity of these sedimentary rocks as well as the overlying alluvium, which is expected to attain significant thicknesses in subsided block areas, can be utilized as aquifers for flash-flood water harvesting and would also provide an effective mitigation measure against the destructive impacts of flash flooding in such desert areas.



Remote sensing (RS) and geographic information system (GIS) have been increasingly used to improve the imitative methods of data collection in geological and environmental applications [10,11,12,13]. The problem of data limitation has been overcome as megascopic observations through available satellite images and digital elevation models (DEM) of different sources and resolutions [14,15,16]. As a main product of the shuttle radar topographic mission (SRTM), the DEM has been widely used for defining watershed characteristics [14,17], such as flow pathways and their confluences/dispersions and the estimation of linear relationship of these networks [13]. The active channel detection and river floodplains cross-sectional areas can be also estimated using high-resolution DEM data [18]. Recently, the morphometric analysis of watersheds is being conducted using the parameters obtained from remote sensing and GIS data [19]. There is a general agreement that examining the morphometric parameters of drainage systems is essential for understanding basin hydrogeological characteristics [18]. The hydrological analyses and management of flash floods can benefit from the qualitative and quantitative parameters obtained from RS and GIS data. Although, quantitative data on groundwater cannot be inferred from surface observations, but specific RS-based geological analyses can be integrated with geophysical exploration to assess the groundwater potentiality in different settings [20,21]. Moreover, the spatial analysis of these datasets in a GIS environment would improve the outcomes of such integrated analyses [22,23].



Traditionally, drilling is the first choice for subsurface site investigations given that it provides high accuracy and resolution at any required depths. Nevertheless, the borehole drillings are time consuming and expensive, and they only give point information. On the other hand, the surface geophysical methods give a timely effective and continuous imaging of subsurface layers including the depth to water table and the thickness of aquifers in the form of 1D, 2D, and 3D profiles [24,25]. The direct current resistivity (DCR) method is widely used for hydrogeophysical investigations [26,27]. The DCR sounding (1D) estimates directly the layer interfaces for groundwater exploration using 1D layered-model [28,29]. Moreover, the electrical-resistivity tomography (ERT) has been applied successfully for mapping the near-surface heterogeneities reflecting the subsurface structures, in a nondestructive manner [30]. Accordingly, the joint 1D and 2D DCR surveys can provide valuable information about the subsurface layer distributions and groundwater potentialities [31,32].



The present study aims to integrate RS observation/analyses, derivatives of DEM using GIS routines, and geophysical exploration in order to provide an integrated and sustainable water resources management in highly faulted watersheds in the ANS through (i) estimating the resultant runoff of designed storms, (ii) evaluating the extent of available alluvium and sedimentary aquifers, and (iii) examining the optimum scenario for runoff water harvesting and aquifer replenishment. To achieve these objectives the catchment of Wadi Al-Ambagi in the Eastern Desert of Egypt is selected as a test site. Existing mitigation measures are evaluated, and new measures are suggested to protect the urban areas downstream from flash-flood hazards. Furthermore, the exploration for alluvium and sedimentary aquifers suitable for groundwater accumulation is carried out using geophysical surveys being guided by hydrological and geological analyses for the sub-basins of the catchment.




2. Site Description


The Eastern Desert (ED) covers approximately 20% of Egypt. As a part of the eastern Sahara, the ED is dominated by arid to hyperarid conditions [33,34] and suffers from severe water scarcity. However, it has been recently hit by several flood events causing considerable economic damage and losses of life [35]. Wadi Al-Ambagi watershed represents a major connection corridor between the Nile Valley to the west and the Red Sea to the east via a paved road, Al-Quseir-Qift road (Figure 1c). The eastern part of the basin is formed of coastal plains, while the central and western areas include high relief mountainous (>100 m) terrains. The highest recorded rainfall on the watershed was 28 mm/year [36]. However, the basin has been subjected to frequent flash floods with reported seven flash-flood events during a period of twenty years (1996–2016) [35]. Further, it was observed that there is an extensive water shortage at the nearby Al-Qusier city for both domestic usage and mining operations. The existing mitigation measures include three constructed dams and a retention basin, which are mainly concentrated in the downstream part (Figure 1c), and consequently, their locations do not support aquifer recharge, i.e., runoff water harvesting (RWH).



The main streams are composed of interconnected relatively narrow meanders carved into mountainous areas and surrounded by high reliefs. The alignment of scarps overlooking the sectors of the main wadis is indicative of main structural control that conform variable depth to basement rocks underneath the wadi floors [35]. The impact of geological structures on wadi patterns, alluvium extent, and thickness is highly evident in the basin, where the grabens are occupied by alluvium of considerable thickness and saturation when compared with other stretches in the wadi floors that are covered by thin alluvium [37]. Numerous groups of faults were reported including the dominant NW–SE trend in addition to the NE–SW and E–W trends (Figure 2).



The geological setting of Wadi Al-Ambagi watershed is complex and the rock units range from Precambrian to Holocene. Precambrian rocks are exposed in the western parts of the watershed and are represented by wide variety of crystalline rocks (Figure 2) including migmatites, gneisses, calc-alkaline granite, metasediments, metavolcanics, mafic intrusions, younger volcanics, post-tectonic granites, and trachyte sheets and plugs [38]. Overall, the basement rocks are impermeable and may contain secondary porosity and permeability via fracturing particularly within the metavolcanic and sheared rock units [39]. The Precambrian units are unconformably overlain by sedimentary rock units. Cretaceous (shale, silt, Nubian sandstone, variegated shales, dark phosphate with silicified phosphatic nodules, marl, and limestone) and Eocene (shale and chalky limestone) rocks are exposed in Jabal Duwi area (Figure 2). Both the basement and Eocene sedimentary rocks are highly fractured by mostly connected joints and cracks while the Cretaceous Nubian sandstone and the Oligocene Nakheil sediments are less fractured, but their primary porosity and permeability make them among the main potential aquifers in the area [35]. Oligocene sediments consist mainly of coarse conglomerate alternating with bright variegated lacustrine calcareous clays [40]. The Red Sea coast is occupied by sediments related to the Miocene and Quaternary units (Figure 2). They unconformably overlie the older rocks with a distinctive dip. The Miocene deposits are distinguished as reefal and algal carbonate rocks, gypsiferous limestone rich in fossils, and sandstones with minor marls [40]. The Quaternary deposits appear as elevated beaches, alluvial fans, and wadi deposits. The wadi deposits are of different compositions according to the surrounding rock types [40]. The alluvium wadi deposits represent the main aquifer in the area as they receive occasional recharge from flash-flood events.




3. Materials and Methods


3.1. Approach Overview


A two-fold approach for scarce water resources management and flash-flood hazard mitigation in structurally-controlled watersheds is presented in this study (Figure 3). First, surface and input data were collected, based on analysis of satellite data and field observations (stage I). In this stage, the storage capacities of existing mitigation measures were determined. Various topographic, morphometric, and hydrologic parameters were derived from RS datasets using Envi 5.1, ArcGIS 10.2, and ERDAS Imagine. The corresponding total discharge of the whole basin (i.e., hydrograph) was then calculated. Consequently, the difference between the estimated total discharge and the storage capacity of the existing mitigation measures were examined, and thus additional mitigation measures were recommended. Second, the subsurface data were acquired from borehole data and DCR measurements, in the form of DC resistivity soundings and 2D-ERTs (stage II). Given that the inverse problem of DC resistivity data is usually ill posed, advanced conventional and nonconventional algorithms were applied to improve the interpretation results. The aim of DCR soundings is to (i) attain a general overview of subsurface layers distribution and (ii) evaluate the hydrogeolgical conditions. The distribution of geophysical measurements was controlled by results of stage I, e.g., surface geological data and locations of the main wadis. Finally, the results of stages I and II were integrated to get proper solutions/locations for improve runoff water harvesting and aquifer replenishment, which are necessary for sustainable water management in wadi systems under hyperarid conditions.




3.2. Extraction of Surface Hydrological Parameters (Stage I)


Based on field observations, the existing mitigation measures have been evaluated. The storage capacity of observed dams and pools were measured to estimate the amount of retained water. Given that the watershed is inactive for long periods except during intensive rain storms, there are no available field measurements such as flow records and ancillary data. This lack of information impedes the full understanding of the processes associated with flash floods and the calibration of estimated flow parameters. Therefore, the flash-flood modeling is of utmost importance to help the planners and executives not only to mitigate the negative impact but also to gain benefit from these occasional flows.



The available topographic maps were geographically rectified and mosaicked, and the catchment boundary was delineated in a GIS environment. The different layers on the topographic maps were digitized including: contours, elevation points, stream networks, and land cover features. These datasets were integrated to examine the accuracy of the shuttle radar topography mission (SRTM)-derived DEM (Figure 4a) as well as for hydrological analyses.



The main basin has been subdivided into six sub-basins named as Abu-Ziran (a), Karim (b), Mahasin (c), An-nakhil (d), the main trunk of wadi Al-Ambagi (e), and Bayda al-Atshan (f) sub-basins (Figure 4b). Most of these wadis debouch into the east toward the Red Sea coast, where urban areas, mining sites, and tourist villages are located (Figure 1c). Based on the DEM analyses, morphometric parameters of the basin were derived and then they were grouped as linear, relief, and areal parameters. Using the Manning equation, the overland and channel flow velocities were empirically estimated as:


  V = (  R  0.67    S  0.5   ) / n  



(1)




where V is the cross-sectional average velocity (m/s), R is the hydraulic radius (m), S is the slope of the water surface, and n is the Manning coefficient. The water surface slope is assumed to be parallel to the channel bed slope.



The channel width at selected sites was measured using active channel characteristics on the Landsat images acquired directly after flash-flood events over the watershed (i.e., high albedo). These selected cross-sections were then superimposed on the DEM to extract the average depth at each site. Slope of the water surface as a function of the channel bed slope was estimated from the DEM for reaches centered on the selected sites. Hydraulic radius was also calculated from the measured cross-sectional areas and perimeter. The Manning coefficient was considered as 0.02 for channel areas and 0.06 for hillslopes as typically reported for similar watersheds in the Eastern Desert of Egypt [17]. The extracted DEM were used to derive various hydrological parameters; i.e., flow direction using the D-8 algorithm, flow accumulation, watershed delineation, stream networks, downstream flow length (Figure 4c), and the time-area zones (Figure 4d). Given that the flow direction represents the direction of flow within each cell in the watershed and the pixel resolution of the utilized DEM is known, the cell flow length can be derived. With the known values of the flow velocities and the flow lengths, the travel time of flow in each cell can be directly estimated by dividing the flow length by the flow velocity. The catchment has been subdivided into sets of cascading time-area zones in order to compute the temporal distribution of resulting runoff on hourly basis. The time-area zones (Figure 4d), which represent the time required for the runoff generated at each cell to reach the outlet, were produced using the flow length function in ArcGIS.




3.3. Subsurface Data Acquisition/DCR Inversion (Stage II)


The subsurface data were acquired from available borehole and DCR data. Figure 5 shows the DCR measurement locations using SYSCAL R2, IRIS instrument. The DCR data were stacked taking into consideration the noise level. The apparent DCR data were stacked 10 times. The final data were registered when the data quality factor value was minimized (stacked error < 1%). The surface layer consists of Quaternary basement fragment and gravelly sand, which is characterized by very high-resistivity values causing a high resistance contact. Accordingly, stainless-steel electrodes with saltwater around a poor contact electrode were used to improve electrodes connection with near surface soil. Furthermore, the DCR sounding distribution was carried out based on the accessibility of the basin, where many mountains, queries, and hills are out of reach for geophysical measurements. Accordingly, the DCR soundings were arranged in an irregular pattern (Figure 5).



The field surveys were conducted through gradual stages from April 2015 until September 2016. The DCR measurements were subdivided into two main terms. The first one is the DCR sounding (i.e., 1D), and the other term is the 2D-ERTs. The resistivity measurements were carried out along the main wadi bed where the stream density is high to explore alluvium and sedimentary thickness, saturation, and depth to the basement rocks. To attain regional geological information, eighteen DCR soundings using Schlumberger array with 300 m maximum half-electrode spacing (AB/2) were measured as shown in (Figure 5).



After the DCR sounding data have been interpreted, two 2D profiles were acquired using Wenner beta array (Figure 5). Considering the results of stage (I) and DCR soundings interpretation, the 2D-ERT profiles were carried out in the wadi floor at two selected sites of complex structures, i.e., in areas being intercepted by structurally aligned scarps on opposite sides of the wadi. The 2D-ERTs (Figure 5) were acquired manually using 30 electrodes with 5 m electrode spacing for P1 (145 m length) and 6 m for P2 (174 m length). In view of Wenner beta configuration advantages [41], this array was selected for the 2D-ERT survey.



To reduce the DCR interpretation uncertainty, the measurements were executed near to available boreholes (i.e., seven boreholes) (Figure 5). Based on Attwa and Henaish [41], a combined use of conventional and nonconventional inversion algorithms was applied. The DCR soundings were interpreted using a sequential inversion algorithm [42] applying damped least-squares algorithm (e.g., Levenberg–Marquardt). The measured sounding data points were smoothed applying 1D smoothness weighting schemes. Then, the nonconventional inversion procedure (genetic algorithms) was applied using a low misfit value heuristic search [43,44]. Regarding the sequential interpretation of [42] results and borehole data, the search space was adapted in the genetic algorithms.



Figure 6 shows the DCR sounding No. 15 inversion results. Notably, the generation number and population size were both 60. Then, all measured DCR soundings were inverted applying genetic algorithms and using the same number of generations and populations. Here, the available borehole data were considered to strengthen the inversion process, and consequently, the subsurface layer distributions, structures, and hydrogeolgical conditions can be delineated from the stitched-resistivity sections.



The 2D-ERTs were processed/inverted using a conventional derivative based inversion (DBI) method. Boundless Electrical-resistivity Tomography (BERT) software package was employed, which is widely used in geological/hydrogeological evaluation [45,46,47]. In case of DCR processing, the measured data were excluded for insignificant current and/or high standard deviation (>5%). The bad data quality of outliers and negative field data were rejected. The deleted data were not more than 6% of the measured resistivity data for each 2D-ERT. As suggested by many authors [41,48], an error level of 5% plus 10 μV was selected as the reciprocity data were not measured.



The inversion scheme of BERT depends on several meshes and finite-element forward modeling [49]. In BERT, the inversion method uses the Gauss–Newton algorithm with inexact line search using the methodology described in [48]. Because the watershed is characterized by rough topography, an unstructured mesh of irregular triangles was generated using Delaunay triangulation in forward calculation [49]. The variation between the field data and model response was minimized applying L2-Norm [48]. The 2D inversion implementation concerning a global regularization scheme was applied using a first-order smoothness constraint [49]. The artifact effects regarding the near-surface heterogeneities were minimized using different weights for, respectively, horizontal and vertical model boundaries, ax = λ (known as “LAMBDA”) and az = λwz (called “ZWEIGHT”), were applied.





4. Results and Discussions


A hypothetical uniform rainstorm event was favorably utilized to assess the flash-flood hazards in Wadi Al-Ambagi watershed rather than using historical rainfall events. This is because of the limited hydrological datasets in desert watersheds with the overwhelming majority of the Saharan watersheds are ungauged [17] and given that the rainfall in such hyperarid environments is highly variable in time with the rainfall in one event can be more than 80 times the average annual precipitation [50]. Moreover, the rainfall over desert areas is highly localized in space, where, for any specific storms, rainfall measurements at stations just 2–3 km apart can differ by factors from 10 to 20 [51]. The time-area zone (Figure 4d) was calculated for Wadi Al-Ambagi watershed in order to estimate the unit hydrograph (i.e., flash-flood discharge curve, Figure 7), which was derived depending on the methodologies proposed in Maidment [52] for the generation of a GIS-based spatially distributed unit hydrograph using a hypothetical effective runoff coefficient of 10 mm/h (i.e., rainfall excess) as suggested in El Bastawesy et al. [17]. This value is equivalent to the minimum streamflow initiation threshold in the North African Sahara that has been determined based on field measurements and was commonly used in flash-flood assessment in desert environments [17,53,54,55]. This rainfall event was supposed to be of homogeneous concentration over the whole basin, and the water flow was transmitted linearly to the downstream direction from each time zone on an hourly origin without transmission loss through the channel bed. According to the GIS-based spatially distributed synthetic unit hydrograph (Figure 7), the total discharge of the whole watershed has been calculated and summarized in Table 1. It is worth mentioning that these estimations represent a conservative estimate of the total discharge of the watershed, and thus any rainfall storm that exceeds 10 mm/h would yield a larger total discharge.



The total discharge amount produced from the whole watershed of Al-Ambagi has been estimated as 15.7 × 106 m3 (Table 1). On the other hand, the storage capacities of dams 1, 2, and 3 and the retention basin (Table 2), as measured in the field, were 0.4, 1.69, 2.7, and 0.72 × 106 m3, respectively, yielding a total storage capacity of 5.5 × 106 m3. Therefore, the existing mitigation measures at the main trunk of Wadi Al-Ambagi watershed (Figure 1c) are not sufficient to fully protect Al-Quseir city and Al-Quseir-Qift road (Figure 1c) from severe flash floods. Consequently, further dams are required to (i) reduce the total discharge at the downstream part and (ii) recharge the aquifers to provide an optimum water resources management in the wadi system.



In this work, the hydrogeological and structural models were constructed using new approaches after [41,56]. The interpretation of DCR data has been calibrated with surface and subsurface geological/structural data. In general, field observations and interpretation of satellite images and topographic maps have led to define major geological structures such as subsided blocks and faults. In order to obtain a regional overview of the distribution of subsurface layers, the inversion results of 18 sounding points were integrated in comparison with the available borehole data to construct geoelectrical cross-sections and a 3D schematic model (Figure 8 and Figure 9). The fact that the sedimentary materials in the subsided blocks are mainly topped with Eocene, Oligocene, and Quaternary sediments implies that rift-related normal faulting is the main tectonic deformation in the study site [1,2,3,4], and thus folding is unlikely to be reported from such extensional rift systems [2,6]. The inferred faults considering to the displacement of geoelectrical layers on the constructed geoelectrical sections were correlated with the aerial distribution of outcropped geological units and the geometry of surface mapped faults. Such prior controls were considered in constructing the stitched-resistivity sections. Consequently, the misinterpretation of DCR data can be reduced using the abovementioned controls.



Inspection of the constructed stitched-resistivity sections (Figure 8) indicated that the majority of DCR soundings, located at wadis Abu Ziran and Mahasen, comprise three geoelectrical layers, which can be attributed to wadi deposits (surface layer) of wide range of resistivities (60–10,000 ohm-m) related to high-heterogeneity medium-resistivity layer (28–90 ohm-m) corresponding to saturated fractured basement and high-resistivity layer (>1000 ppm) regarding basement rocks. Toward the Red Sea (wadi Al-Ambagi), the surface layer is by very low (<5 ohm-m, DCR sounding No. 14) to very high (>2000 ohm-m, DCR sounding No. 18)-resistivity layers corresponding to Quaternary alluvium saturated with seawater (turquoise color) and Miocene salt rich terraces (pastel blue), respectively. At Wadi An-Nakhil (Figure 5), the inversion results of DCR soundings No. 8 and 9 (Figure 8 middle) represent four resistivity layers. According to the geological investigations and borehole information, the Oligocene rocks are dominant [35,51]. Accordingly, the surface layer (wadi deposits) is underlain, from top to bottom, by a low-resistivity layer (17–21 ohm-m) corresponding to Oligocene shale (red-brown color), a high-resistivity layer (>1000 ohm-m) attributing to Oligocene sandstone (light-yellow color), and a medium-resistivity layer (49–97 ohm-m) corresponding to saturated Nakheil sandstone aquifer (baby-blue color). Regarding the inferred fault between soundings No. 8 and 10, Nakheil sandstone aquifer is absent at sounding No. 10. At downstream portion of wadi Karim, the inversion results of DCR sounding No. 7 represent three geoelectrical layers. Thanks to calibration with observed borehole and geological data, the second resistivity layer (1278 ohm-m) can be attributed to the Nubian sandstone (light-yellow color).



The 3D schematic model (Figure 9) shows the general overview of geological and hydrogeological conditions at the central part of Wadi Al-Ambagi watershed passing through three sub-basins (wadis Abu Ziran, Al-Ambagi, and An-Nakhil). Inspection of Figure 9 showed that the regional structural setting plays an essential role in groundwater occurrences. The aquifers at the upstream portion (soundings No. 1, 2, and 5) are associated with fractured basement rocks with 10 m average thickness (Figure 9 and Figure 10). Regarding previous hydrogeological studies [35], the basement rocks uplifting decreases groundwater potentialities by decreasing the fractured basement aquifer thickness. By contrast, the aquifers can be observed in graben structures within Oligocene Nakheil sandstone with considerable thickness at wadis Al-Ambagi and An-Nakhil (for location, c.f. Figure 4b). In comparison with the upstream portion aquifer (i.e., fractured basement rocks), the Oligocene aquifer is deeper (~60–70 m) and thicker (~>30 m). It is worth mentioning that the subsided blocks in the form of half-grabens that are associated with the Red Sea rifting (e.g., jabal Duwi (Figure 9)) preserved these considerable thicknesses of sedimentary layers and thus provided a significant opportunity for surface runoff water harvesting in these locations. These results are in general agreement with previous geological and hydrogeological studies carried by many authors [2,35].



In order to better understand the subsurface setting in the subsided block areas, where significant thicknesses of permeable sedimentary rocks are determined from the DCR measurements, the 2D-ERT survey lines P1 and P2 (Figure 10a) were measured at right angle to the observed normal faults at wadis Mahasen and Bayda Al-Atshan, (Figure 5). Such 2D-ERTs calibrated with available borehole data and interpretation of DCR sounding No. 15 (Figure 10a). The 2D-ERTs P1 and P2 show detailed information on the subsurface faults and their consequence on the juxtaposing rock units. Inspection of the 2D-ERTs of P1 and P2 shows that the subsurface is dominated by two main geoelectrical layers. The first layer shows high-resistivity values (>1000 ohm-m) corresponding to basement rocks/debris. The second layer shows medium-resistivity values (100–200 ohm-m), which can be related to saturated wadi deposits (saturated alluvium). Considering the observed regional fault locations (Figure 10a), normal faults were recalled and projected into the 2D-ERTs P1 and P2 (Figure 10d and e, respectively). Accordingly, truncation of low-resistivity zone against high-resistivity zone along 2D-ERTs P1 and P2 can be associated with normal faults as indicated by the regional structural observations [2,3,4,5,6]. These geological conditions indicate opportunity to recharge the aquifer (alluvium and underlying sedimentary rocks) through constructing two dams to harvest flash-flood water at these locations. These locations (Figure 10) are also characterized by suitable topographic settings, where the wadis are narrow and bounded by elevated terrains of impermeable crystalline rocks, and on the other hand, they cut through high permeable sedimentary layers and high annual transmission loss rates of up to 28% of annual precipitation [57]. These characteristics increase the potentiality of water percolation to the aquifers in the subsided blocks. If a proper management plan of these dams is adopted to avoid significant evaporation from their ponds, the accumulated water can recharge the aquifers either through natural infiltration or through recharge wells. Ultimately, the flash-flood hazards at the downstream portion of Wadi Al-Ambagi watershed can be managed and mitigated. This harvesting mechanism will be effective due to the existing underground basement blocks and structures which can control the water movement and contain the water within the subsided blocks upstream, and thus, the stored water can be regularly extracted and supplied to the nearby Al-Qussier city and the mining sites. The impact of building these dams on the ecosystem in Wadi Al-Ambagi watershed and the rate of evaporation from their ponds must be thoroughly evaluated prior to their construction, and afterward, the advantages and disadvantages of the dam construction can be evaluated. The proposed approach is transferable and can be applied for similar settings along the Red Sea extension such as in the Eastern Desert of Egypt, Red Sea Hills in Saudi Arabia and in Sudan, and in different arid rift systems worldwide.




5. Conclusions


The complexity of hydrological conditions prevails most of arid regions such as Wadi Al-Ambagi watershed, where observations and in situ measurements are simply not available. Data scarcity in such areas is the main delphinium for assessment of water resources at practical scales. This research can handle these challenges by the integration of RS, GIS, and DCR techniques which was very useful for the assessment of surface hydrological parameters as well as subsurface aquifer settings. This integration provides novel solutions for water management in structurally-controlled arid watersheds through locating potential areas suitable for surface water harvesting into subsided blocks within the impermeable crystalline rocks. The estimated total discharge of a hypothetical 10 mm effective rainfall storm over the entire basin was approximately 15 million cubic meters, which exceeds the storage capacity of existing mitigation measures (dams and retention basins). Therefore, additional dams have been proposed in the subcatchments underlain by considerable alluvium and sedimentary thickness that can contain the flash-flood water and provide an effective groundwater aquifer. From geophysical point of view, the study proved that the joint use of advanced conventional and nonconventional inversion algorithms, where the inversion results were calibrated with borehole stratigraphy and regional structural settings, is crucial in the hydrogeological evaluation in dryland basins. This study includes the first joint application of RS and ERT techniques to demonstrate where new dams can be constructed to manage and replenish the flash floods and the aquifers, respectively. The utilized approach can be widely applied in similar watersheds in the Eastern Desert of Egypt, Saudi Arabia, and Sudan, as well as similar rift basins worldwide.
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Figure 1. (a) Location map showing the boundaries of the Arabian–Nubian shield (ANS) and the location of subsided blocks within the ANS. (b) A simplified cross-section (along A-A′ in 1a) showing the complex rift basins and half-grabens associated with the Red Sea opening, modified from [2]. (c) The test site of Wadi Al-Ambagi watershed showing the contrast between Jabal Duwi and the surrounding crystalline rocks of the ANS. The major roads and urban areas are also shown. 
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Figure 2. A geological map of Wadi al-Ambagi watershed showing different lithological and structural units, modified from [35,40]. 
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Figure 3. Integrated flowchart of the proposed approach for scarce water resources management in dryland basins. 
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Figure 4. Different data layers used in the assessment of water resources; (a) digital elevation models (DEM) in (m), (b) sub-basins and drainage network, (c) flow length in (m), and (d) the resulting time-area zones of the catchment that contribute to the resulting runoff successively toward the watershed outlet. 
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Figure 5. Locations of acquired geophysical measurement (1D-DCR (direct current resistivity) soundings and 2D-ERTs (electrical-resistivity tomography)) along the main streams in Wadi Al-Ambagi watershed. 
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Figure 6. DCR sounding No. 15 (for location, c.f. Figure 2b) inversion results using genetic algorithms. (a) The mean and best misfit values versus generations. (b) The fitting between the measured and calculated-resistivity data. (c) Correlation between the layers intrinsic resistivity and the observed borehole information. 
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Figure 7. The hypothetical unit hydrograph that would result from a hypothetical 10 mm/h rainfall storm at wadi Al-Ambagi watershed. 
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Figure 8. Stitched-resistivity sections derived from integration of inversion results of DCR soundings and available borehole/hydrogeological data. 
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Figure 9. Stitched-resistivity section in the form of 3D schematic model showing the subsurface geological and hydrogeological conditions along Al-Quseir Qift desert road. 
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Figure 10. (a) Location map of geophysical measurements (1D- and 2D-ERTs) showing the areas being intercepted by structural aligned scarps and normal faults. (b,c) Location maps of selected 2D-ERTs P1 and P2 sites, respectively. (d,e) 2D-ERT inversion results of P1and P2, respectively, showing the subsurface geology and inferred faults related to observed surface faults. 
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Table 1. The estimated runoff parameters of Wadi Al-Ambagi sub-basins.
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	Name
	Area (km2)
	Total Discharge (m3)
	Flow Duration (hours)
	Peak Discharge Rate (m3/s)
	Time to Peak (hour)
	Impact





	Wadi Abu-Ziran
	615.6
	6,349,995
	12
	119.835
	9
	Quseir-Qift road



	WadiKarim
	571.5
	5,899,392
	13
	134.1563
	8
	Quseir-Qift road



	Wadian_Nakhil
	111.5
	1,153,116
	6
	56.05875
	3
	Quseir-Qift road



	Wadi Mahasen
	137.8
	1,427,868
	6
	60.46875
	3
	Quseir-Qift road



	Wadi Bayda al Atshan
	25.1
	259,524
	4
	19.08
	2
	Quseir-Qift road



	Total: Al-Ambagi Basin
	1524.7
	15,757,000
	15
	231.525
	10
	Quseir City
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Table 2. Storage capacity of the existing mitigation measures.
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Dams

	
Storage Capacity (m3)

	
Total Storage Capacity (m3)

	
Estimated Total Discharge (m3)

	
Required Storage Capacity (m3)






	
Dam-1

	
402,268

	
5,519,417

	
15,757,092

	
10,237,675




	
Dam-2

	
1,695,956




	
Dam-3

	
2,701,193




	
Pool

	
720,000
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