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Abstract

:

In semi-arid regions, groundwater resources play a crucial role in all economic, environmental, and social processes. However, the occurrence, movement, and recharge of these hidden and valuable resources vary from place to place. Therefore, better management practices and mapping of groundwater recharge potential zones are needed for the sustainable groundwater resources. For an example, groundwater resources in Willochra Basin are vitally important for drinking, irrigation, and stock use. This study shows the significance of the application of three decision-making approaches, including multi-influencing factor, analytical hierarchy process, and frequency ratio techniques in the identification of groundwater potential zones. A total of seven criteria, including lithology, slope, soil texture, land-use, rainfall, drainage density, and lineament density, were extracted from conventional and remote sensing data sources. The parameters and their assigned weights were integrated using Geographic Information System (GIS) software to generate recharge potential maps. The resultant maps were evaluated using the area under the curve method. The results showed that the southern regions of the Willochra Basin are more promising for groundwater recharge potential. The map produced using the frequency ratio model was the most efficient (84%), followed by the multi-influencing factor model (70%) and then the analytical hierarchy process technique (62%). The area under the curve method agreed when evaluated using published weights and rating values.
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1. Introduction


Recently, the high demand for water in domestic, agricultural, and industrial sectors has added additional pressure on water resources [1,2]. It is important to balance this demand by understanding recharge as an essential process in water resources management.



Groundwater recharge zones potential zones (GRPZ) are identified as locations where the ground surface permits water infiltration and percolation through the soil [3]. Thus, water can infiltrate into the soil, reach the vadose zone, or continue flowing [4,5,6,7,8].



Despite the importance of recharge zones as essential elements in water resources management in Willochra Basin, the identification and mapping of these zones is still poorly understood.



The main objective of this study is to highlight the importance of the integration of Remote Sensing (RS), Geographic Information System (GIS), and modelling as an efficient and low-cost approach to delineate recharge potential zonation, using the Willochra Basin of South Australia as an example (Figure 1). The Willochra Basin exhibits severe drought characteristics despite having considerable annual rainfall. Along the basin, land use has changed from cropping and grazing rotation to irrigated horticulture, which has led to the construction of larger farm dams (>5 ML). The combined impacts of flood irrigation and farm dam development have added more pressure on the water resources. Therefore, the need for sustainable management of the groundwater resource is crucial.



The recharge potential in arid regions varies significantly in space and time due to the low and intermittent precipitation, and high annual temperature [9]. As a result, several geological, hydrological, and geophysical methods have been developed to identify the dynamics of recharge in such areas [10,11,12]. However, most of these methods are considered time consuming and costly for water resources management.



During the last two decades, significant attention has been given to cost-effective approaches for mapping the groundwater recharge potential zones [13,14,15]. One of the most effective approaches, which has been extensively used for the water resources management, is the integration of remote sensing (RS), a geographic information system (GIS), and multicriteria decision-making (MCDM) [3,11,12]. The availability of RS data has facilitated the assessment of prospective groundwater potential zones at both local and regional scales [4,16,17]. In addition, MCDM has been widely used to deal with complex decision problems [16,17,18,19,20]. In the assessment of water resource evaluation processes, MCDM has been employed to find a solution for absent and/or vague information, effectively manage and understand decisions, and improve the quality of judgments [15,21,22]. In general, MCDM analysis is considered an effective technique for assessment in groundwater potential mapping, especially in data-limited areas [21].



In this study, the analytic hierarchy process (AHP), the multi-influencing factor (MIF), and fraction ratio (FR) methods, such as MCDM, are applied to develop a sustainability assessment framework. These techniques have been recognised as powerful, efficient, and reliable methods for multi-criteria decision analysis in GIS environments [22,23,24]. AHP is a rational technique for organizing information alternatives based on a hierarchical framework by the application of mathematical pairwise comparisons [25]. It is a widely accepted model that can be employed for environmental management and hazard modelling purposes [5,6,7,8,26,27]. MIF is another elementary technique to execute MCDM based on existing knowledge of the relative importance of different factors [28,29,30,31]. It has been extensively used to delineate groundwater potential regions [32,33]. Additionally, the FR method has been integrated with other approaches to find out groundwater potential regions in many studies [21,34,35,36]. In recent years, several studies have been successfully undertaken to identify the recharge potential zones using advanced approaches such as statistical approaches [37,38], logistic model tree [39], artificial neural network [40], random forest, and maximum entropy models [41]. However, studies about the integration of the AHP, MIF, and FR methods, and RS and GIS to delineate groundwater potential zones are still few [36]. The present study is an attempt to incorporate a systematic integration of the three techniques with available remotely sensed and groundwater data to provide a rapid and cost-effective tool for delineating the groundwater potential zones.



The study aims to: (1) Develop, delineate, and integrate thematic layers for potential groundwater recharge zones, (2) compare the performance of MIF, AHP, and FR, and (3) validate the resulted potential groundwater recharge zone maps with the receiver operating characteristic (ROC) curve and available water data.




2. Study Area


The Willochra Basin is a local-scale groundwater resource in the Southern Flinders Ranges, South Australia, which is described as a non-prescribed region under the South Australian Natural Resources Management Act 2004. The basin is situated about 250 km north of Adelaide. The topography of the basin contrasts significantly from 965 m at Mt Brown in the southwest to 70 m near Lake Torrens in the northwest. The basin is bounded on high topographic features such as Mt. Robert, Mt. Eyre, and Mt. Arden (Figure 1). Many townships such as Melrose, Murray Town, Wilmington, and Quorn are distributed across the basin.



The climate of the study area is semi-arid with hot, dry summers, and cold, wet winters. The highest recorded rainfall (Figure 2) is observed in June and July and August and September (winter and spring). The lowest rainfall values are recorded in January, February, and March (Summer and Autumn). According to Reference [42], the average annual rainfall shows a significant increase from the southwestern areas (650 mm) to the northern areas (250 mm). In contrast, the potential annual evaporation varies from 2600 mm in the north to 2400 mm in the south of the basin.




3. Geology and Hydrogeology


The Willochra Basin is an intermountain (between ranges) basin located approximately 300 km north of Adelaide. The basin covers an area of 1165 km2, being 80 km in length and has a maximum width of 25 km. Geologically, Willochra basin consists of a sediment-filled series of bedrock depressions between Murray town in the south and Mount Eyre in the north. It is stretching in a north–south orientation and bounding by late Proterozoic and Cambrian rocks of the Adelaide Geosyncline [44]. The geosyncline consists of a thick sedimentary succession that extends as a continuous fold belt trending north–south, from Kangaroo Island in the south towards the north and north-east. It formed initially from undeformed sediments with a total thickness of over 12 km resulting from ongoing deposition in Neoproterozoic to lower Cambrian [44]. The deposition followed by a continuous rifting during the Delamerian Orogeny [45,46]. As a result of the Delamerian Orogeny, a number of tectonic domains, included from north to south: North Flinders Zone, Central Flinders Zone, Nackara Arc, Fleurieu Arc, and the Torrens Hinge Zone, were formed [44]. Each of these domains has their own particular deformation history, tectonic styles, and stratigraphy.



Within the basin, the Cainozoic sediments overlie the Delamerian Fold Thrust Belt, a north–south arcuate tectonogene formed during a major Cambro-Ordovician Orogeny [47]. The geologic succession consists of Cambrian limestone and Pound Quartzites, spreading downwards to Sturtian Tillite and Torrensian slates [48]. On the western fringes of the basin, the outcropped rocks are dominated by the hard rocks of the Ryanie Sandstone, Angepina Formation, Wilmington Formation, and ABC Range Quartzite. To the east, rock types become more fine and are dominated by the Saddleworth Formation, Auburn Dolomite, Appila Tillite, Tarcowie Siltstone, Tapley Hill Formation, Brachina Formation, and Cradock Quartzite [44].



The major structural features encountered in the study area are E–NE and N–NW trending folding, and the linear structural features associated with it [48,49,50]. The heterogeneity of the bedrock, and/or regional tectonic, structural and stress variations suggests that there may be a local variation in lineament orientations, length and density, throughout the study area [49,50,51].



Hydrogeologically, three major aquifers are dominant (Figure 3): (1) The Quaternary sediments consist mainly of interbedded clays, sand, and gravel beds, particularly near drainage lines, and form unconfined aquifer that indirectly recharge the deep Tertiary confined aquifer [48]. The maximum thickness of Quaternary sediments is estimated at 90 m. Salinity of the aquifer is variable throughout the basin, signifying that local recharge and flow influences are important. Recharge is mainly from the south and south-west and from runoff of creeks and upward leakage from the underlying Tertiary aquifer, particularly in the north [48]. All over the basin, the Quaternary aquifer provides stock quality groundwater, with small areas having groundwater of suitable quality for irrigation. The best water quality is found to be in the vicinity of creeks where salinities are as low as 400 mg/L [42].



(2) Tertiary rocks are continuously outcropped over the basin, resulting in a confined aquifer with relatively fine-grained sand beds and maximum thickness ranging from 15 m in the south to 6 m in the north [42]. Groundwater flow in the Tertiary confined aquifer is mainly from the recharge areas in the south toward the north [42,52]. The aquifer is recharged by direct infiltration through outcrops in the high topographic ranges (Figure 4). This is supported by low salinity in areas proximity to these ranges. The water salinity is less than 1400 mg/L in the south, increasing gradually across the basin to greater than 7000 mg/L in the north.



(3) Fractured rocks are directly covered by Tertiary Sediments, indicating a direct hydraulic connection [42]. The water yield and volume of groundwater stored in the fractured rocks is unknown and was not given considerable attention. In addition, no recent investigation has been done to estimate sustainable yield of these aquifers.




4. Materials and Methods


4.1. Data Collection and Processing


In the present study, selection of factors is mainly based on the literature, data availability, characteristics of the study area, and their significance for the groundwater recharge potential zones [3,28]. This study used lithology, soil, slope, drainage, lineaments, land use, and rainfall as the seven significant factors affecting groundwater potential recharge.



Data were obtained from different websites and organizations to prepare the thematic layers required for mapping the groundwater recharge potential zones (Table 1). The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER, the Ministry of International Trade and Industry (MITI), Tokyo, Japan ) Global Digital Elevation Model (GDEM) Version 3 with 30 m and Landsat 8 OLI (Operational Land Imager) of 15 m resolution panchromatic band data were collected from the (https://earthexplorer.usgs.gov). While the rainfall, lithology and soil types, and water point data were collected from reliable secondary sources (http://waterconnect.gov.au) used for multi-criteria analysis (Table 1).



As shown in the flow chart (Figure 5), different methods were used in developing the thematic layers of the influencing factors. The watershed boundary was delineated using ArcGIS 10.7 software from the published toposheets of South Australia (1:250,000). The ASTER GDEM were then mosaicked and clipped to verify this boundary. By filling sinks of the DEM, the surface flow direction, flow accumulation, drainage patterns, and drainage density layers were extracted and calculated.



Landsat-8 OLI satellite data were used to extract lineaments and their density. In the present study, automatic extraction of lineaments, involving mosaicking and enhancement in ENVI TM 5.1, automatic extraction by edge detection, thresholding and curve extraction using the LINE module of PCI Geomatica, and exporting the lineament to GIS environment, was used. As line features could be humanmade constructions such as roads, the extracted lineaments were verified using the road network published by the Department of Planning, Transport and Infrastructure, South Australia.



In addition, the Landsat 8 satellite images were used to map the land use of the study area. Land use classification was performed using the maximum likelihood supervised classification method using a composite of bands 2, 3 and 4 of the Landsat 8 OLI data. Land use classes were obtained and verified using the Australian Land Use and Management Classification Version 8, which was derived from aerial imagery and on-ground field surveys, and available from the South Australian Government Data Web Directory. Pixel-based average annual rainfall data for 30 years was collected from the Bureau of Meteorology Australia, and the rainfall map is prepared by the Inverse Distance Weightage (IDW) interpolation technique in ArcGIS. IDW is commonly used as an accurate, time and cost-effective interpolation method which can be applied in limited measured data for specific purposes [53,54]. In this method, each estimated value is a weighted average of the surrounding sample points. Then, final weights are obtained as the inverse of the distance from an observer’s location to the location of the point being estimated. Lithology, soil, and well data were obtained from the South Australian government website (https://data.environment.sa.gov.au) and clipped in ArcGIS software to prepare thematic layers of the study area. All the layers, including delineated watershed, were resampled using the nearest neighbourhood technique and converted into cell size (30 × 30 m).




4.2. Multi-Criteria Decision-Making


In the present study, MIF, AHP, and FR techniques were used and compared to evaluate their efficiency in the identification of groundwater potential areas.



4.2.1. Multi-Influencing Factor


The multi-influencing factor technique involves the identification of the influencing criteria, establishing the interrelationship between the factors and assigning ranks to the factors [3,28]. Assigning ranks to the factors is based on author’s expertise, as in the published literature. In the present study, we use multi-influencing factor to evaluate seven influencing factors and to generate groundwater recharge potential maps. To ensure uniformity, the influencing factors were processed and scored to sub-classes within the factor map. Factors having significant influence were marked as major effect and were assigned a weight of 1.0, whereas minor influence was marked as a minor effect with a weight of 0.5, as shown in Figure 6 and Table 2.



The cumulative weights of major (EA) and minor effects (EB) are taken as the comparative rate. Subsequently, the score of each influencing factor is estimated using Equation (1):


   S i  =  [       (   E e  +  E m   )   i     S i     i = 1  n     (   E e  +  E m   )   i     ]   



(1)




where, Si is the proposed score, Ee is major influencing factor, and Em is minor influencing factor. For these factors, the weight was calculated, divided equally, and assigned a rank to each sub-class in each factor.



The resulting map was created through a raster calculation using Equation (2):


   GRPZ =    ∑   i = 0  n   (   S i  ×  R i   )   



(2)




where, GRPZ is the groundwater recharge potential zone,    S i    is the assigned weight of each factor, and    R i    is rank of each class, such as lineament density, lithology, soil, drainage density, slope, land use, and rainfall.




4.2.2. Analytical Hierarchy Process


The GIS-based AHP technique has been progressed by the worldwide academic network as an integral asset for investigating complex spatial choice issues [55]. In order to delineate potential recharge zones in the study area, the AHP technique was implemented in four steps: (1) selection of the influential factors on groundwater recharge zones, (2) creation of pairwise comparison matrix and estimation of relative weights, (3) assessment of matrix consistency, and (4) conduct of weighted overlay analysis [56,57]. In the first step, the importance of the factors that influence the groundwater recharge potential was evaluated based on a nine-point scale. Each factor was assigned rank on a scale of one (equal importance) to nine (extreme importance) [25] (Table 3). Secondly, in the pairwise comparison matrix, analysis was employed based on the input factors used for delineation of groundwater recharge potential zones. The AHP technique uses eigenvector and eigenvalue to avoid bias/subjectivity in the data by eliminating features that have a strong correlation between them.



The eigenvector was computed to show relative weights of each of the parameters towards recharge, while eigenvalues were employed to rank the importance of parameters to recharge. The sum of eigenvalues, called principal eigenvalue (λmax), is a measure of matrix deviation from consistency [58,59]. A pairwise comparison matrix is consistent only if the principal eigenvalue (λmax) is greater than or equal to the number of the parameters investigated (n), otherwise a new matrix is required. In the third step, the consistency index (CI) and the consistency ratio (CR) are calculated for verification. Inconsistencies of pairwise comparisons increase with increasing number of comparisons, [25,60], therefore, the consistency index (CI) measures the deviation or degree of consistency using Equation (3):


  CI =      λ  max   − n   n − 1    



(3)




where, λmax = maximum eigenvalue for the pairwise comparison matrix, and n = number of classes.



The CI computation was followed by the consistency ratio (CR) calculation, a measure of the consistency of the pairwise comparison matrix using the following Equation (4):


  CR =     CI   RI    



(4)




where, RI = ratio index. As the rule of thumb, the CR must be less than 0.05 in a 3 × 3 matrix, 0.09 in a 4 × 4 matrix, and smaller than or equal to 0.1 in a larger matrix to accept inconsistency (Table 4). If CR is greater than these, the subjective judgment would need to be revised.



Finally, Weighted Overlay Analysis is a common technique to create an integrated analysis, based on a pairwise comparison matrix of AHP [58]. In the present study, thematic layers of the different factors were reclassified, weighted, overlaid, and integrated in the Weighted Overlay Analysis tool in GIS to produce the final groundwater recharge potential zones (GRPZ), and Equation (5) is applied:


  GRPZ =     ∑   w = 1  m    ∑   i = 1  n   (   w j  ×      x   i   )   



(5)




where,    x i    = normalised weight of the i-th class of factor,    w j    = normalised weight of the j-th factor, m = total number of factors, and n = total number of classes in a factor.




4.2.3. Frequency Ratio (FR)


The FR was calculated as the ratio between number of observational water wells and the factors that influence groundwater recharge potential. For a certain factor, FR can be expressed following Equation (6):


   FR =   (         P    gw      T  gw          P f     T f       )  =  (     %   Wells     %   Pixels     )   



(6)




where,      P    gw     is the number of pixels with wells for each factor,    T  gw     is the total number of wells,    P f    is the number of pixels in the classes of a factor, and    T f    is the total number of pixels of a factor. Then, all the factors with their FRs were integrated and summed to map the groundwater recharge potential zones using Equation (7):


   GRPZ =    ∑   i = 1  n    FR  i   



(7)




where, GRPZ is groundwater recharge potential zone, and     FR  i    is FR of each factor.





4.3. Cross-Validation Technique


In this study, the accuracy of the MIF, AHP, and FR methods in delineating groundwater recharge potential was verified by implementing the values of the area under the curve (AUC) of the ROCs (Receiver Operating Characteristics) and water data along the geologic section. The area under the curve is applied as a forecast model quality to evaluate the capability of a model to correctly predict the occurrence or non-occurrence of pre-defined events [60]. Therefore, groundwater recharge potential maps were validated using 2842 existing wells in Willochra basin. Rate curves were generated by dividing the groundwater potential map into 100 classes with accumulated 1% intervals. The graph was plotted using cumulative percentage of potential maps called “specificity” (on the x axis) against the cumulative percentage of groundwater occurrence known as “sensitivity” (on the y axis). The predictive performance was based on the AUCs and classified as either acceptable (AUCs = 0.7–0.8), excellent (AUCs = 0.8–0.9), or outstanding (AUCs > 0.9) [61].



The resultant GWPZ map was further validated using the observed well-yields of water wells obtained from the Department for Environment and Water, South Australia. The water wells were chosen along the geologic cross-section and were referred to as high, medium, and low water yield. This well data was used as a reference point to recognize the groundwater recharge potential map accuracy.





5. Results and Discussion


5.1. Selection of Factors Influencing GPZ


In order to identify recharge potential zones in the study area, thematic layers of the controlling factors were used. As mentioned above, the seven thematic layers include lithology, slope, drainage density, lineament density, land use, and soil type.



5.1.1. Lithology


Lithology controls the recharge and storage of the rock aquifers through the porosity and permeability that control the ability of the rocks to transmit water and the rate at which groundwater flows [33]. Figure 7 shows the resultant lithological thematic map layer generated from geologic map and verified by the Landsat images. The lithology of the study area consists of the sandy clays, interbedded with hard marly limestone of Quaternary (8%), clay intercalated with fine sandy clay, silt clayey sand of Tertiary (32%), and Phyllites and slates of the Proterozoic (60%).




5.1.2. Slope Features


Slope features play a major role in groundwater availability and its distribution [62]. In Figure 7, the slope map of the study area was extracted from ASTER GDEM using the slope tool in ArcGIS. It was created using the eight-node operation of the slope tool which calculates the change in elevation at a point using elevations of the surrounding eight neighbours. Within the study area, five classes of slope were initially identified, flat (0–3.1°), gentle (3.2–6.8°), moderate (6.9–12°), steep (13–20°), and very steep (21–50°). Generally, the study area has a moderate slope (20.54%) to gentle (18.43%).




5.1.3. Soil Type


Soil texture plays an important role in the infiltration of water, and therefore influences the groundwater recharge potential of groundwater [36,57]. The soil map of the study area in (Figure 7) shows six soil types namely, loam over clay (Dermosol/Sodosol), calcareous loam (Lithocalcic Calcarosol on clay), sandy loam, red cracking clay (Vertosol), and deep friable clay loam (Dermosol), and other minor soils, constituting about 35%, 20%, 14%, 11%, and 8%, respectively.




5.1.4. Drainage Density


Drainage features is another geomorphic measure of groundwater recharge potentiality [63]. A drainage network can be expressed as drainage density, indicating the total length of streams relative to an area (km/km²). Using the line density tool of the spatial analyst toolbox in ArcGIS software, a drainage density map of the study was produced. Five drainage density categories were identified (Figure 8a), namely, very high (2.7–3.4 km/km2), high (2.5–2.7 km/km2), moderate (2.1–2.5 km/km2), low (1.5–2.1 km/km2), and very low (0.3–1.6 km/km2). The drainage density in Willochra basin is mostly very high (32%) to high (40%), causing less infiltration and high runoff. Thus, a drainage density of the basin has an inverse function of permeability; thus, lower drainage density indicates a highly permeable rock, high infiltration, and less surface runoff, while higher drainage density indicates low permeability, less infiltration, and more runoff [22,64].




5.1.5. Land Use


In arid regions, land use changes may modify recharge volume, timing, and amount, and affect groundwater resources [65,66,67]. It has been found that negative land use change and land cover alteration processes such as cropping and settlement could decline the recharge potential zone, while positive land use change and land cover alteration processes such as dense forest and degraded forest could help with sustaining the recharge potentiality [67]. Across the study area, six primary land uses were identified (Figure 8b), dryland agriculture (56%), water (16%), irrigated agriculture and plantations (10%), natural environment (5%), conservation environment (5%), and intensive uses (4%). Dense agriculture areas have high potentiality to recharge and store groundwater, whereas exposed bare rock and built-up areas are less suitable for infiltration and recharge.




5.1.6. Lineament Density


Lineaments on the earth’s surface, such as faults, joints, fractures, and fold axes, are commonly used parameters for identifying groundwater recharge potential zones [68,69,70]. In the present study, lineaments from geologic and topographic maps and Landsat images were demarcated to calculate lineament density. The density of lineaments is defined as the cumulative length of lineaments per unit area. Based on the lineament density map, five main categories were identified (Figure 8c), very low (0–018 km/km2), low (0.8–1.13 km/km2), moderate (1.14–1.45 km/km2), high (1.46–1.83 km/km2), and very high (1.84–3 km/km2). Nearly 50% of the study area is covered by low to moderate lineament density.




5.1.7. Rainfall


Rainfall is identified as the major source for recharging groundwater to aquifers and the main driver of the entire hydrologic regime [71]. The mean annual precipitation from six stations distributed across the Willochra Basin was used to prepare the rainfall map (Figure 8d). The resulting rainfall shows five major classes of rainfall, the majority of the area is in moderate condition (36%), whereas there is adequate rainfall to the south-western regions.





5.2. Qualitative Classification of Defined Factors


In order to assign weight for the controlling factors, thematic layers were reclassified according to the relative influence on groundwater recharge. Based on their natural breaks, each layer was reclassified into three classes, high, moderate, and low groundwater recharge potential.



5.2.1. Lithology


Lithology is an important factor that controls recharge through the influence on the nature of rocks, drainage density, and drainage gradient. In this study, Quaternary sediments were classified as moderate groundwater recharge potential because of the unconfined nature of the clay and sand interbeds of low permeability (Figure 9a). The Quaternary sediments constitute the topmost layers in the stratigraphic sequence and outcropped at some parts within the basin. It is characterised by variable thickness and variable salinity (500–3500 Mg/L). In addition, a relatively low water yield (<3 L/s) indicates low transmissivity of the aquifer. The highest transmissivity sections of these aquifers are usually located where there are major bedrock structures or surface drainage (for the shallowest aquifers).



The Tertiary rocks were assigned high groundwater recharge potential values because of the confined nature, sandy facies, high water yield, and relatively continuous extension over the basin (Figure 9a). The recharge is mainly from the runoff generated near the flanks of ranges. While the aquifer thickness is variable through the basin, it ranges from about 15 m in the south to less than 6 m in the north. The Proterozoic rocks were assigned low groundwater recharge potential value due to low permeability and high topographic and steep slope setting. The relationship between rock permeability and runoff generation and drainage density has been emphasized in many studies [72]. Lithology influences the water-holding capacity of aquifer and directly affects the occurrence and distribution of groundwater [73].




5.2.2. Slope Features


Slope controls the response of terrains to runoff and infiltration [31]. The reclassified slope map was produced based on the groundwater recharge potential (Figure 9b). Within the study area, steep slope areas in undulating hilly areas were assigned low recharge values because steep slopes can result in greater soil erosion rates with a relatively quick runoff and low groundwater recharge potential [74]. Low slopes are considered as having high groundwater recharge potential as gentle slopes can permit more infiltration through the soil and ultimately recharge to the underlying aquifers [75]. The high recharge is concentrated in the southern and central regions where topography is relatively flat.




5.2.3. Soil Type


Soil characteristics are important prospects in delineating groundwater potential as they control the water holding capacity [76]. In this study, soil is reclassified depending on grain size, clay and silt content, texture, and infiltration capacity. The high recharge values were assigned for coarse-grained soils which have high sand content and little or no clay (Figure 9c). The fine-grained soils such as fine loamy soils were assigned moderate groundwater recharge potential values, while stony soils are considered as low groundwater recharge potential zones.




5.2.4. Drainage Density


Drainage density was reclassified into three classes (Figure 10a), higher groundwater recharge potential rank is assigned to 2.8–3.4 km/km2 and the least given to 0.5–2.6 km/km2. High drainage density indicates a high-water concentration and excessive runoff and is given higher weight in relation to recharge [29]. In contrast, in high topographic areas, the number of streams is less, and slope is relatively steep, therefore, areas with low drainage density are low in groundwater recharge potentiality.




5.2.5. Land Use


Land use has a major influence on the occurrence and development of groundwater in a terrain [77]. The occurrence of built-up and barren lands in an area has a negative impact on water infiltration due to sealed features that reduce permeability and increase runoff potentiality. In contrast, the distribution of surface water bodies facilitates the percolation because of the permanent occurrence of water at the surface [31]. Similarly, agricultural lands can allow more infiltration through the pore spaces of the soil, which can trap and hold the water in the roots and permit water to percolate into the rock and soil. Therefore, the land use map was reclassified by assigning agriculture and water bodies’ areas as good sites for groundwater recharge (Figure 10b), while settlements and barren lands are considered to have a poor groundwater recharge potential [30,78].




5.2.6. Lineament Density


Lineaments can act as conduits for groundwater flow, and hence, have good groundwater recharge potential [69]. The density of and proximity to lineaments and lineament intersections do have some influence or act as favourable sites for groundwater availability [79].



The lineament density map was reclassified based on the fact that lineaments improve secondary porosity and permeability of rocks. Accordingly, three classes are identified: high, moderate, and low lineament density. The higher lineament density (range, 1.47–2.98 km/km2) reflects a higher potential of groundwater, and lower lineament density (<0.98 km/km2) has low groundwater recharge potential. Figure 10c shows that the north-western and south-eastern parts have a relatively high lineament density, indicating more secondary porosity, and thus potential conduits for groundwater movement [80,81,82].




5.2.7. Rainfall


In arid regions, recharge is characterised by episodic, infrequent, and high-intensity rainfall events [9]. Duration and frequency of rainfall events can control the amount of groundwater recharge [3]. Rainfall in Willochra basin is reclassified into three classes according to their relation to the groundwater recharge potential (Figure 10d), the high rainfall (430–609 mm) is given a higher rank and considered favourable to recharge, and the lowest (224–324 mm) is assigned a lower groundwater recharge potential rank. In the study area, high precipitation is noticeable along southern areas and lower values are evident in the northern areas.





5.3. Recharge Potential Mapping


For identification of groundwater potential zones, three methods, AHP, MIF, and FR, were used. For each method, individual thematic layers were classified and ranked (Figure 11).



5.3.1. Multi-Influencing Factor


The MIF has been widely used to understand the factors impacting groundwater potential [3,28,62]. Based on the MIF method, the groundwater potential map for the study area was prepared. The groundwater recharge potential map using MIF reveals that 33% of the study area falls into high groundwater potential zones, distributed along the southern areas with relatively low drainage density, shallow sandy soils, Holocene deposits, and predominantly agricultural land use/land cover (Figure 11a). About 37% of areas are moderate potentiality, observed in central areas that are covered by loamy sand soils, and have moderate lineament and drainage densities, and moderate rainfall. Whereas the poor groundwater potential zones (29% of the study area) are mainly dominated by steep slopes and ridges, where the lithology is mostly compact and massive Proterozoic rocks (Figure 11a).



The generated output map shows a significant reflection of the main factors like slope and lithology in controlling the distribution of groundwater recharge potential zones. Southern and south-western parts of the study area have a high groundwater recharge potentiality due to the distribution of alluvial plains and agricultural lands with high infiltration ability. While northern and eastern parts of the study area characterize low groundwater recharge potential due to the low permeable rocks and steep slope features, which have less influence on water holding capacity and recharge capability.




5.3.2. Analytical Hierarchy Process


AHP is a very common technique extensively used for multi-criteria decision-making analysis in the last few decades [36,57]. To determine the groundwater recharge potential zones, a matrix of a pairwise comparison is developed for assigning weight values. Lithology is considered as the most influential parameter due to the nature of the geological formations and how they influence infiltration rates in the surficial materials [62]. In construction of the pairwise comparison matrix (Table 5 and Table 6), selection and weighting the different factors was dependent on the lithology as an essential controlling factor for the occurrence and distribution of groundwater in any drainage basin [83]. It is essential for slope and soil development. Slope values reflect a difference in elevation resulting from weathering of rocks, therefore the lithology–slope pair was assigned a weight of 3. In addition, soil type, texture, and thickness are directly related to both lithology and slope, as well as erosion and deposition, therefore the lithology–soil type pair was assigned a weight of 6.



The ranking analysis in AHP techniques is necessary for the determination of the high and the low weight. The eigenvalues and principal eigenvalue (λmax) were calculated to rank the importance of the factors related to recharge (Table 6 and Table 7). In the present study, the principal eigenvalue of 7.56 was achieved and used for the calculation of consistency ratio. The threshold value of the consistency ratio (CR) was found to be 0.09, which means the judgments matrix is reasonably consistent and acceptable for the overlay analysis.



The resultant map from AHP analysis confirmed that high groundwater recharge potential zones (33% of the study area) are dominant, with coarse sandy lithologies, high rainfall, sandy soil, and high lineament densities in the southern and western areas (Figure 11b). Moderate groundwater potential zones (34% of the study area) are obvious in the central and eastern areas due to the distribution of alluvial deposits, moderately weathered pediplains, moderate lineament densities, and agricultural land use. The poor groundwater potential zones (33% of the study area) are in the eastern and northern areas, which are covered by hilly terrain features, impermeable Proterozoic, and steep slopes.




5.3.3. Frequency Ratio


The FR is the ratio between the percentage of available wells under a certain class and the percentage of area falling under the class of a factor [21]. Lower FR values (<1) indicate a weak correlation, while a higher FR values (> or = 1) reflect a good correlation. In the present study, the FR values were generally >1, indicating a high correlation (Table 8). The groundwater recharge potential mapped using the FR model indicates that 38% of the basin area has high potential and 30% has moderate potential for groundwater recharge. The rest of the area (32%) has low groundwater potential (Figure 11c). According to the observed relationships between groundwater well locations (with yield values ≥0.01 L/s) and each controlling factor, groundwater recharge potentials are higher where there is higher rainfall. Thus, high rainfall leads to high infiltration and good recharge of the groundwater aquifers. The relationship between groundwater occurrence and rainfall suggests that the southern areas that receive higher mean annual rainfall (430–609 mm) have higher groundwater potential.



In the case of slope, the FR is high (1.08) for the gentle slope classes, indicating a high correlation between slope features and the groundwater recharge potential (Table 8). However, FR increases with decrease in slope, suggesting low recharge probability. To understand this, it is important to relate slope with other controlling factors such as lithology and soil. The extension of slope classes is spatially correlated with the extension of lithologies in the southern and western areas (1.38). These lithologies consist mainly of coarse sand and gravel which probably have higher hydraulic conductivity and good permeability. The higher FR (1.94) of the shallow sandy soils that are dominant in the same areas supports this conclusion.



Considering other factors such as drainage density and lineament density, it is evident that areas with low drainage density and high lineament density have higher FRs and are favourable for groundwater recharge potential. Another important observation is that areas of agricultural land use reflect a high probability of groundwater recharge potential and have a high FR (1.03).





5.4. Multi-Criteria Decision-Making


In recent years, many methods have been implemented to delineate the groundwater recharge potential zones, however, comparison among influencing factor, frequency ratio, and analytical hierarchy process techniques confirmed a good proficiency in delineating the groundwater recharge potential zones [36]. Results from the three techniques indicate that lithology, rainfall, soil, and lineament density are the major factors that influence groundwater potential (Table 9). These findings agree with References [28,62], who applied similar rankings and gave the highest weights to these same factors. In all three models (IF, AHP, and FR), the final maps show that the southern and western areas of the Willochra basin are promising areas for groundwater recharge potential (Figure 11). However, the areal distribution is different between models for the different classes. For example, the AHP and MIF techniques showed relatively low groundwater recharge potential area compared to the FR method. These results agreed with several studies who recommended it as a more effective and reliable approach for groundwater recharge potential mapping [21,36]. They claimed that the level of accuracy in the FR technique depends on statistical approaches rather than on user-based/subjective rankings used in the MIF and AHP techniques.




5.5. Cross-Validation with AUC and Well Data


Checking and validating the accuracy of any applied model is an essential practice to evaluate the accuracy of results. Several methods are widely used to validate groundwater potential maps. Abdalla [84] integrated RS and GIS to delineate groundwater potential regions in the Central Eastern Desert, Egypt. He used available well data to validate the groundwater recharge potential map and revealed that most water points were located within the identified good to moderate potential areas. In addition, AHP and GIS were used to map groundwater potential zones in southern Iraq [85]. The groundwater recharge potential map was validated using the abstraction rate of wells and found a prediction accuracy of 72%.



Also, the MIF and RS are integrated in GIS to delineate groundwater recharge potential zones in Eastern Desert of Egypt [28]. The output groundwater recharge potential map was verified using a geophysical approach, revealing the agreement between the identified good recharge zones and the groundwater occurrence. Moreover, Rahmati et al. [55] validated the results of an integrated AHP, GIS, and RS technique for mapping the groundwater potential in the Kurdistan region of Iran using the ROC.



In the validation of the present study, water well data is analysed with resultant groundwater potential maps obtained from MIF, AHP, and FR (Figure 12). The region below the ROC curve is between 0 and 1. A larger area under the ROC curve refers to the higher efficiency of spatial modelling models, such as groundwater mapping potential. Generally, a good model has an AUC value of 0.7–0.9, while an excellent model has values over 0.9. The findings of the ROC analysis indicate that area under the curve (AUC) was of 62%, 70%, and 84% for MIF, AHP, and FR, respectively. The approach adopted in this research can, therefore, be assumed to be accurate and consistent in predicting groundwater recharge potential. This confirmed that the FR model is an effective tool in the assessment of groundwater recharge potential mapping when sufficient yield data are available [21,36].



The validation results increase confidence in the applied methodology. The water yield of available wells along a north–south geological cross-section was used for further validation of results (Figure 13). Nine water wells across the basin representing distribution of hydraulic head in relation to topography and geology in the various recharge potential zones are presented. The results show a good agreement with the identified groundwater recharge potential classes. It is clear that the groundwater recharge potential zones coincide with the available well data. High water yield defines areas where the recharge is high infiltration in relation to hydraulic loading. This is consistent with the largest recharge occurring in the southern regions and gradually decreasing towards the middle part with moderate recharge potential. The zones are clearly controlled by the lithology, depth to water, and structure, where high water yield corresponds to areas of Tertiary rocks (Figure 13a). The Tertiary aquifer is well-known for high yielding (>4 L/s) and low salinity (<1000 mg/L) in the south-western areas. Within the basin, salinity varies considerably in the Tertiary confined aquifer, ranging from less than 1000 mg/L in the high recharge areas to more than 7000 mg/L [52]. The overall interpretations confirm the reliability of the groundwater potential maps; hence, the maps offer a useful guide for any further investigation.





6. Conclusions


To sustain groundwater resources, delineation of the most favourable recharge zones is urgently needed. The integration of RS and GIS, along with the MIF, AHP, and FR techniques, has been recognised as an efficient and powerful tool for mapping and identification of groundwater recharge potential zones. The main objective of this study was to evaluate the applicability of MIF, AHP, FR, GIS, and RS techniques to map groundwater potential. The groundwater recharge potential of a region depends on the direct and indirect influences of several factors. In the present study, seven thematic layers representing the main influencing factors including (lithology, slope, drainage density, land use, lineament density, rainfall, and soil) were integrated together using GIS to generate groundwater recharge potential maps for the Willochra Basin, South Australia. According to the final output map, the study area could be classified into three distinct groundwater recharge potential zones, such as high, moderate, and low. Of the basin area, 33–38% was identified as high potential areas for groundwater recharge and correspond to the southern region of the area. Moderate groundwater potential zone covered an area of 30–37% and low groundwater recharge potential ranged from 29% to 33% of the study area. To check the accuracy of the resultant maps, the data were validated using the AUC and available well data along a hydrogeological cross-section. The AUC of the FR technique was high (84%), indicating that this method was highly accurate, and more accurate than the MIF and AHP techniques. Moreover, well data showed a good agreement with the findings from the mapping and AUC. This study proved that the multicriteria decision analysis can be effectively integrated with RS and GIS techniques for an accurate and cost-effective assessment of groundwater recharge potential. The methodology in this study can be straightforwardly applied for sustainable development and management of the precious water resources in other data-limited areas. The resultant maps could be used as a blueprint for any future groundwater assessment and management in Willochra Basin. The groundwater potential maps would help policymakers to formulate better decisions. In addition, it could support the decision-makers in the selection of appropriate locations for drilling wells based on demand.




7. Recommendations and Further Research


In order to have a sustainable development of groundwater resources in this area, further investigations are required, including the following:




	
A more detailed study of the high-potential recharge zones in the Willochra area is recommended to have a full understanding for the assumed measures of the mapping results.



	
A consultation of hydrology and hydrochemistry and soil experts is needed to validate the results about the suitable locations of the groundwater recharge.



	
A validation using a sensitivity model is recommended to evaluate the results of the study.
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Figure 1. (a) Australia, (b) South Australia, (c) South Australian catchments, (d) study area. 
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Figure 2. Distribution of monthly average rainfall (2000–2019) in the Willochra Basin [43]. 
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Figure 3. Representative south–north oriented cross-section of the study area showing the main geological units (Modified from Reference [48]). 
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Figure 4. Groundwater flow distribution for the Tertiary confined aquifer in the study area [53]. 
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Figure 5. Flow chart of the methodology adopted for delineation of groundwater recharge potential zones. 
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Figure 6. Interactive influence of factors for groundwater recharge potential. 
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Figure 7. The thematic layers of soil, slope, and lithology. 
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Figure 8. The thematic layers of (a) land use, (b) lineament density (km/km2), (c) drainage density (km/km2), and (d) rainfall (mm). 
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Figure 9. Reclassified thematic layers of (a) soil, (b) slope, and (c) lithology. 
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Figure 10. Reclassified thematic layers of (a) land use, (b) lineament density, (c) drainage density, and (d) rainfall. 
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Figure 11. Resultant recharge potential zonation maps generated using three methods. (a) Multi-influencing factor (MIF). (b) Analytical hierarchy process (AHP). (c) Frequency Ratio (FR). 
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Figure 12. Receiver operating curves for validation of groundwater potential maps. 
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Figure 13. (a) Groundwater yield along the hydrogeological cross-section. (b) Hydrogeological cross-section from the southern areas to northern areas. 
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Table 1. Sources of remote sensing and secondary data.
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	Materials
	Source





	ASTER GDEM V3
	https://earthdata.nasa.gov/



	Landsat 8 OLI
	https://earthexplorer.usgs.gov/



	Land use
	https://www.agriculture.gov.au/



	South Australian soil data
	https://data.environment.sa.gov.au/



	Rainfall
	http://www.bom.gov.au/



	Lithology
	https://data.gov.au/



	Water data
	http://waterconnect.gov.au
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Table 2. The values of major, minor, relative rates, and proposed weights of the influencing factors.
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	Factor
	Major Effect (EA)
	Minor Effect (EB)
	Proposed Relative Rates (EA + EB)
	Proposed Score/Weight of Each Influencing Factor





	Drainage
	0
	2 × 0.5
	1
	7.7



	Soil
	1 × 2
	0
	2
	15.4



	Lithology
	1 × 4
	0
	4
	30.8



	Land use
	1 × 1
	3 × 0.5
	2.5
	19.2



	Rainfall
	0
	2 × 0.5
	1
	7.7



	Lineament
	1 × 1
	0
	1
	7.7



	Slope
	1 × 1
	1 × 0.5
	1.5
	11.5
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Table 3. The 1–9 scale of relative importance from [25].
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	Intensity of Importance
	Interpretation





	1
	Equal Importance



	3
	Moderate Importance



	5
	Essential or Strong Importance



	7
	Very Strong Importance



	9
	Extreme Importance



	2, 4, 6, 8
	Intermediate values between the two adjacent judgements
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Table 4. Saaty’s ratio index (RI) for different n values [25].
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	n
	3
	4
	5
	6
	7
	8
	9
	10





	RI
	0.58
	0.89
	1.12
	1.24
	1.32
	1.41
	1.45
	1.49
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Table 5. Pairwise comparison matrix (PCM) for standardising factor scores.
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	PCM
	Lithology
	Slope
	Land Use
	Drainage
	Lineaments
	Rainfall
	Soil





	Lithology
	1
	3
	5
	4
	5
	6
	6



	Slope
	1/3
	1
	2
	2
	4
	2
	6



	Land use
	1/5
	1/2
	1
	2
	2
	3
	4



	Drainage
	1/4
	1/2
	1/2
	1
	3
	4
	5



	Lineament
	1/5
	1/4
	1/2
	1/3
	1
	2
	3



	Rainfall
	1/6
	1/2
	1/3
	1/4
	1/2
	1
	2



	Soil
	1/6
	1/6
	1/4
	1/5
	1/3
	1/2
	1



	Totals
	2.32
	5.92
	9.58
	9.78
	15.83
	18.50
	27.00
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Table 6. Normalized matrix (NM) for weighs of influential factors on recharge.
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	NM
	Lithology
	Slope
	Land Use
	Drainage
	Lineaments
	Rainfall
	Soil
	Eigenvector
	Factor Influencing % Recharge





	Lithology
	0.43
	0.51
	0.52
	0.41
	0.32
	0.32
	0.22
	0.39
	39.00



	Slope
	0.14
	0.17
	0.21
	0.2
	0.25
	0.11
	0.22
	0.19
	19.00



	Land use
	0.09
	0.08
	0.1
	0.2
	0.13
	0.16
	0.15
	0.13
	13.00



	Drainage
	0.12
	0.08
	0.05
	0.1
	0.19
	0.22
	0.19
	0.13
	13.00



	Lineament
	0.09
	0.04
	0.05
	0.03
	0.06
	0.11
	0.11
	0.07
	7.00



	Rainfall
	0.07
	0.08
	0.03
	0.03
	0.03
	0.05
	0.07
	0.05
	5.00



	Soil
	0.07
	0.03
	0.03
	0.02
	0.02
	0.03
	0.04
	0.03
	3.00



	Totals
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	100
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Table 7. Calculation of the principal eigenvalue to rank factors.
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	Thematic Map
	Column Sums from

Table 1
	Eigen Vectors Column 8 of

Table 2
	Parameter Rank

1 × 2





	Lithology
	2.32
	0.39
	0.90



	Slope
	5.92
	0.19
	1.11



	Land use
	9.58
	0.13
	1.25



	Drainage
	9.78
	0.13
	1.31



	Lineament
	15.83
	0.07
	1.13



	Rainfall
	18.50
	0.05
	0.99



	Soil
	27.00
	0.03
	0.89



	Principal Eigenvalue (λmax)
	
	
	7.56
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Table 8. Frequency ratio (FR) analysis for each of the factors and factor classes.
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Factor

	
FC

	
CP

	
% CP

	
WP

	
% WP

	
FR






	
Rainfall

	
1

	
4,932,202

	
69.05

	
1378

	
53.06

	
0.77




	

	
2

	
1,826,364

	
25.57

	
967

	
37.24

	
1.46




	

	
3

	
384,049

	
5.38

	
252

	
9.70

	
1.80




	

	

	

	

	

	

	
4.03




	
Lithology

	
1

	
2,787,985

	
39.03

	
667

	
25.68

	
0.66




	

	
2

	
3,592,538

	
50.30

	
1802

	
69.39

	
1.38




	

	
3

	
762,046

	
10.67

	
128

	
4.93

	
0.46




	

	

	

	

	

	

	
2.50




	
Land use

	
1

	
260,714

	
3.65

	
61

	
2.35

	
0.64




	

	
2

	
5,755,189

	
80.58

	
1796

	
69.16

	
0.86




	

	
3

	
1,129,564

	
15.81

	
423

	
16.29

	
1.03




	

	

	

	

	

	

	
2.53




	
Soil

	
1

	
3,909,809

	
54.74

	
886

	
34.12

	
0.62




	

	
2

	
3,027,704

	
42.39

	
1568

	
60.38

	
1.42




	

	
3

	
203,117

	
2.84

	
143

	
5.51

	
1.94




	

	

	

	

	

	

	
3.98




	
Drainage

	
1

	
4,001,885

	
56.03

	
1778

	
68.46

	
1.22




	

	
2

	
2,312,019

	
32.37

	
666

	
25.64

	
0.79




	

	
3

	
607,213

	
8.50

	
150

	
5.78

	
0.68




	

	

	

	

	

	

	
2.69




	
Lineament

	
1

	
2,255,576

	
31.58

	
553

	
21.29

	
0.67




	

	
2

	
4,693,893

	
65.72

	
1711

	
65.88

	
1.00




	

	
3

	
195,672

	
2.74

	
16

	
0.62

	
0.22




	

	

	

	

	

	

	
1.90




	
Slope

	
1

	
428,728

	
6.00

	
49

	
1.81

	
0.30




	

	
2

	
699,497

	
9.79

	
194

	
7.16

	
0.73




	

	
3

	
6,014,466

	
84.20

	
2467

	
91.03

	
1.08




	

	

	

	

	

	

	
2.11




	
FC = factor class, CP = class pixels, WP = well pixels.
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Table 9. Weightage assigned for each influential factor in three different models.
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	Factor
	FR
	AHP
	MIF





	Lineament
	19.60
	7.10
	7.40



	Slope
	17.69
	18.69
	11.1



	Lithology
	17.59
	39.02
	29.6



	Soil
	15.80
	3.31
	14.8



	Rainfall
	12.32
	5.37
	14.8



	Drainage
	9.65
	13.39
	3.70



	Land use
	7.31
	13.09
	18.5
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