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Abstract

:

This research work is intended as a contribution to the development of a multicriteria methodology, combining several factors to control the availability of groundwater resources, in order to optimize the choice of location of future drilling and increase the chances to take water from productive structures which will satisfy the ever-increasing water demand of local population (Arghen basin in the Western Anti-Atlas chain of Morocco). The geographic information system is used to develop thematic maps describing the geometry and the hydrodynamic functioning of the aquifer. In this study, 11 factors including geology, topography, and hydrology, influencing the distribution of water resources were used. Based on the Analytical Hierarchy Process (AHP) model, GIS, and remote sensing, the study mapped and classified areas according to their hydrogeological potential. The favorable potential sectors cover 17% of the total area of the basin. The medium potential sectors account for 64%, while the unfavorable areas cover 18% of the basin area. The groundwater potential map of the study area has been validated by comparing with data from 159 boreholes scattered throughout the basin.
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1. Introduction


Water is a natural resource essential for life and sometimes a determining factor for socio-economic development of a country. This is the case in Morocco where groundwater is characterized by scarcity, spatiotemporal irregularity, and vulnerability to anthropic effects. In such a context, it is imperative to identify groundwater resources and optimize the use in a rational manner. This research work is focused on a mountainous area with low water potential which is developed in a fractured environment. The study area is closely limited by the Arghen basin, which is part of the crystalline basement of Ighrem region (Western Anti-Atlas chain). This watershed is in a difficult hydrogeological context because of its semi-arid bioclimatic stage and the geological complexity of the terrain where the crystalline basement formations are the most dominant. In these environments, the complexity of groundwater management is increased when these regions face a data scarcity [1]. In addition, the groundwater resources can hardly meet the growing demand driven by the changing demographics of rural populations [2,3,4]. The aquifers that form in this type of context generally consist of crystalline rocks of plutonic and metamorphic origin (gneiss, schists, micaschists, etc.). These are hard rocks that expose relatively homogeneous mechanical behavior and overall hydraulic properties and are characterized mainly by fracture permeability [5]. Conventional research and prospection methods (hydrochemical, geophysical, etc.) often take a long time, require a lot of financial resources, and need qualified personnel [6,7,8]. In recent decades, several studies have shown that the analytical hierarchy process (AHP), based on geographical information systems (GIS) and spatial remote sensing, offers good functionality for mapping the groundwater recharge area [7,8,9,10,11].



The main objective of this study was to evaluate the ability of AHP and GIS techniques to map potential groundwater areas, to provide policy makers and managers with a guide map for hydrogeological research, to guide the implementation of future points of water, and consequently reduce the costs of hydrogeological investigation.




2. Study Area


The Arghen watershed, situated in the lower watershed of the Souss River in southwestern Morocco, covers an area of 1059 km2 with a surface elevation of between 300 and 2500 m (Figure 1). Water supply sources are mainly groundwater that is used for both irrigation and drinking water through dug boreholes and pumping wells. This region has an arid climate with an average annual rainfall of 181 mm, and an irregular annual distribution (more than 70% of annual rainfall occurs from November to February). The average temperature varies between 44 °C in summer and 3 °C in winter.



Geology


The study area is located in the contact zone between the Ighrem buttonhole formed by a Precambrian basement consisting largely of magmatic and metamorphic rocks [12], and a Paleozoic cover characterized by abundance of carbonate formations [13] (Figure 2). The Precambrian buttonhole of Ighrem consists of a Paleoproterozoic basement and a Neoproterozoic cover. The Paleoproterozoic formations of the study area outcrop in a dome with a subterranean cartographic orientation. These formations are bordered by the overlying Neoproterozoic formations. Most of the crystalline basement formations consist of granites and a metamorphic series represented by sandstone schists, micaschists, and gneisses, located in the immediate surroundings of the granites [12]. In the Ighrem buttonhole, the Neoproterozoic lies directly on the Paleoproterozoic. The contact between the two sets is often tectonic and shows the characters of the brittle-ductile transition. It is formed of two groups: The Ourty group has the base and that of Ighrem at the top. The Ourty group is represented by quartzites and limestones. It corresponds to the upper fragile unit, while Ighrem group refers to the conglomerates and volcano-detritic formations that have deposited in late to post Pan-African basins [12].



The upper Neoproterozoic comprises poorly classified conglomeratic formations with striated pebbles of metamorphic quartzites. Evoking glacial formations, it lies either directly on the Paleoproterozoic basement, particularly in the region of Tanmiterte and d’lssourg, or directly on the quartzites of the Ourty group [14]. In the late Neoproterozoic, the Ighrem group consists of often rough detritic deposits and volcanic rocks (ignimbrites, pyroclastites of a rhyolitic, dacitic, or andesitic nature). The latter are surmounted by detrital facies which testify to a generalized emersion of the Western Anti-Atlas at the end of the Neoproterozoic [12].



After the continental deposits and the volcanic manifestations of the late Neoproterozoic, the Anti-Atlas domain is characterized by marine, carbonate, transgressive sedimentation coming from the west and the northwest forming the Paleozoic cover [13]. The lower Paleozoic is characterized by deposits of carbonate platform at the base, evolving towards more and more detrital terms upwards. The Upper Paleozoic is essentially detrital with carbonate intercalations of a more or less deep platform [15]. Deposits of regs, debris cones, and scree are the old, middle, and recent quaternaries. Alluvial deposits are alluviums of low silty terraces and modern alluvium. These sediments of various facies are present in small intra-mountain basins and along the rivers [15].





3. Materials and Methods


Numerical cartographic and statistical methods were applied in order to map areas with different groundwater potentiality. Therefore, this section consists of three main steps: (1) Construction of the geospatial database, (2) calculation of weights for groundwater prospecting factors, and (3) validation of the result. Geospatial data were developed in the Arc GIS 10.4.1 software, while weight generation for groundwater prospecting factors and associated functions were calculated by the AHP method in the Microsoft Excel software. The result of the validation are shown in a histogram that shows the rate of failure and success for having high flows in each class of underground potentiality obtained. The final output map was generated in Arc GIS 10.4.1 software using a raster calculator tool by multiplying each factor with its weight. The following flowchart (Figure 3) summarizes the different steps of this study.



3.1. Groundwater Influencing Factors


Generally, the presence and productivity of groundwater in a given aquifer depends on a variety of factors, and, therefore, the number of conditioning factors used also depends on the availability of data in the study area [9]. In this study, 11 groundwater influencing factors were used. These factors were broadly divided into three types: Topographic, hydrological, and geological factors to ensure effective prediction of the groundwater potential of the study area within a GIS framework.



3.1.1. Topographical Factors


Topographical factors are presenting as the degree of slope, the plan curvature, and the profile curvature. Consideration of slopes is very important for favorable locations for water infiltration because low slope areas have low surface runoff and high percolation rates, while steep slopes favor runoff and fast evacuation of meteoric waters by drainage [16]. The slope map, generated on the digital elevation model (DEM) basis with a spatial resolution of 30 m, shows that the areas of low slopes are located in the downstream part and along the river draining the watershed area of Arghen, while areas of strong slope were in the upstream part especially at the level of the crystalline basement (Figure 4a). In general, the southern regions are more exposed to groundwater recharge because runoff flows much more slowly than in the northern regions. The curvature represents the morphology of the topography and consists of three aspects: Profile, plan, and total, the latter combining profile and plan. Profile curvature (Figure 4b) and plan curvature (Figure 4c) mainly affect flow acceleration and deceleration, as well as flow convergence and divergence, at the soil surface [17]. These factors were extracted from the DEM using an ArcGIS 10.4.1 software spatial analysis tool.




3.1.2. Hydrological Factors


Hydrological factors, such as topographic wetness index (TWI), distance to the hydrographic network, and drainage density, were taken into consideration in the estimation of surface water and groundwater flow based on topographical factors. TWI is a secondary topographic index that has been used to describe spatial moisture patterns and to explain the effects of topographic conditions on these models [18]. It plays an important role in influencing the movement and accumulation of runoff at the soil surface (Figure 5a) [19]. TWI is calculated using the following equation:


TWI = (As/tanβ)



(1)




where As is the cumulative surface of the ascending slope and β is the gradient of the slope.



The detailed study of the spatial hydrographic network density by mesh allows the detection of areas where infiltration occurs. It thus makes it possible to delimit aquifer recharge zones (Figure 5b). Hydrographic network density is calculated using the following equation:


Dd = ∑Li/A



(2)




with Dd as the drainage density (km−1), ∑Li: the cumulative length of drains in each surface unit (km), and A: the area (km2).



In general, drainage density is inversely related to permeability. A high drainage density decreases infiltration and increases surface runoff and is, therefore, not suitable for groundwater development [20]. These high values are concentrated mainly in the Arghen, Ighil, and Berguene rivers. Several research studies have shown that the criterion of distance from hydrographic networks is important in hydrogeological research, because in semi-arid regions the existence of a local alluvial layer is mainly located near the rivers. It seems that areas close to the river (300 m) are promising for effective infiltration, hence, the existence of thick alluvial levels (very permeable formations), while beyond a distance greater than 600 m these resources will be difficult to find (Figure 5c). Drain density and distance from hydrographic networks were determined using the line density tool and the Euclidean distance tool in ArcGIS 10.4.1 software.




3.1.3. Geological Factors


Geological factors control the porosity and permeability of aquifer materials and are, therefore, considered as indicators of hydrological characteristics. The factors used in this study are: Lithology, geological fault density, lineament density, distance from lineaments, and nodes density. The geology of areas without a local aquifer is an important criterion as it can amplify or mitigate the extent of surface water percolation to aquifer rocks. The permeable formations favor the infiltration of water, through the underground flows. On the opposite, impermeable rocks, such as crystalline rocks, promote surface runoff.



The Arghen basin was divided into 27 units depending on the type of lithology. In this study, these units were classified according to their characteristics and permeabilities: Sedimentary rocks A, sedimentary rocks B, sedimentary rocks C, and igneous rocks. Sedimentary rocks A are highly permeable formations formed from silts, scree, and quaternary gravel, while sedimentary rocks B are moderately permeable formations consisting mainly of fractured limestones, dolomites, conglomerates, and fractured quartzites. On the other hand, type C sedimentary rocks are formed by pelites with igneous rocks, and are impervious to surface water circulation (Figure 6a).



Lineaments are linear or curvilinear structures often associated with geomorphological features and/or various tectonic structures. These linear structures appear on the surface of the Earth as a form of discontinuities in the relief or in the ground cover. The rectilinearity of natural structures, such as geological structures (faults, fractures, lithological limits,) or drainage networks (rivers), reflects the influence of a phenomenon occurring below the surface of the ground. The detection of these structures facilitates a better characterization of existing reservoirs and the discovery of new aquifers linked to the existence of high density which favors the circulation of water towards the bottom. The lineaments of the study area were extracted from the Landsat 8 Oli satellite image. Extraction of these lineaments shows that the direction NE-SW (Northeast-Southwest) constitutes the major direction detected whose frequency is very high. This orientation is comparable to those found by the authors [12,13,14] on their structural geology study on the Ighrem sector. To validate the influence of this major direction (N40), we proceeded to the extraction of all the faults of the geological map of Ighrem and Taroudant with a scale of 1/100,000, which covers the whole of the study area. The results are elaborated as a map of fracturing density which can be used to verify the reliability of our linear analysis. It confirms the actual dominance of this direction detected by the filter on the satellite image, but shows a second direction EW, which is probably dominant in the sector N of the watershed (Figure 6b).



Orientation is not the only element characterizing a network of lineaments. Knowledge of its density and connectivity is also important [21]. The accuracy of the lineament mapping led to a higher density at two targets: The central part of the crystalline basement of Ighrem where the ground is strongly tectonized and the western part of the carbonate cover (Figure 6c). In the same way, the density map of the nodes represents the number of intersections of lineaments per surface mesh. This parameter made it possible to highlight a density of lineaments. Generally, average to strong density is located at the central part of the buttonhole of Ighrem and at the western part of the carbonate cover. An area of significant importance can be detected in the contact zone between the Lie-de-Vin series and that of the carbonate cover (Figure 6d). The criterion of distance from lineaments is also important in hydrogeological research, since zones of hydrogeological interest must be located mainly in the vicinity of linear structures. In this study, areas closed to lineaments (300 m) were the most promising for effective infiltration, but the effect of this parameter decreased at distances greater than 700 m (Figure 6e).





3.2. Analytical Hierarchy Process (AHP) Model


The analytical hierarchy process (AHP) was introduced for the first time by [22]. This approach has four very important steps: (1) Standardization of the assessment criteria, (2) generation of a comparison matrix in pairs including all the thematic layers (weighting of the evaluation criteria), (3) verification of the incoherence of the elaborated matrix, and (4) aggregation of weighted decision criteria.




3.3. Standardization of Thematic Layers by AHP Model


The set of criteria used in this study was measured on different scales. For this reason, it needed to be standardized in a common interval which varied in our case from 2 to 10 (Table 1). The highest values thus express the greatest suitability for the most favorable sites for the implantation of water points.




3.4. Normalization of Weight for Thematic Layers by AHP Model


In this research work, the weights of groundwater conditioning factors were determined from a pairwise comparison series taking into consideration the relative importance of two criteria to the ability to characterize potential groundwater locations. Their importance was determined on a four-level numerical scale, as shown in Table 2 and arranged in a decision matrix or pairwise comparison matrix (Table 3 and Table 4).



To verify the consistency (CR) of the decision of the selected groundwater survey factors, the following formula was used. The following equation is used to calculate the CR:


CR = CI/RI



(3)




where CI represents the consistency index calculated according to Equation (4) and RI is the random index of the constant consistency index of a sample of 500 randomly generated pairwise comparison matrices [23].


CI = (λmax − n)/(n − 1)



(4)




where λmax is the largest eigen value of the matrix and can easily be determined from the matrix mentioned, and n is the number of groundwater conditioning factors, according to [22] and [24] as shown in Table 5. If the value of CR is less than or equal to 0.10, the matrix is acceptable [25]. If the consistency ratio is greater than 0.10, it is necessary to revise the judgments to locate the cause of the inconsistency and correct it.



The IC was calculated for: λmax = 12,507, n = 11, and RI = 1.52. Finally, the consistency ratio was calculated as CR = 0.09 and is <0.10. This implies that there is a reasonable level of consistency in the pairwise comparison matrix.




3.5. Definition of the GWPI


Once the layers of the assessment criteria have been established and assigned to weighting coefficients, it remains only to combine these information plans by calculating the groundwater potential index (GWPI). This parameter represents a dimensionless quantity that predicts the potential zones of groundwater in an area. The weighted linear combination method was used to estimate the groundwater potential index [24,25,26]. GWPI was calculated using Equation (5) below:


GWPI = 0.64 × Slope + 1.24 × Drainage density + 0.93 × Fault density + 1.31 × Lithology + 0.44 × TWI + 0.52 × Plan curvature + 0.52 × Profile curvature + 0.56 × Distance from river + 1.21 × Lineament density + 0.84 × Distance from Lineament + 1.81 × Nodes Density



(5)









4. Results and Discussion


Mapping and Validation of Groundwater Potential Map


The groundwater potential map was created by the combination of all the criteria developed on the basis of AHP techniques and the grid based on GIS. The GWPI values have been classified into three areas of groundwater potential: Nonpotential, moderate, excellent class. The most favorable zones represent 17.2% and, without taking into consideration the accessibility which sometimes becomes very difficult, the moderately favorable zones also represent 64.7%. The rest is constituting 18.1%, declared as unfavorable zones for hydrogeological research (Figure 7). According to Figure 7, the most suitable areas for the establishment of future drilling are located at the northern parts of the Arghen basin and in the central part of the crystalline basement of Ighrem because of their high density nodes, lineaments, and geological fractures. These parameters represent a first-order factor favoring efficient percolation of surface water towards the bottom. The concordance between the alignment of the boreholes and mapped lineages shows that these lineaments are fractures. This confirms that in the middle of the crystalline basement only the fractures are the real underground water corridors. These results are matching with the work of [27,28,29,30].



In order to validate a groundwater potential map, it is essential that the evaluation criterion chosen meets imperatively the concern for the reality of the ground, the principles of independence of the criterion, and its conformity [31]. For this purpose, verification of the groundwater potential map was generated using water point yield data from our study area. The flow rates of these water points were used to statistically show the rate of failure and success relative to each class of underground potential obtained (Figure 8). This analysis indicates the reliability of the method used. This is shown by the success rate of implanted drilling, which increased progressively towards the most productive areas (51.64%). In parallel with this increase, there was another increase but this time the failure rate reached its maximum (61.76%) in unfavorable areas for hydrogeological research.



The cartographic restitution of potential groundwater areas presented difficulties in its implementation. These came from the definition of the class limits of the chosen criteria of the method. For each criterion, the range of variation of the values was divided into a number of classes, according to chosen limit values, not necessarily equidistant but significant from the point of view of practical applications. The choice of class limits was based on the operator’s ability to discern and the operator’s sense of judgment. It can also depend on the values displayed by the histograms of the criteria [32], which were not fixed in our case. They depended on the presented values, the reality on the ground, and the objectives to be achieved. The mapping of parameters (fracturing density, drainage density, node density, etc.) by interpolation certainly led to errors. The interpolation was only reliable within the intervals delimited by the point data. It was also important to note that the cartographic support used was regional. Digital geological maps were only available on a scale of 1/100,000.



The establishment of the potential aquifer map using the Saaty weighting method did not better reflect the sensitivity of the terrain. In addition, this study suffered from the absence of drilling flows, especially in the northeast of Tizirt and in the east of Tagragra. The validation of the potential aquifer map should be improved by using data from recent drilling to better reproduce the realities on the ground. The identification of zones with a good potential aquifer did not guarantee a 100% success rate in drilling, even if the probability seemed high (51%). In addition, the depth of investigation was also an element little mastered within the framework of the approach proposed in the study. All the analysis criteria used did not, in fact, dictate the hydrodynamic behavior in depth and were limited to hypothetical interpolations of surface data. The hydrodynamic functioning in the basement grounds was indeed more complex to ensure sustainability of the productivity of the structures. However, the most reliable way to validate the thematic potential aquifer map was to install new boreholes in each area, for which the thematic class indicated a given potential class, and check the productivity of these works. This, therefore, required having sufficient means. The choice of criteria used in this study was fairly compatible for arid and semi-arid climates where rainfall is quite low and the geology of the basin is highly tectonized and complex. On the other hand, in the most clement and humid regions, the proposed method would require further hydrological and climatological analysis to integrate related phenomena including precipitation, land use, and evapotranspiration in the process. In this case, the thematic map of areas with aquifer potential represented a decision-making tool which at least made it possible to exclude part of the territory to be prospected and to select sectors with promising aquifer potential. It was a strategic and tactical approach to limit investments in punctual prospecting towards the most suitable sites.





5. Conclusions


For a number of years, the Water Basin Agencies, responsible for planning, managing, and protecting water resources, have endeavored to find an adequate approach in order to develop a policy to identify the most favorable spots for the establishment of water points which will be used to supply the mainly rural population with drinking water. The present work responded to this demand by producing a series of spatial and temporal cartographic supports, based on a certain number of geological, topographic, and hydrological factors. All of these thematic maps were drawn in a GIS environment in order to identify areas with high aquifer potential. The potential aquifer map of the basement area of southwestern Morocco shows the areas likely to be subject to conventional prospecting with promise of success. The areas of the aquifer with good potential (17.18%) were identified at the levels of the northern parts of the Arghen basin and in the central part of the crystalline basement of Ighrem. The areas with medium potential (64.74%) were found in Aniloul, Tagragra, Amalou, and north of Assifane regions. Unfavorable areas (18.08%) occupy approximately 1/5 of the study area. The results indicate that the groundwater potential is mainly controlled by the density of nodes, lineaments, geological fracturing, and lithology. The validation of the results demonstrated that the AHP had good prediction precision if we consider that the flows released by the reconnaissance surveys are convincing. Therefore, on the basis of the results of this study, it can be concluded that this tool is presented as an orientation tool, capable of facilitating decisions and indicating research directions in terms of hydrogeological prospecting. The precise location of the boreholes and the determination of the most suitable operating flows should make the whole method converge towards a real decision-making aid tool in terms of water resources management and a function of orientation of master plans for the development, exploitation, and management of water resources.



To better appreciate the accuracy of the method and work to improve it, specific surveys are required in the safest and most productive areas. The logical path in such a fractured context would also require recourse to the exploration of aeromagnetic data in order to map geophysical lineaments in deep and major accidents of kilometer size, and to enhance the extraction of geological lineaments by the use of high-resolution radar images to cover larger prospecting areas.
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Figure 1. Geographic situation of Arghen basin. 
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Figure 2. Geological map of Arghen basin. 
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Figure 3. Flow chart of the methodology used in this study. 
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Figure 4. Topographical factors influencing groundwater. (a) Slope degree, (b) profile curvature, (c) plan curvature. 
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Figure 5. Hydrological factors influencing groundwater: (a) Topographic wetness index, (b) drainage density, (c) distance from river. 
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Figure 6. Geological factors influencing groundwater: (a) Lithology, (b) geological faults density, (c) lineaments density, (d) nodes density, (e) distance from lineaments. 
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Figure 7. Groundwater potential map produced by AHP model. 
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Figure 8. Trend histogram of failure and success rates for each potentiality class. 
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Table 1. Intervals of standardization of the evaluation criteria.
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Factor (Units)

	
Class

	
Rating

	
Factor (Units)

	
Class

	
Rating






	
Slope degree (%)

	
0–8.3

	
10

	
Nodes Density

	
0–0.17

	
2




	
8.4–15

	
8

	
0.18–0.52

	
4




	
16–23

	
6

	
0.53–1.1

	
6




	
24–32

	
4

	
1.2–1.6

	
8




	
33–66

	
2

	
1.7–2.5

	
10




	
Distance from river (m)

	
0–300

	
10

	
Distance from lineaments (m)

	
0–300

	
10




	
300–600

	
8

	
300–600

	
8




	
600–900

	
6

	
600–900

	
6




	
900–1200

	
4

	
900–1200

	
4




	
1200–1500

	
2

	
>1200

	
2




	
Lithology

	
High permeability

	
10

	
TWI

	
6–9.7

	
2




	
Medium permeability

	
8

	
9.8–13

	
4




	
Low permeability

	
6

	
14–26

	
6




	
Lineaments density

	
0–0.6

	
2

	
Profile curvature

	
−6.5–(−0.01)

	
2




	
0.61–1

	
4

	
−0.009–0

	
4




	
1.1–1.4

	
6




	
1.5–1.9

	
8

	
0.01–8.1

	
6




	
2–3.0

	
10




	
Drainage density (km/km2)

	
0–0.47

	
10

	
Plan curvature

	
−4.1–(−0.1)

	
6




	
0.48–0.74

	
8

	
−0.09–0

	
4




	
0.75–0.98

	
6

	
0.01–4.9

	
2




	
0.99–1.2

	
4




	
1.3–2.1

	
2




	
Faults density

	
0–0.19

	
2

	

	

	




	
0.2–0.55

	
4




	
0.56–0.95

	
6




	
0.96–1.5

	
8




	
1.6–2.2

	
10
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Table 2. Verbal and numerical expression of the relative importance of a pair of criteria.
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	Importance
	Scale





	Equal importance
	1



	Weak
	2



	Moderate importance
	3



	Moderate plus
	4



	Less important
	1/2



	Moderately less important
	1/3



	Much less important
	1/4
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Table 3. Pairwise comparison matrix of 11 groundwater prospecting factors for the analytical hierarchy process (AHP).
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	Factors
	Slope
	D. Density
	F. Density
	Lithology
	TWI
	Plan Curvature
	Profile Curvature
	Distance from River
	L. Density
	Distance from LINEAMENT
	N. Density





	Slope
	1.00
	1/2
	1/2
	1/2
	3.00
	2.00
	2.00
	1/2
	1/3
	1/2
	1/2



	D. density
	2.00
	1.00
	2.00
	3.00
	4.00
	3.00
	3.00
	3.00
	1.00
	2.00
	2.00



	F. density
	2.00
	1/2
	1.00
	1/3
	2.00
	3.00
	3.00
	4.00
	1.00
	1/2
	1/3



	Lithology
	2.00
	1/3
	3.00
	1.00
	3.00
	2.00
	2.00
	2.00
	3.00
	2.00
	1.00



	TWI
	1/3
	1/2
	1/2
	1/3
	1.00
	2.00
	2.00
	1/2
	1/3
	1/3
	1/4



	Plan curvature
	1/2
	1/3
	1/3
	1/2
	1/2
	1.00
	1.00
	2.00
	1/3
	2.00
	1/3



	Profile curvature
	1/2
	1/3
	1/3
	1/2
	1/2
	1.00
	1.00
	2.00
	1/3
	2.00
	1/3



	Distance from river
	2.00
	1/3
	1/4
	1/2
	2.00
	1/2
	1/2
	1.00
	1/4
	1.00
	1/2



	L. density
	3.00
	1.00
	1.00
	1/3
	3.00
	3.00
	3.00
	4.00
	1.00
	1/2
	1/2



	Distance from Lineament
	2.00
	1/2
	2.00
	1/2
	3.00
	1/2
	1/2
	1.00
	2.00
	1.00
	1/3



	N. Density
	2.00
	1/2
	3.00
	1.00
	4.00
	3.00
	3.00
	2.00
	2.00
	3.00
	1.00
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Table 4. Determining the normalized weights for each thematic layer.
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	Factors
	Slope
	D. Density
	F. Density
	Lithology
	TWI
	Plan Curvature
	PROFILE Curvature
	Distance from River
	L. Density
	Distance from Lineament
	N. Density
	Weight





	Slope
	0.06
	0.05
	0.04
	0.07
	0.12
	0.09
	0.09
	0.02
	0.03
	0.03
	0.10
	0.64



	D. density
	0.12
	0.11
	0.14
	0.26
	0.12
	0.14
	0.14
	0.10
	0.05
	0.13
	0.06
	1.24



	F. density
	0.12
	0.05
	0.07
	0.04
	0.08
	0.14
	0.14
	0.19
	0.10
	0.03
	0.06
	0.93



	Lithology
	0.12
	0.05
	0.22
	0.13
	0.12
	0.09
	0.09
	0.10
	0.20
	0.13
	0.19
	1.31



	TWI
	0.02
	0.03
	0.04
	0.04
	0.04
	0.09
	0.09
	0.02
	0.03
	0.02
	0.05
	0.44



	Plan curvature
	0.03
	0.03
	0.02
	0.07
	0.02
	0.05
	0.05
	0.10
	0.03
	0.13
	0.05
	0.52



	Profile curvature
	0.03
	0.03
	0.02
	0.07
	0.02
	0.05
	0.05
	0.10
	0.03
	0.13
	0.05
	0.52



	Distance from river
	0.12
	0.05
	0.02
	0.07
	0.08
	0.02
	0.02
	0.05
	0.02
	0.07
	0.10
	0.56



	L. density
	0.17
	0.21
	0.07
	0.07
	0.12
	0.14
	0.14
	0.19
	0.10
	0.03
	0.10
	1.21



	Distance from Lineament
	0.12
	0.05
	0.14
	0.07
	0.12
	0.02
	0.02
	0.05
	0.20
	0.07
	0.06
	0.84



	N. density
	0.12
	0.32
	0.22
	0.13
	0.16
	0.18
	0.18
	0.10
	0.20
	0.20
	0.19
	1.81







D. density, drainage density; L. density, lineaments density; F. density, faults density; N. density, nodes density.













[image: Table] 





Table 5. Saaty’s ratio index for different values of n.
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	Order
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11





	RI
	0.00
	0.00
	0.52
	0.89
	1.11
	1.25
	1.35
	1.40
	1.45
	1.49
	1.52











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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