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Abstract

:

The quality and level of groundwater tables have rapidly declined because of intensive pumping in Punjab (Pakistan). For sustainable groundwater supplies, there is a need for better management practices. So, the identification of potential groundwater recharge zones is crucial for developing effective management systems. The current research is based on integrating seven contributing factors, including geology, soil map, land cover/land use, lineament density, drainage density, slope, and rainfall to categorize the area into various groundwater recharge potential zones using remote sensing, geographic information system (GIS), and analytical hierarchical process (AHP) for Punjab, Pakistan. The weights (for various thematic layers) and rating values (for sub-classes) in the overlay analysis were assigned for thematic layers and then modified and normalized using the AHP. The result indicates that about 17.88% of the area falls under the category of very high groundwater potential zones (GWPZs). It was found that only 12.27% of the area falls under the category of very low GWPZs. The results showed that spatial technologies like remote sensing and geographic information system (GIS), when combined with AHP technique, provide a robust platform for studying GWPZs. This will help the public and government sectors to understand the potential zone for sustainable groundwater management.
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1. Introduction


Water is an essential resource that improves the quality of life in all living societies. The demand for this precious freshwater resource is continuously increasing because of the increasing population and industrialization. Fresh water resources are often associated with volume and quality, and these are adversely affected particularly in low-income nations. Fresh water supplies are also depleted, owing to climate change. The increase in the scarcity of adequate freshwater is due to the strong link between water, food, and energy. The scarcity has an effect on communities and world economies; therefore, water scarcity is considered a worldwide concern [1]. Like other countries, Pakistan is also suffering from severe water scarcity. According to the Asian Development Bank (ADB), Pakistan is rapidly approaching water shortage, and its access to water for everyone has already surpassed a thousand cubic meters annually. In Pakistan, access to freshwater reserves has also declined. According to research, the water availability in Pakistan was 5100 m3 per person in 1951, but it has since dropped to 1000 m3 per person in 2010 and is expected to decline to 600 cubic meters per inhabitant by 2050 [2]. To meet the high demand of freshwater resources, GW is seen as a benefit to emerging regions, seeing as it is a valuable and important natural resource. Therefore, the exploitation of regional groundwater (GW) resources has been increased [3,4]. The input of groundwater to the total irrigated agricultural water supply in Pakistan accelerated from 8 to 60% between 1960 and 2010 because of the rapid expansion of cultivated lands. Thus, groundwater depletion is occurring at a rapid pace in most of the world’s major aquifers located in the arid and semi-arid zones of the world. As a result, a 2–3 m annual declining trend in the GW level has been observed and it is due to the incessant pumping of GW resources to fulfill intensive agricultural and urban water requirements [5,6]. There is essentially “free” groundwater for everyone: landowners with the means to drill wells typically have unrestricted access to groundwater. Certain nations subsidize the cost of electricity for GW pumping to achieve higher agricultural productivity, which is leading to a decline in aquifer levels (increase in GW table) [7].



GW is critical to global food security and human capital growth as it contributes to the recovery of around 30% of all freshwater losses worldwide. GW accounts for nearly half of all irrigation water [8]. GW is also a primary source of freshwater for over 2.1 billion people worldwide. The pumping of water from the zone of saturation in the confined and unconfined aquifer is referred to as discharge, and the concurrent flow from the ground surface to the saturated zone is referred to as GW recharge [9]. Research and the effective management of GW resources are critical for establishing appropriate groundwater monitoring systems, recharge locations, and to understand the actual condition of groundwater resources in almost any locality. Various climatic and geomorphological attributes influence the course of groundwater and assist in retrieving GWPZs, including sedimentological structures, primary and secondary porosity, slope length, lithological natural features, land use/land cover (LULC), hydraulic properties, rainfall patterns, and drainage density [10].



GW is a widely disseminated resource and capital on the planet, but unlike most natural reserves, it is recharged periodically by precipitation [11]. It is essential to determine the prospective zone of GW where artificial recharge procedures may be employed to improve the degree of recharge to maintain a sufficient amount of recharge [12,13]. Conventional methods have been employed for identifying and delineating GWPZs [14]. Modeling of the GW level and quality are mostly based on field observations, which employ geophysical, geotechnical, and geomorphological techniques [15]. These techniques are often costly and time-consuming [16,17]. Spatial tools create and simulate important data from a wide variety of scientific fields in a timely and cost-effective manner [18,19]. Multiple studies have employed diverse criteria for identifying GW vulnerability, such as incorporating geological datasets with GIS data, the use of lithological and hydro-geomorphology-based methods, and the utilization of satellite data to detect lithological processes and shear zones [20,21]. Many factors influence the occurrence and transport of water, including landform, drains, geomorphology, structures, and hydrology [22]. This emphasizes the necessity for an interdisciplinary framework for hydrogeological assessment based on remote sensing techniques [15,23].



Remote sensing (RS) is an innovative and effective method for gathering spatial data over large regions in a short period [3,11,20,24]. The ability of GIS and RS to acquire and interpret information at enormous scales in a short time makes them useful tools for differentiating, evaluating, and managing GW supplies [25]. With these features, various datasets may be interconnected to develop conceptual frameworks for spotting GW potential in a particular region [26]. In order to determine possible GW storage regions, the AHP technique needs the inclusion of many elements [10,27]. AHP provides a convenient, moderate, and simply understood response for complex decision-making processes. The model’s reliance on specialized knowledge seems to be the primary cause of uncertainty. The use of the AHP in combination with GIS and spatial satellite imagery in GWPZs mapping has shown high efficiency and predictability [28]. However, before the application of these techniques for the assessment of GWPZs, there is a strong need to evaluate and validate these techniques for specified regions. Then, these techniques may be used for the development of GWPZs and topographic maps with allocated importance in a geographical domain, such as soil type, drainage patterns, infiltration capacity, precipitation, gradient (slope), sediment, land-use, and land-cover (LULC) maps [29,30]. Therefore, the current study was conducted to build a GIS-based method combined with an analytical hierarchical process as an effective decision support tool for identifying GWPZs in the province of Punjab, Pakistan.




2. Materials and Methods


2.1. Site Description


The study region is Punjab, second largest province of Pakistan. It occupies about 205,344 km2, which is 25.8% of the total area of Pakistan. Its location is between latitudes 28° N to 38° N and longitudes 70° E to 75° E (Figure 1). The elevation of Punjab varies from 2271 m in the north to 46 m in the south. The average temperature and annual precipitation in this area are 33 °C and 59 cm, respectively, with a changing tendency in both. This area is traversed by River Indus and its five principal tributaries: Chenab, Jhelum, Sutlej, Ravi, and Bias. To irrigate the agricultural land, numerous surface water systems were built, including main canals, link canals, and their tributaries. Groundwater (GW) recharging is significantly added by seepage from agricultural fields and water channels.



Over 80% of the GW resources in the country are found in Punjab, Pakistan. The Punjab province consists of the most productive land with abundant GW resources. However, due to the rapid development of the agricultural area, extensive implantation of private tube-wells, and escalating population growth, the pace of GW depletion is considerable. According to estimates, about 69% of GW is utilized to irrigate crops, either by itself or in combination with canal water. GW abstraction climbed from 10 BCM (Billion Cubic Meters) per year in 1951 to 68 BCM per year in 2022. The private tubewells accounted for 80% of the total abstraction between 1956 and 2022. In Punjab’s alluvial aquifer systems, silt and sand are present up to a depth of about 300 m. The fine sand, clay, silt, and gravel make up the subsurface lithology of the alluvial plain. In general, an alluvial aquifer is thought to be unconfined in nature. Tubewells in this area have a specific capacity of 0.62 to 1.42 m3 per minute per m.




2.2. Data Collection and Processing


The study area’s LANDSAT OLI images were used because these are free of cost and easily available. These imageries were downloaded from the USGS site (http://edc.usgs.gov, accessed on 1 August 2024) with less than 10% cloud cover, and detail about the Landsat data collection is given in Table 1. The quantitative examination of geomorphic indices taken from the Digital Elevation Map is the foundation for the current work (30 m resolution). With the use of software, ArcGIS vs 10.7.1, all the geographical maps and satellite imageries were geo-referenced and mosaicked. The data were corrected and projected on the Universal Mercator (UTM) WGS 1984, Zone 42 and 43 North, after being geo-referenced. The seven thematic layers that control GW potential recharge, land use and land cover (LULC), soil texture, drainage density, lineament density, rainfall, slope, and geology were created using a variety of datasets, including traditional maps, satellite pictures, and climatic information. Thematic maps were created to delineate the GWPZs in the study region. All thematic maps were continuously digitalized in vector format, and they were all transformed into raster format using the Arc Map/GIS program. By rearranging the soil types according to their geological, hydrological, and environmental properties, a thematic soil map was created for the research area. The final thematic maps also contain the ground truth information gathered for this project. Figure 2 explains the thorough technique and data analysis flow diagram. The various datasets, their pre-processing, and creation of thematic images for addressing GWPZs and susceptible zones are described in this part.



The study area’s elevation map was created using DEM data. The spatial resolution of DEM is 30 m and operates in 14 bands, from ultraviolet to infrared. Using some pre-processing tools for data normalization, DEM and Landsat data were rectified for data inaccuracies and distortion. DEM was used to build a subset raster for representing the area of interest of the study [31]. In ArcGIS, the line density analysis tool was used to generate the drainage density map for the research region, and the natural breaks technique was used to classify it. This classification has the advantage of locating actual classes in the data. The most important determining factor for GW recharge is rainfall. The Pakistan Metrological Department (PMD) collected annual rainfall data from several gauge stations, and an ArcGIS map of average annual rainfall was created using the standard Kriging interpolation method [32]. Based on information about soil types obtained from the Food and Agriculture Organization (FAO) (available at http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/en/ accessed on 1 August 2024), the soil texture map was generated. The soil texture map has five primary classes: loamy sandy, sandy, rocky outcrops, and loamy clay. Permeability and porosity of the soil media are directly correlated with the potentiality of GW recharge, higher the permeability of soil, higher the potential for GW recharge. The Punjab soil map, (available at http://citypulse.com.pk/pakistangis/soil-map-of-punjab-pakistan/, accessed on 1 August 2024) was used to evaluate and prepare the geological features of the research region. The sources from which the data were acquired and used in this study are given in Table 2.




2.3. Description of Thematic Layer


GW movement and presence are influenced by several variables, including a region’s hydrological conditions, soil, land use, rainfall, slope, drainage pattern, and geological structure. These variables also interact with one another. To define GW potential recharge zones in the research area, seven different physical characteristics or influencing factors, including land use/land cover (LU/LC), slope (SL), lineament density (LD), drainage density (DD), rainfall (RF), geology (GG), and soil (SO) have been identified. These parameters paly the significant role in influencing the geological, morphological and hydrological conditions of an area [33]. Combined analysis of these parameters can provide a comprehensive assessment of area’s groundwater potential. For the creation of LULC maps, remotely sensed images were downloaded for the specified path/row (Table 1). These images were processed using the Erdas Imagine 15. Preprocessing tools (layer stacking, mosaicking, image subset) were applied to prepare the image for classification. After preprocessing of satellite images, the multiband raw image was classified using the unsupervised classification and NDVI methods. The Normalized difference Vegetation Index (NDVI) was used to improve the ability to differentiate healthy vegetation from other land cover types. Higher NDVI values indicated healthy and strong vegetation, whereas low NDVI values showed unhealthy vegetation or absence of vegetation. The k-means algorithm was used for unsupervised classification technique. The vegetated land use class was assigned to the LULC class with the higher NDVI values. The Kappa coefficient (K) was calculated to evaluate accuracy of classified map. The 87% value of K was found which showed the strong agreement between the classified map and ground truth values. To create the base and drainage maps, 1:50,000 SOI topographical sheets were used. Topographical sheets have been used in GIS contexts to create slope, drainage, and density maps. A thematic map is a type of map that portrays the geographic pattern of a particular subject matter (theme) in a geographic area. The geological survey has created geology, soil, and lineament maps using GIS. To determine the GWPZs, all the thematic layers intersect together in ArcGIS. The flow diagram of the conducted study is displayed in Figure 2.



Figure 3 showed the relationship between the most influential parameters of GW potential zone. The continuous lines between the two parameters in Figure 3 show that one parameter has a major and direct effect on the other parameter. The discontinuous line between the two parameters indicates that one parameter has a minor and indirect effect on the other parameter. To calculate both types of effect, one (1) point is attributed to a major effect and half a point (1/2 = 0.5) is attributed to the minor one. By adding major(A) and minor(B) effect values, the proposed relative rates for each parameter were determined. The rate factor was determined by the summation of the points attributed to the effects of each factor. The last column was determined by dividing the relative rate of each parameter to the sum rate of all the parameters. The effect on proposed weights and rates of each class are given in Table 3.




2.4. The Infrastructure of the Groundwater Potential Model


GIS and remote sensing require less time for identifying GWPZs, while hydrogeological surveys and electrical soundings require more time for detecting GWPZs [10]. Table 2 lists the various data kinds, together with their characteristics and the sources from which they came.




2.5. Spatial Database


The major objective was to compile all relevant data and other auxiliary data into a GIS database. The digital representation of all the spatial data was compiled. All the maps and supporting data were digitized, then transformed and converted from raster to vector; gridding, buffer analysis, interpolation, and other GIS processes were carried out.




2.6. Spatial Data Analysis


The lineament, geology, slope, and drainage patterns, along with the soil maps in the research region, were integrated to create the GW potential map. To extract the spatial elements that are important to GW zones, the complete input was analyzed. Analyses including polygon classification and weight calculation were used in this process. Each polygon of the theme levels received the appropriate weights. The weight depends on how much GW was recharged, and storage has an impact.




2.7. Data Integration


The GWPZs of the study area were identified using thematic maps of geology, lineament density, drainage density, LULC, soil, and slope. A new map was created by combining two thematic maps by placing each theme over another theme to discover the intersection polygons. Up until the creation of the final composite map, the process continued. To delineate the GWPZs, which were divided into low, moderate, and high GWPZs, the weightage of each polygon was allocated using a basic mathematics model to prepare the final map [25].




2.8. Weighted Index Overlay Analysis (WIOA)


The GWPZs were created using weighted overlay analysis of all the thematic maps including geology, rainfall, lineament density, drainage density, soil, slope, and LULC using the spatial analysis tool in ArcGIS. One of the most popular methods for overlay analysis is the weighted overlay that is used to address multi-criteria issues including suitability of models and site selection. A straightforward and easy way for combining analysis of multiclass maps is Weighted Index Overlay Analysis [25]. The method has the benefit of allowing for the integration of human judgment into this study. The comparative relevance of a parameter and the objective were represented by a weight. When using a straightforward weighted overlay method, there is no set scale. For this rationale, analytical guidelines have been established, and each parameter is given the weight as it deserves.



The ranks for each parameter of each thematic image have been given during the weighted overlay analysis, and the weight is assigned based on the impacts of the numerous parameters. The works produced by researchers like have been taken into consideration while determining the weights and rankings [5,8,34]. For present study, thematic maps were converted to raster format and combined using the weighted overlay technique (ranking and weightage of thematic images through GIS). The geology, LULC, soil, drainage density, and slope were given identical weights. The geomorphology and lineament density were given higher weights. Instead of individual lineaments, lineament density is more consistently correlated with GW potential. Higher lineaments zones indicate higher groundwater potential [14]. Individual ranks were provided for each sub variable after allocating the weights to each parameter. Lineament density, geology, slope, and drainage density from the GIS layer were thoroughly examined in this process, and ranks were given to each variable [21].




2.9. Analytical Hierarchy Process (AHP)


The combination of classic AHP and analytical hierarchy led to the development of the AHP methodology. The AHP effectively resolves the multi-criteria decision-making challenges. Numerous studies have attempted to identify the best alternative for alternative selection using multi-criteria decision-making with the AHP technique [6]. Numerous researchers later refined the strategy, which is currently often applied to a variety of decision-making issues [4,14]. Table 4 provides the scale that was used for the AHP technique. It was also known as the pairwise comparisons scale. Numerous models have been recognized for mapping GWRP based on literature reviews [28]. All the criteria in the hierarchy system’s extents were used to build pairwise comparison matrices. Saaty’s scale of relative importance was used to create a pairwise comparison matrix as given in Table 4 and Table 5 [35]. The relative important values were calculated by using Saaty’s 1–9 scale, where a score of 1 indicates that the two themes are equally important and a score of 9 denotes that one theme is extremely important in relation to the other. Using Saaty’s relevance scale and thematic maps utilized for the definition of GW potential, a pairwise comparison matrix was created [36]. The major eigenvalue and the consistency index in the AHP represent the notion of judgmental uncertainty. Using the following Equation (1), Saaty provided a consistency index (CI) as a deviation of consistency:


  CI =     λ  max   − n   n − 1     



(1)




where n is the number of classes and λmax is greatest eigenvalue of the comparison matrix. Consistency ratio (CR), a metric for the consistency of a comparison matrix, is provided by Equation (2).


  CR =    CI   RI     



(2)







RI stands for ratio index, and if the CR value is less than or equal to 0.1, the consistency is acceptable. The subjective assessment needs to be revised if the CR is higher than 10%. The consistency index (CI) of the designated weights was estimated using the method outlined by Saaty (1980, 1992), and the consistency ratio, which calculates the likelihood that the matrix ratings were randomly generated. The random consistency index (RI) for random matrices is the average value of CI using Saaty’s scale.



It should be noted that consistent weights require a CR value of less than 0.10; otherwise, associated weights must be reviewed and revised to prevent inconsistency (Saaty 1990). The calculated CR for this study was 0.02, which was significantly less than the threshold value of 0.10. To further illustrate the relative significance of various themes to GW availability, Saaty’s scale of assignment was used to assign weights to each of the thematic maps in the range of 1 to 9 (Table 4 and Table 5). The local priority vectors are inserted into the appropriate columns of the super matrix during construction to acquire the relative priorities of the various classes with interdependent influences. Super matrices are partitioned matrices in which each segment denotes a connection between two clusters. Each column in the super matrix was multiplied by the relevant weights to create the weighted super matrix, which is then normalized. The weighted super matrix is raised to powers by multiplying by itself to create the limit super matrix, which then determines the final relative priority. The limit super matrix was attained when each row in the super matrix equals itself.




2.10. Assessment of Groundwater Potential Zones (GWPZs)


The estimation of GW recharge potential zones in the location was aided by the non -dimensional quantity known as the GW prospective index (GWPI) [4]. GW prospective zones were identified using the weighted linear combination technique. Using the comparison matrix between the parameters and the data on the ranking of the criteria, AHP provides an overall ranking of the results. Total Scores (TS) were obtained by summing the products of all attributes and multiplying the weights of the features in each thematic layer by weights of the thematic layers.


  TS = ∑    W  × R  



(3)







Here, the overall rating is Total Scores (TS). W stands for the thematic layers’ weights. The thematic layer’s feature weights are represented by R. The groundwater potential index (GWPI) is a layer that is integrated and created, considering all the following elements and themes.


  GWPI = Gg + Ld + Sl + So + Rf + Dd + LULC  



(4)




where GWPI represents groundwater potential index, Gg represents geology, Ld represents lineament density, Sl represents slope, So represents soil, Dd represents drainage density, Rf represents rainfall, and LULC represents land use and land cover.





3. Results


3.1. Delineation of Groundwater Potential Zones (GWPZs)


Table 6 showed the basis of categorization for the seven selected parameters for the delineation of GWPZs. The basis of categorization for drainage and lineament were drainage density and lineament density, respectively. In the case of geology, the basis of characterizations was rock type, joints, fractures, and weathering character. The land cover status, areal extent, condition, and associated vegetation were considered for LULC, and texture, porosity, permeability were selected for soil type. The amalgamation of thematic layers (influencing factor) such as drainage, rainfall, lineament, geology, soil, and subsurface characteristics were identified as the influencing factors for defining GWPZs. The results also indicated that with the aid of different influencing factors, including drainage density, geology, rainfall, LULC, soil, slope, and lineament density, the GWPZ for a certain location was determined. The classification of the factors influencing the GWP zone map is given in Table 6.



A digital elevation model DEM is a computerized demonstration of a certain topography. One of the important influencing factors that has a big impact on a region’s capacity for GW is the elevation or height of that area. Typically, a high altitude and a flat or moderately sloping location favorably encourages the activity of surface water infiltration, which increases subsurface water retrieval. It goes without saying that an area with steep slopes boosts rainfall surface run-off with little or no penetration into the earth, as shown in Figure 4a–h. It is evident that areas with a flat or sloping topography are predicted to have the greatest GW potential. Flatter topography will increase the likelihood of GW recharge or accumulation in a particular area. Typically, areas with flat topographical features allow water to move slowly, enhancing its infiltration rate into soil. Based on the topographic conditions of Punjab, the elevation ranges from 41 to 2213 m, obtained from the Digital Elevation Map, which is divided into five classes for further use in the weighted overlay technique. In the study region, as shown in Figure 4a, the topography was divided into five major classes (41–150 m, 150–260 m, 260–545 m, 545–1090 m, and 1090–2213 m. A change in the topography generally defines the land surface features, which significantly influences surface runoff and seepage.



The first and most important process that directly or indirectly discloses information about the tectonic activity of the studied area is lineament mapping [37]. Lineaments were cut in accordance with the pattern of the vegetation, the plain of weakness, and the river’s straightness. The highest lineament is straight to vegetation and surface moisture contents. The presence of high moisture contents is an initial indicator of the presence of groundwater. Lineament and faults are the only factors affecting the streams’ direction. Compared to lineaments, faults are of much lesser magnitude, and they can be regarded as simply side effects of the interplay between lineaments. They are tangible, concrete pieces of evidence and are much more reliable than lineaments. However, both can be considered the same. Numerous main (macro) and minor (micro) lineaments were identified from the satellite imagery, confirmed by ground truthing and delineated at a scale of 1:50,000 on the map [21]. Lineament density was found into five groups with identical intervals for this study ranging from 0–0.790 km/km2 to 7.76 km/km2: very high, high, medium, low, and very low (Figure 4b). The northwest to southeast side of the province has the highest lineament density (5.08–7.76 km/km2). In the middle section of the study region, the lineament density was recorded as 0.79–2.22 km/km2. Furthermore,



In the study area, as shown in Figure 4c, seepage from these waterways leads to subsurface recharge and an increase in GWP. The drainage density of surface water channels was a frequently used metric for assessing GWPZs. Therefore, a greater possibility for GW recharge is associated with a larger channel density. The study area’s drainage density map was divided into five primary categories: 0 to 1.820, 1.82 to 3.98, 3.98 to 6.03, 6.03 to 8.41, and 8.41 to 14.1 km/km2. With the presence of a substantial irrigation network, a lower drainage density was discovered in the Bahawalpur and Rawalpindi regions and a higher drainage density was identified in Sargodha, Faisalabad, and Lahore. These results were in good agreement [5]. Lower drainage density areas indicate low infiltration rates and runoff, whereas higher drainage density areas indicate high infiltration rates and runoff [38].



A thorough understanding of geomorphology is crucial for raising awareness on issues such as GW regions, slopes, relief, weathering depths, types of deposited materials, thickness of material deposition, and combinations of various landforms [6]. The plain terraces in the research area include floodplain and irrigated sections with strong aquifer recharge capacities. Large portions of the lower southeast region (Bahawalpur) are covered in sand dunes, as shown in Figure 4d. The upper north area is mountainous and is divided into rock plains and piedmonts. Bahawalpur and Sargodha often have higher permeability values due to the presence of sand and sandy loam particles.



According to the likelihood of having GW resources, loam and sandy loam are classified as moderate to good. The presence of sandy clay and loamy sands indicates that GW storage is in good condition [13]. The infiltration rate, hydraulic conductivity, and soil permeability are all typically influenced by soil texture, which in turn has a significant impact on recharge potential. Compared to clay soil, coarse sandy soil has a higher rate of infiltration. The soil texture map’s five primary classes include loamy clay, sandy, loamy, sandy loamy, and rocky outcrops, as shown in Figure 4e. The properties of the soil medium affect how quickly pollutants descend due to water seepage. When compared to clay-based soil, sand-based soil can transfer toxins more quickly to the GW table. The results of soil type in the study area are in good agreement [5].



The upcoming biggest threat to the ecosystem and the perception of underground water is the shift in land use and land cover. The term “land cover” refers to a type of specific characteristic that is spread across the surface of the earth, such as “Forest”, whereas the term “land use” refers to the human activity that is related to a particular piece of land, such as “Built up land”. One of the important uses of RS techniques is mapping LULC since it has a substantial impact on and enhances GW status [36]. A detailed description of LULC classes used is given in Table 7.



Figure 5 shows the data on the percentage change in LULC in the study region. The research area’s LULC map is divided into six main categories: agriculture, wetlands, forests, settlements, sparse vegetation, and bare regions. A total of 30% of the research area is made up of cultivated land, 19% is covered with scant vegetation or grassland, 39% is unused land, and 10% is built-up land, while only 2% is covered with water body (Figure 5). Figure 4f show the qualitative and quantitative ranking of LULC influencing GW recharge within the thematic map. The pattern of land use on any given terrain is one of the most important parameters for geo-hydrological study since it provides insight into the intricate physical processes. With classifications among itself, land-use and land-cover features manage and regulate the storage of subsurface water and the responsible factors for infiltration for groundwater recharging. Land use and land cover have a significant impact on how water behaves on surfaces, either by reducing runoff, facilitating, or blocking water. Agriculture, bodies of water, and dry land are thought to exhibit a moderate to good GW viewpoint. Due to the lack of any infiltration surfaces, settlements, rocky outcrops, and scrubland displayed moderate to extremely low probabilities of GW occurrence.



In the study region, as shown in Figure 4g, the rainfall has the greatest influence on the potential for GW recharge. Naturally, GW recharge rises as precipitation levels do. Due to natural recharge, areas with significant rainfall have a higher GW potential than those with low rainfall [39]. The study area experiences annual rainfall ranging from 97 to 987 mm and greater amounts are frequently recorded in the northern cities of Rawalpindi and Gujranwala. Ref. [5] reported that the rainfall in Rawalpindi and Gujranwala ranges from 82 to 847 mm/year. Furthermore, One important terrain element, slope, articulates the gradient from the surface of the ground and provides a crucial parameter for understanding the natural characteristics of geologic and geodynamic processes, particularly those that operate at the regional scale [40]. The slope of a given area is calculated from an elevation map in raster format made from a DEM by calculating the maximum rate of range variation between each cell and its related surrounding cells. While, a lower range of slope values mimics the flatter terrain or surface of a particular place, a higher range of slope values denotes steeper terrain. The slope of the ground surface, or change in height over a predetermined distance, is represented by the topographical parameter (T). The topography affects how pollutants are transported, such as through surface runoff or infiltration into the soil. Higher sloped areas offer greater potential for runoff and less capacity for pollution infiltration [41]. The gentle slope indicates higher groundwater potential [42]. The study area’s slope, as shown in Figure 4h, was divided into five primary classes, ranging from 0 to 0.35, 0.35 to 1.43, 1.43 to 4.28, 4.28 to 9.18, and 9.18 to 20.7% rise, which are in good agreement.




3.2. Groundwater Potential Zones (GWPZs) Assessment


To create GW potential index values, the ArcGIS platform’s weighted overlay analysis tool was utilized. Table 8 provides the weight for the various layers and the ranks that were allocated. It was found that a maximum normalized weight of 0.194 was found for LULC and geology, while a minimum normalized weight (0.084) was observed for drainage density. The subsurface formation such as soil types, rocks, and pore spaces may affect the geology of the area; therefore, geology was categorized as the leading factor based on the normalized weight value of 0.194, while the proximity to LULC was also ranked as the highest accounted factor, with a normalized weight of 0.194 for GW existence (Table 8). The weighted overlay analysis, available in the spatial analysis tool on the platform of ArcGIS, and the zonation map (classification) of the prospective GW was successfully performed and prepared. Furthermore, Table 9 shows the qualitative and quantitative ranking of the slope influencing GW recharge within the thematic map.



GWPZs were divided into five categories based on their output: very low, low, moderate, high, and very high. The classification based on the ranking order showed that lower numbers in the ranking order will represent the high potential zones, while higher numbers will show the low potential zones. The importance of each theme is based on how closely it relates to identifying GWPZs. Finally, the GW potential index (GWPI), as shown in Table 10, was created by integrating seven different thematic maps. Figure 6 shows the percentage weighted of each category selected for preparing thematic maps of GW recharge zones. The maximum percentage weight was selected as 19% for geology and LULC.



The study has attempted knowledge-based ranking for each subsection class for each thematic layer through the proposed weighted overlay analysis course, along with weightage for all the factors influencing thematic layers. In the study region, five different GWPZs, very high, high, moderate, low and very low, were found. It was given based on their significant contribution towards the subsurface water potentiality or development in a particular domain. Figure 7 displays a map of the study area’s GW prospective zone. According to the GWPZs, very high GW potential zones covered about (36,720 km2), high GWPZs covered about (54,610 km2), moderate GW potential zones covered about (46,751 km2), low GW potential zones covered about (42,060 km2), and very low GW potential zones covered about (25,203 km2), as depicted in Figure 7. Finally, Figure 8 shows potential GW recharge zones in percentage area and actual area in km2 of Punjab province. The spatial analysis indicated that very high groundwater potential with GWPI values of 0.25–0.31 was observed in the central part of the study. The low and very low GWPI values were observed in the southeastern part of the study. It was observed that a low GWPZ was observed in the southern part (Bahawalpur, DG Kan, Rajanpur, Bhakhar and Layyah) of the area. Furthermore, very low groundwater potential was found in the highland of the of Rajinpur and DG Khan. The lower groundwater potential in that area is due to the higher slope as it has a higher runoff potential and lower infiltration capacity. Overall, the results showed that most of the area of province Punjab (Pakistan) has good groundwater potential.



The percentage area of GW potential recharge zones falls in the category of very low (12.27%), low (20.48%), moderate (22.77%), high (26.59%), and very high (17.88%). In addition, the area in km2 falls in the category of very low (25,203 km2), low (42,060 km2), moderate (46,751 km2), high (54,610 km2), and very high (36,720 km2). In the literature, ref. [21] investigated GW potential zones in Lower Dir District by employing GIS and RS techniques with multi-criteria analysis. The potential GW zones were categorized from very high to poor. The results disclosed that areas of 113.10 km2, 659.38 km2, 674.68 km2, and 124.17 km2 fall in the category of very high, high, good, and poor potential GW zones, respectively. The results of the present study agree with the findings reported in the literature. Ref. [3] investigated GWPZs by using GIS and RS techniques for Arkavathi sub-watershed, Karnataka, India. The GWPZs were made by categorizing five classes from very poor to moderate. Their results showed that very poor GWPZs contain 12.24% of the area and poor GWPZs contain 23.86% of the area. On the other hand, 8.614% of the area has very high GWP and 23.872% of the area has high GWP, whereas 31.40% of the area has moderate GWP. Ref. [43] explored GW potential zones using GIS and RS techniques in Karha river basin, Maharashtra, India. The results of GWPZs were reclassified into four categories, such as excellent, good, moderate, and poor, which showed 21.96% (285.43 km2), 28.82% (374.49 km2), 10.81% (140.46 km2), respectively. Thus, delineated GWPZs can be considered as potential pockets for the storage of freshwater (rainfall and canal water) resources into the groundwater for later use or during a drought period.





4. Discussion


The research region has a significant number of both major (macro level) and small (micro level) lineaments. Complex lineament density areas facilitate GW penetration, recharge, and have favorable prospects for GWPZs. From the satellite data, the lineaments of the research region have been traced. Before individual lineaments, lineament density has a stronger scientific relationship with GW productivity. The relationship of drainage density to surface water runoff and drainage density to permeability leads to its interpretation as the proximity or spacing of river channel or stream networks. It is thought to be an inversely linked function of the subsurface permeability of water [19]. The drainage features of the basin control have an impact on the hydrological condition of any specific area below ground, which ultimately results in the formation of a desired GW condition. Due to the stream’s close ties to above-ground runoff and permeability, it may be possible to indirectly infer the favorable GW potential. Rainfall would infiltrate less deeply into the rock if it were more permeable, but this would result in more surface run-off. When there is dense vegetation, weak or impermeable subsurface material, and low relief, there is typically less drainage density present. Conversely, there is typically greater drainage density present where there is sparse vegetation, weak or impermeable subsurface material, and steep relief [44]. Because most of the water during rainfall is quickly discharged as surface runoff with little to no penetration into the earth, the location where there is a dense cluster of streams is typically considered to have poor GW prospects [31].



A geological formation’s porosity and permeability determine its suitability as an aquifer. Sedimentary rocks are produced when naturally occurring material on the surface of the earth is compacted over time by several geomorphological processes. Due to soil erosion, these sedimentary rocks are thought to have an extremely higher porosity than crystalline igneous rocks, which have a porosity of less than 3% [31]. However, fracturing in hard rocks, such as igneous rock, can act as aquifers, greatly enhancing the capacity for storing water below the surface. These aquifers become pointers of secondary permeability and porosity, which are most commonly sought when prospecting for underground water in such types of terrains [31]. One of the most important factors is geomorphological study that helps researchers to determine the status of the surface and the accessibility of GW [38]. The process of geomorphological mapping includes the identification and classification of numerous landforms and structural elements that are conducive to the appearance of GW. To determine whether permeable or porous zones exist, research linking the formation of landforms and geology has proven extremely important. Precise classifications of the geomorphological terrain that lead to accurate hydro-morphological demarcation and take into account both morphological and lithological elements are necessary for the efficient evaluation of subsurface water resources [45].



The soil is a large naturally occurring resource that is a key factor in determining the prospective location for GW. It also plays a crucial role in determining the subsurface water recharge, and the soil meets the basic requirements of all agricultural activities. The characteristics of the topsoil not only control how quickly surface water percolates into the subsurface water system, but they are also closely related to how quickly water percolates, or whether it is permeable, which directly influences how much water can percolate and be held. The potential zone is indicated by the permeability and wetness of the soil. Clayey loam and loamy clay are thought to have a moderate effect for GW potential, while clay soils act poorly in support of storing the subsurface water [46].



LULC oversees controlling a variety of hydro-geological processes, particularly those that affect the water cycle, such as evapotranspiration, infiltration, surface runoff, and many others. Different types of surface land cover make the surface rougher, which lowers discharge and increases infiltration, which increases the amount of groundwater available [45]. However, in urban built-up land-use areas, the rate of water infiltration may be slower due to concrete surfaces that hinder rainwater from absorbing into the ground [46]. In forest land cover areas, the water penetration would be greater due to reduced runoff. Rainfall is the main factor that determines whether a region has good groundwater resources. The amount of rainfall that occurred in a particular region has a significant impact on the amount of water that would be accessible to infiltrate into the earth to generate GW [47]. It is an undeniable fact that a region’s rainfall is the primary source for the materials needed for the hydrologic cycle, which is also essential to the natural water cycle. Rainfall plays a crucial role in hydrologic cycle, controlling, regulating, and managing the GW perspective of a certain region. Therefore, it has been established that, while analyzing the detection of potential GW in any location, areas with very high rainfall should be given a higher weighted status than areas with little rainfall.



The actual GW condition of any specific location is clearly reflected in the GW table level during the pre-monsoon season and after the monsoon season. A higher GW fluctuation reveals superior recharging capacity, which in turn represents the good potentiality section of GW, whereas a lower GW fluctuation exposes low recharge capacity, which denotes a bad GW prospective region. Diverse natural and man-made variables affect the level of GW. The distribution of GW affects natural factors such as the quantity and rate of annual precipitation, timing of the rain, temperature, percentage of evaporation, drought stress, slope of the land, porosity and non-permeability of rocks, land cover, and water-absorbing properties of soil, among others. The level of GW is influenced by artificial variables such as land use, dominant and dense population, dispersion of settlement, cultivation pattern, degree of education, etc. The GW level of the study region is suffering greatly from both natural and artificial variables, which are given below. The primary determining factor for GW potential zoning is geomorphology. It develops from land features on the surface, such as mountains, plateaus, plains, valleys, etc. The geomorphology of the area affects GW recharge, transmission, and discharge. The reduced elevation of the surface increases the water percolation capacity. Water percolation and the concentration of GW levels are improved when the surface water is held back or flows courteously over the plain area. Land use patterns describe the varied ways that land is used for different situations. It serves both agricultural and non-agricultural applications, including covering vegetation, grazing, etc. The vegetation area benefits the level of the GW. Thus, water can simply percolate to the land’s surface thanks to the tree roots’ assistance in loosening the rock and soil. Additionally, trees prevent water from directly evaporating through the soil. One of the important factors directly influenced by the distribution and change in the GW level is the population. The natural resource of a country is its population, yet the biggest issue is overpopulation. According to a 2010 WHO report, the average person uses 20 L of water each day. So, as the population grows, so does the demand for surface water and GW. One of the most important necessities for humans is shelter. Settlements are defined as buildings, dwellings, groups of houses, abodes, habitations, etc. Settlement, like population, is forceful and regulates GW levels by heavily utilizing GW for domestic reasons. Primary, secondary, tertiary, quaternary, economic activities are included in the occupational hierarchy, which affects the groundwater level of the region. Out of these, the primary and secondary economic sectors utilize water. Secondary activities include manufacturing and processing industries, home industries, building, etc., while primary activities include farming, fishing, hunting, mining, raising animals, etc. The process of social development is accelerated by education, which also helps individuals acquire specific skills and occupational competence. Education is the instrument for socioeconomic change and transformation. It makes people more aware of social and economic issues and aids in changing and modifying attitudes toward social responsibility. Therefore, both the rise and fall of GW levels is significantly influenced by education.




5. Conclusions


The Punjab (Pakistan) region’s groundwater (GW) supplies have been badly overused due to the growing population of the province and growth of agricultural land use. Sustainable GW supplies require better management techniques and artificial recharge. The results of the present study demonstrated that the AHP technique works in a GIS framework to estimate groundwater (GW) potential zones. This study examined the combined use of an RS- and GIS-based AHP approach to identify and forecast probable GWPZs. The results indicated that with the aid of different influencing factors, including drainage density, geology, rainfall, LULC, soil, slope, and lineament density, the GWPZs for a certain location can be determined. The results showed that Punjab comprises more than 26.59%, 22.77%, and 17.88% (total = 67.24%) of the area and falls within the moderate, high, and very high GWPZs. Only 12.27% of the land in Punjab falls under the very low GW potential zone. The spatial analysis indicated that very high groundwater potential with GWPI values of 0.25–0.31 was observed in the central part of the study. The low and very low GWPI values were observed in the southeastern part of the study. The results also demonstrated that the AHP is an effective tool for interpreting GW potential zones for appropriate GW management in various hydro-geological environments. Maps of GW potential zones are useful for the planning and management of GW resources in the study region. The integrated mapping may be helpful for identifying priority locations for the execution of government and private water conservation schemes and programs and for the sustainable development of GW.
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Figure 1. Location of the study area. 
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Figure 2. Flow diagram of the detailed methodology (dotted line differentiate the methodological steps). 
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Figure 3. Relationship between the most influential parameters of GW potential zone. 
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Figure 4. Study area maps of (a) elevation; (b) lineament density; (c) drainage density; (d) geology; (e) soil type; (f) LULC type; (g) rainfall; and (h) slope. 
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Figure 5. Percentage change in land use/land cover (LULC) in the study region. 
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Figure 6. Percentage weighted of each category selected for preparing thematic maps of groundwater recharge zones. 
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Figure 7. Groundwater potential zones (GWPZs) map. 
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Figure 8. Potential groundwater recharge zones in percentage area and actual area in km2 of Punjab province. 
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Table 1. Details of satellite imageries used for the study area.
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	Sr. No.
	Acquisition Date
	Row
	Path
	Cloud Cover
	Sun Azimuth
	Sun Elevation





	1
	25 November 2021
	148
	38
	0.5
	158.93
	34.57



	2
	16 November 2021
	149
	37
	7.5
	159.43
	35.38



	3
	16 November 2021
	149
	38
	0.01
	158.74
	36.63



	4
	16 November 2021
	149
	39
	7
	158.02
	37.88



	5
	16 November 2021
	149
	40
	8.23
	157.27
	39.11



	6
	23 November 2021
	150
	36
	4.45
	160.23
	32.48



	7
	23 November 2021
	150
	37
	0.94
	159.59
	33.74



	8
	23 November 2021
	150
	38
	0.1
	158.93
	34.99



	9
	23 November 2021
	150
	39
	0.03
	158.25
	36.24



	10
	23 November 2021
	150
	40
	0.04
	157.55
	37.48



	11
	23 November 2021
	150
	41
	0.1
	156.81
	38.72



	12
	30 November 2021
	151
	37
	8.5
	159.48
	32.35



	13
	30 November 2021
	151
	38
	0.08
	158.84
	33.60



	14
	30 November 2021
	151
	39
	0
	158.19
	34.85



	15
	30 November 2021
	151
	40
	2.6
	157.51
	36.09



	16
	30 November 2021
	151
	41
	7.13
	156.80
	37.33










 





Table 2. Description of data source used for preparation of thematic layers.
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	Sr. No.
	Thematic Layer
	Data Source
	Data Type
	Processing





	1
	Base map
	Survey of Pakistan
	Polygon
	Slope in percentage



	2
	Drainage
	DEM (USGS Website)
	Raster
	Using spatial analyst tool



	3
	Lineament
	DEM (USGS Website)
	Raster
	Using line density from spatial analyst tool



	4
	Slope
	DEM (USGS Website)
	Raster
	Digital Elevation Model (DEM)



	5
	LULC
	Landsat 8 OLI
	Raster
	Unsupervised classification



	6
	Soil
	Soil Survey of Pakistan
	Polygon
	Geo-referenced and converted into raster data



	7
	Geology
	Geological Survey of Pakistan
	Polygon
	Geo-referenced and converted into raster data



	8
	Rainfall
	Pakistan Meteorological Department (PDM)
	Number
	Interpolation of rainfall data using IDW technique










 





Table 3. Effects of influencing factors proposed relative rates and weights of each influence class.
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	Sr. No.
	Parameter
	Major Effect

(A)
	Minor Effect

(B)
	Proposed Relative

Rates (A + B)
	Proposed Weight of Each

Influencing Parameter





	1
	Drainage
	1
	0.5
	1.5
	8.3



	2
	Lineament
	1 + 1
	0.5
	2.5
	13.9



	3
	Slope
	1 + 1
	0.5
	2.5
	13.9



	4
	LULC
	1 + 1
	0.5 + 0.5 + 0.5
	3.5
	19.4



	5
	Soil
	1
	0.5 + 0.5
	2
	11.1



	6
	Geology
	1 + 1 + 1
	0.5
	3.5
	19.4



	7
	Rainfall
	1 + 1
	0.5
	2.5
	13.9



	
	Total
	13
	5
	18
	100










 





Table 4. Pairwise comparisons using Saaty’s scale.






Table 4. Pairwise comparisons using Saaty’s scale.





	Intensity of Importance
	Definitions





	1
	Equal importance



	2
	Equal to moderate importance



	3
	Moderate importance



	4
	Moderate to strong importance



	5
	Strong importance



	6
	Strong to very strong importance



	7
	Very strong importance



	8
	Very to extremely strong importance



	9
	Extreme importance










 





Table 5. Degree of Preferences for preparation of thematic layers.
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	Scale
	Degree of Preferences
	Description





	1
	Equally important
	The influence of two factors is equal to the objective



	3
	Slightly important
	Judgment and experiences slightly favor a certain factor



	5
	Moderately important
	Judgment and experiences moderately favor a certain factor



	7
	Strongly important
	Judgment and experiences strongly favor a certain factor



	9
	Extremely important
	Judgment and experiences extremely favor a certain factor with sufficient evidence



	2, 4, 6, 8
	Intermediate values
	In between two adjacent judgments










 





Table 6. Classification criteria of factors influencing GW potential.
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	Sr. No.
	Parameter
	Basis of Categorization





	1
	Drainage
	Drainage density value



	2
	Lineament
	Lineament density value



	3
	Slope
	Percentage slope



	4
	LULC
	Land cover status, areal extent, condition, associated vegetation



	5
	Soil
	Texture, porosity, and permeability



	6
	Geology
	Rock type, joints, fractures, weathering character



	7
	Rainfall
	Average annual rainfall










 





Table 7. Description of LULC classes.






Table 7. Description of LULC classes.





	LULC
	Description





	Waterbody
	Area accumulates open water bodies, perennial canals rivers, and man-made structures including reservoirs and dams



	Built-up land
	Land categorized by different settlements including residential, commercial, industrial, and man-made infra-structures



	Cultivated land
	Land capable of plowing, sowing and growing crops



	Grassland
	A biome, a land where vegetation is dominated by grasses.



	Unused land
	A vacant area of land without vegetation, public utilities, buildings, etc.










 





Table 8. Pairwise comparison matrices and normalized weights for all the factors.
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	Variable Layers
	LULC
	Geology
	Lineament
	Slope
	Rainfall
	Soil
	Drainage
	Normalized Weight





	LULC
	1
	1/7
	1/5
	1/2
	1/3
	1/4
	1/9
	0.194



	Geology
	7
	1
	3
	6
	5
	1/3
	2
	0.194



	Lineament
	5
	1/3
	1
	4
	3
	2
	1/6
	0.139



	Slope
	2
	1/6
	1/4
	1
	1/2
	1/3
	5
	0.139



	Rainfall
	3
	1/5
	1/3
	2
	1
	1/2
	1/4
	0.139



	Soil
	4
	3
	1/2
	3
	2
	1
	1/3
	0.111



	Drainage
	9
	1/2
	6
	1/5
	4
	3
	1
	0.084



	
	31
	5.34
	11.28
	16.7
	15.83
	7.42
	8.861
	










 





Table 9. Qualitative and quantitative ranking of sub-categories influencing GW recharge within thematic map.
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	Thematic Map
	Proposed Weight
	Sub-Class Features
	Classes Ranking
	GW Prospect (Qualitative Rank)
	GW Prospect (Quantitative

Rank)





	
	
	0–1.82
	Very low value
	Very good
	9



	
	
	1.82–3.98
	Low value
	Good
	7



	Drainage
	9
	3.98–6.03
	Moderate value
	Moderate
	5



	
	
	6.03–8.41
	High value
	Poor
	3



	
	
	8.41–14.11
	Very high value
	Very poor
	1



	
	
	0–0.79
	Very low value
	Very poor
	1



	
	
	0.79–2.22
	Low value
	Poor
	3



	Lineament
	14
	2.22–3.60
	Moderate value
	Moderate
	5



	
	
	3.60–5.08
	High value
	Good
	7



	
	
	5.08–7.76
	Very high value
	Very good
	9



	
	
	0–0.35
	Nearly level
	Very good
	9



	
	
	0.35–1.43
	Very gently sloping
	Good
	7



	Slope (%)
	14
	1.43–4.28
	Gently sloping
	Moderate
	5



	
	
	4.28–9.18
	Moderately sloping
	Poor
	3



	
	
	9.18–20.72
	Strong sloping
	Very poor
	1



	
	
	Unused land
	Very low infiltration
	Very poor
	1



	
	
	Built-up land
	Low infiltration
	Poor
	3



	LULC
	19
	Grassland
	Moderate infiltration
	Moderate
	5



	
	
	Cultivated land
	High infiltration
	Good
	7



	
	
	Waterbody
	Very high infiltration
	Very good
	9



	
	
	Rock outcrop
	Very low infiltration
	Very poor
	1



	
	
	Clayey loam
	Low infiltration
	Poor
	3



	Soil
	11
	Loamy
	Moderate infiltration
	Moderate
	5



	
	
	Sandy loam
	High infiltration
	Good
	7



	
	
	Sandy
	Very high infiltration
	Very good
	9



	
	
	Rock/hill predominant plain
	Very low infiltration
	Very poor
	1



	
	
	Desert plain
	Low infiltration
	Poor
	3



	Geology
	19
	Sand dunes
	Moderate infiltration
	Moderate
	5



	
	
	Terraces plain
	High infiltration
	Good
	7



	
	
	River plains
	Very high infiltration
	Very good
	9



	
	
	97–184
	Very low
	Very poor
	1



	
	
	184–299
	Low
	Poor
	3



	Rainfall
	14
	299–467
	Moderate
	Moderate
	5



	
	
	467–659
	High
	Good
	7



	
	
	659–987
	Very high
	Very good
	9










 





Table 10. GWPZs classification.






Table 10. GWPZs classification.





	Sr. No.
	GWPI
	GW Prospect
	Area (km2)
	Percentage Area (%)





	1
	0.11–0.16
	Very Low
	25,203
	12.27



	2
	0.16–0.19
	Low
	42,060
	20.48



	3
	0.19–0.22
	Moderate
	46,751
	22.77



	4
	0.22–0.25
	High
	54,610
	26.59



	5
	0.25–0.31
	Very High
	36,720
	17.88
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