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ABSTRACT
Groundwater serves as a vital resource for agriculture and drinking water worldwide. However, its overexploitation, particularly in agriculture, has led to a significant decline in both quality and quantity. Sustainable groundwater management has become essential, requiring efficient planning and micro-level resource utilization. Geoinformatics, encompassing Remote Sensing (RS) and Geographic Information Systems (GIS) has emerged as a powerful tool in hydrology and water resource development. These technologies enable the rapid assessment and mapping of groundwater potential zones and suitable sites for artificial recharge structures, utilizing various thematic layers, including geology, geomorphology, slope, soil type, drainage, land use/land cover, and lineament density. This review compiles recent advancements in identifying artificial groundwater recharge zones using geoinformatics and highlights methodologies like the Analytic Hierarchy Process (AHP), Multi-Criteria Decision Making (MCDM), and fuzzy logic. The paper aims to support the development of cost-effective, efficient groundwater recharge strategies and contribute to sustainable aquifer management, especially during non-rainfall periods.
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Introduction
Groundwater is a precious natural resource on Earth. This resource is required for both human and animal consumption as well as the manufacture of industrial food. In India, shallow phreatic aquifers are accessed by the drilling of wells to recover groundwater. This technique stretches way back in time to extract the groundwater. To reach these shallow, unconfined, or anisotropic aquifers, which are often formed by weathered material, it is usually required to dig large-diameter wells. Despite an increasing water demand, the supply of water in the basin is relatively steady (Dwivedi et al., 2013). In India, the usage of groundwater has expanded dramatically during the last two to three decades, particularly for agricultural purposes (rivers, lakes, and artificial basins) (Thangarajan, M.2007). The country's groundwater situation is catastrophic due to an imbalance between recharging and groundwater extraction (Nemaet al., 2016). This is mostly due to poor access to surface water sources in broad sections of the nation (rivers, lakes, and artificial basins). 
India's national water policy, originally stated in 1987 and subsequently revised in 2002, emphasized the role of water in defining the country's economic and social destiny. Using groundwater can potentially ameliorate salinity and water logging issues, but it may also worsen their worsening if an excessive quantity is drained at once. So, the management of groundwater pollution, the preservation of natural resources, and the rehab of the environmental ecosystem are major focuses of policymakers and researchers, along with improving the standard of living in populated areas (Cosgrove, and Loucks, 2015). Even though India receives a substantial quantity of annual precipitation, the country's groundwater situation is catastrophic due to an imbalance between recharging and groundwater extraction (CGWB, 2011).Geographic information systems, often known as GIS, are efficient computer-based technologies crucial in water resource management and pollution research. GIS represents a substantial technological leap in the area of overlay mapping techniques. It is at the cutting edge of water resource management technology since it stores, retrieves, and analyses a wide range of data types. The user is responsible for entering, managing, analyzing, and presenting geographic data using geographic information system (GIS) software. With the help of remote sensing and GIS techniques, several researchers have effectively mapped the potential of groundwater in recent years and suitable sites of artificial groundwater recharge structures using various thematic maps (Pendke M S et al.,2012; Rahimi et al., 2014; Sahoo and Sanat,2020;). In addition to producing information from data on geographical and temporal patterns, it also helps to analyze the suitable site selection for recharging the aquifers with rainwater (Das et al., 2019). So, it is necessary to understand the spatial distribution of groundwater potential zoning so that planning can be done to enhance the quantity of groundwater. Thus, a systematic implementation plan is needed to augment groundwater resources under various hydrogeological situations. However, specific emphasis needs to be given in the areas where groundwater levels are declining and water scarcity is being experienced. Augmentation of water resources is proposed in the watershed by constructing runoff storage structures, like a check dam, a percolation tank, and a nala bund. The site suitability for these water harvesting structures is determined by considering spatially varying parameters, like runoff potential, slope, groundwater fluctuation data, and morphometric information of the watershed (Ray & Desai, 2024). GIS has been used as an effective tool to store, analyze, and integrate spatial and attribute information about runoff, slope, drainage, groundwater fluctuation, and morphometric characteristics for such studies.	Comment by USER: replace with ‘the suitation”	Comment by USER: nala and bund

Identification of suitable sites of artificial groundwater recharge structures using geoinformatics. Remote Sensing (RS) and Geographical Information Systems (GIS) are modern techniques that can effectively be used for groundwater management, such as the location of suitable sites for artificial recharge. Some researchers have used varying numbers of thematic layers, such as geology, geomorphology, drainage density, slope, aquifer transmissivity, water table fluctuations, or depth to groundwater level, lineament density, etc., for the identification of artificial recharge sites. The using various multi-criteria decision-making (MCDM) (Jhariya et al., 2016) approaches have been employed to integrate thematic layers and assign relative weights. The Analytic Hierarchy Process (AHP), Weighted Overlay Analysis (WOA), and Fuzzy Logic (FL) are among the most widely adopted techniques.	Comment by USER: The applications of
The AHP Approach applies pair wise comparisons and eigenvector calculations to assign weights based on the relative influence of each parameter on groundwater occurrence. Studies have shown its effectiveness in identifying groundwater potential zones (GPZs) (Patil et al., 2013;Owolabi et al 2020; Saranya, & Saravanan, 2020);Akbari et al., 2021; Das et al., 2021; Vishwakarma et al., 2021), often categorizing them into four classes: low, moderate, high, and very high potential.
Fuzzy Logic handles the uncertainty and imprecision inherent in environmental data by assigning membership values between 0 and 1 to thematic layer classes. Fuzzy algebraic operators (e.g., product, sum, gamma) are then used to combine the layers (Srdjevic, & Medeiros, (2008); Bhowmick et al., 2014). It has proven especially effective in semi-arid and mining-affected regions where hydrogeological variability is high.
Integrated Approaches integrate multiple methods (e.g., AHP + Fuzzy Logic + Frequency Ratio) to enhance model accuracy (Saraf, A.K. and Choudhury, P. R. 1998; Bhattacharya et al., 2020). These hybrid approaches have demonstrated higher Area Under Curve (AUC) values, indicating better predictive performance, compared to stand alone techniques.
 A set of weights for the different themes is decided based on personal judgment, considering their relative importance from the artificial recharge viewpoint. These thematic layers can be integrated with a GIS framework to identify suitable zones for artificial recharge (Machiwal and Singh, 2015). Other researchers have attempted to select suitable sites for artificial recharge as well as to suggest site-specific recharge structures.
Chaudhury and Jha (2009). The study focused on the selection of suitable artificial recharge sites using integrated Remote Sensing (RS) and Geographic Information System (GIS) techniques. The West Medinipur district, located in the southern part of West Bengal, India, served as the study area. Various artificial recharge methods—such as percolation ponds, flooding, recharge pits/shafts, en echelon dams, induced recharge, and well injection—are being successfully practiced in different parts of the world. Researchers have adopted different parameters that play crucial roles in selecting favourable sites for artificial recharge.	Comment by USER: Unconnected, you state exactly what this author have done
In this study, an artificial recharge zone map was prepared using five thematic layers: geology, geomorphology, drainage density, slope, and aquifer transmissivity. A drainage map with a 100-meter buffer around second- and third-order streams, and a lineament map with a 100-meter buffer around the lineaments, were superimposed on the artificial recharge zone map. Locations where drainage lines intersected with lineaments were identified as favourable sites for artificial recharge.	Comment by USER: the	Comment by USER: were
As a result, 40 potential artificial recharge sites were identified. Of these, 23 sites fall within the ‘suitable’ recharge zone, and 17 sites fall within the ‘moderately suitable’ recharge zone. Check dams—either permanent or semi-permanent—are primarily recommended at these locations. These small-scale structures, built across lower-order streams (second and third order), are designed to enhance infiltration into underlying aquifers. Since lineaments often serve as effective conduits for groundwater flow, and streambeds in these areas are relatively permeable, the proposed check dams are expected to improve aquifer recharge.	Comment by USER: fell	Comment by USER: fell
The check dams would slow down water flow, preventing it from joining higher-order streams, and instead allow it to spread and percolate into the subsurface in the lower-order streams. Other recharge structures, such as percolation ponds/tanks and on-farm reservoirs, may also be constructed in suitable areas, especially on moderate slopes, to reduce surface runoff and increase infiltration. Additionally, subsurface recharge methods like recharge shafts and well injection can be employed where feasible. However, the exact locations and techno-economic feasibility of these structures must be confirmed through detailed field investigations.
Rokade and Kundal (2011).The study presents a viable methodology for identifying suitable zones for artificial recharge structures using modern geospatial tools such as Remote Sensing (RS), GIS, and GIS-based modelling. GIS modelling was employed to delineate zones suitable for structures like percolation tanks, check dams, rooftop rainwater harvesting systems, contour bunds, and recharge-cum-discharge wells.
The modelling process involved integrating thematic layers—geology, geomorphology, groundwater potential, drainage, land use/land cover, slope, weathering depth, and water resources—based on specific selection criteria.	Comment by USER: modeling
Percolation tanks are commonly used in both alluvial and hard rock terrains, especially where rocks are highly fractured and weathered. Check dams are built across small streams with gentle slopes and are effective in both geological settings, provided the site has permeable or weathered formations to support rapid recharge.
Check dams serve multiple purposes: groundwater recharge, silt trapping, and temporary water storage for agriculture. Recharge-cum-discharge wells are effective in areas where dug wells have dried up or show lowered water levels, applicable in both alluvial and hard rock regions.
Modelling confirms the feasibility of all mentioned recharge structures in the study area. Percolation tanks are especially effective in Gondwana sediments, Deccan basalts, and Vindhyan formations, with recharge efficiency ranging from 28% to 61%. Contour bunds are most suitable in southern watershed areas characterized by pediments and piedmont slopes.	Comment by USER: Modeling
Agrawal and Garg (2013).The study demonstrates the use of Remote Sensing and GIS techniques to identify suitable sites for artificial groundwater recharge in the Loni watershed, spanning Unnao and Raebareli districts, Uttar Pradesh, India. Using the SCS-CN model, groundwater depth, and morphometric parameters, recharge sites were delineated for implementing water conservation structures such as check dams, percolation tanks, and nala bunds. Site suitability was evaluated by overlaying thematic layers in a GIS environment based on runoff potential, slope, groundwater fluctuation, and watershed characteristics.
Specific conditions were applied: percolation tanks for watersheds <5 ha on clay loam soils with gentle slopes (≤3%) along second/third-order streams; nala bunds for 5–20 ha watersheds with slopes ≤5% along first/second-order streams; and check dams for up to 25 ha areas along river streams with similar slopes. Groundwater depth ranged from 1.6–21.6 m pre-monsoon and 1–20 m post-monsoon, with deeper levels in the southern region. The output map categorized areas from ‘very poor’ to ‘excellent’ for artificial recharge. The study aids in selecting appropriate water harvesting structures and assessing sub-watershed treatment needs.
Tiwari (2017).The study focuses on characterizing the hydrogeological system and identifying suitable sites for artificial aquifer recharge to address groundwater depletion in the West Bokaro coal-mining region (207 km²) in Ramgarh district, Jharkhand, India. Seven hydrogeological factors—water depth, slope, drainage, soil, infiltration, lithology, and land use—were considered.
Thematic maps were prepared using remote sensing data, field investigations, and existing datasets, then classified, weighted, and integrated using a GIS-based fuzzy logic model. The resulting recharge suitability map showed that 29% of the area is very suitable, 31% suitable, 22% moderately suitable, and 18% unsuitable due to mining activities.
The study effectively identifies optimal recharge zones, aiding in sustainable groundwater management in mining-affected areas.
Rajasekhar and Raju (2018).the study applies geospatial technologies—Remote Sensing (RS), GIS, and Multi Influence Factor (MIF) methodology—to identify groundwater potential zones in the Vedavathi River basin, Anantapur District, Andhra Pradesh, India. Eight thematic maps were prepared (e.g., slope, geology, geomorphology, soil, drainage density, lineament density, land use/land cover, and hydrogeomorphology), and weighted using the Analytic Hierarchy Process (AHP) based on Saaty's scale(Saaty, T. L.1980).
Weights were normalized using the eigenvector method, considering the influence of each factor on groundwater occurrence, migration, and storage. Greater weight was assigned to geomorphology over geology due to its higher influence in hard rock, semi-arid regions. The thematic layers were integrated using weighted linear combination in a GIS environment to generate a groundwater potential map.
An artificial recharge map was created by superimposing lineament and drainage maps, revealing 3 areas in the 'great' recharge zone, 10 in 'moderately to great,' 6 in 'moderate,' and 10 in 'poor' zones. Suitable artificial recharge structures, such as check dams and percolation lakes, are recommended for enhancing subsurface infiltration across lower-order streams.
Navane and Sahoo (2020).The study focuses on delineating groundwater potential and artificial recharge zones in Latur, a drought-prone district in Maharashtra, India, where unsustainable groundwater use and climate change may worsen water scarcity. The adopted methodology includes: (i) generation and selection of thematic maps, (ii) weight assignment and normalization, (iii) calculation of Groundwater Potential Index (GPI) and Groundwater Recharge Index (GWRI), and (iv) identification of suitable recharge locations.
Based on GWRI values, the area was classified into four recharge zones: “very good,” “good,” “moderate,” and “poor.” Following IMSD (1995), CGWB (2007), and (Chowdary et al. 2009) guidelines, suitable sites for artificial recharge were identified—2 in the “very good” zone, 5 in “good,” and 27 in “moderate.” Recommended structures include check dams, percolation tanks, and nala bunds.
Nala bunds are small-scale structures built across gullies or low-order streams to retain water where land availability is limited. Check dams and percolation tanks, constructed on up to third-order streams, also help reduce soil erosion while recharging groundwater.
Arya and Subramani (2020) The study, conducted in Tiruppur and parts of Erode districts in Tamil Nadu, highlights that suitable artificial recharge structures depend on geologic, hydrologic, hydrogeomorphic, and topographic factors. Using remote sensing and geospatial techniques, groundwater recharge zones were delineated based on parameters such as geology, hydrogeomorphology, soil, land use/land cover, slope, drainage, and lineaments.
Due to poor groundwater potential and overexploitation in the hard rock terrain, artificial recharge is essential(Raju et al.,2019). Parameters were ranked and weighted to identify suitable recharge zones(Raviraj et al. 2017). Based on the recharge potential map, four artificial recharge structures were recommended: percolation tanks/ponds, check dams, recharge pits, and injection wells.
Check dams were proposed at three locations across 3rd and 4th order streams with moderate slopes. Percolation ponds were suggested for low-potential zones with high water table fluctuations. Ten sites were identified for recharge pits, and four for injection wells in areas with low-permeability black cotton soils. These measures aim to enhance groundwater availability in a cost-effective and sustainable manner.
Rajasekhar and Ajaykumar (2021) The study aimed to identify Artificial Groundwater Recharge Zones (AGRZs) in the Jilledubanderu basin, Southern India, using thematic layers like lithology, lineament density, land use/land cover, soil type, drainage density, vadose zone, rainfall, and slope. An integrated modeling approach combining Fuzzy Logic (FL), Analytic Hierarchy Process (AHP), and Frequency Ratio (FR) was used with Weighted Overlay Analysis (WOA) to derive the AGRZ index.
Accuracy was assessed using AUC and ROC curves, with groundwater fluctuation data from dug well inventories validating model performance (Elmahdy and Mohamed, 2017). AUC values indicated high prediction accuracy. Thematic layers were classified using the natural breaks method, and weights were assigned based on influence on recharge (CGWB 2000).
The best recharge zones were found in the central and southwestern parts of the basin, characterized by flat terrain, high lineament density, weathered pedi-plain, and low drainage density. Poor recharge zones were located in the north and south with high slopes, high drainage density, and low rainfall. The integrated model provided more accurate and reliable AGRZ mapping than individual methods.
Pendke and Khodke (2022) The study aimed to manage water resources efficiently in Pingalgarh watershed, Parbhani district, Maharashtra, using remote sensing and GIS. Buffer zones were created along second- and third-order streams, as these are ideal for water harvesting structures. Lower-order streams were excluded due to insufficient flow.
Thematic layers were clipped to the buffer zone and assigned weights based on their suitability for harvesting or recharge. These layers were integrated into Composite Mapping Units (CMUs), and cumulative weighted indices were calculated. Sites were prioritized into classes based on cumulative weights, and suitable locations were finalized by overlaying drainage data (Sreenivasan et al. 2010, Sreenivasan and Krishna Murthy, 2017).
Recommended structures include 23 cement nala bunds, 3 check dams, and 1 percolation tank. Site details (village, coordinates, land use, geomorphology) were recorded using GIS. Farm ponds were also suggested for individual farmers to meet seasonal crop water needs. Suitable artificial recharge structures were identified by overlaying drainage maps with recharge zone maps.
Baghel and Tripathi (2023) studied to various ground water recharge structures such as farm ponds, check dams and percolation tanks were suggested in appropriate locations of the Mand catchment to boost groundwater conditions and meet the shortage of water resources in agriculture and domestic use. The geology, geomorphology, lineament data, well location data, pre-monsoon and post-monsoon water level data were collected from Central Groundwater Board (CGWB) and runoff from Central Water Commission (CWC), (Bhubaneswar). The Inverse Distance Weightage (IDW) approach from ArcGIS 10.5 was used to generate the spatial distribution of rainfall map for the year of 2021.These parameters were used in the AHP approach and accordingly, weights were assigned based on the Pair wise Comparison Matrix. The groundwater potential zones (GPZs) of the study area were divided into four groups such as Low, low to medium, medium to high, and extremely high GPZs, 
The high groundwater potential zone implies that the availability or bearing capacity of capacity of groundwater is high in the area. And the management plan is needed for the low and low to medium potential zones for development or recharging of groundwater. The type of structures to be constructed for groundwater management was selected based on the GPZs map, depth to water level map, and topography of the study area. Different structures like percolation tanks, check dams, and farm ponds were proposed for artificial recharge and storing of water in the low and low to medium GPZs (Nigam & Tripathi, 2020). this research will help to enhance the irrigation system and increase the region’s agricultural production. This study demonstrates that the integration of GIS can provide an efficient and effective platform to planners and decision makers for proper groundwater management and planning through convergent analysis of various data sets.	Comment by USER: replace with “This”
The reviewed literature demonstrates the growing utility of geoinformatics in delineating artificial groundwater recharge zones. Remote Sensing (RS) and Geographic Information Systems (GIS), when integrated with decision-making tools such as AHP, Fuzzy Logic, and Weighted Overlay Analysis, provide a robust, data-driven approach to recharge site identification.
Methodological Approaches
The AHP and MCDM-based techniques allow systematic prioritization of recharge-influencing parameters. However, outcomes depend heavily on expert judgment in assigning weights. Fuzzy logic models are well-suited for areas with high uncertainty, such as mining regions or hard rock terrains, where recharge behavior is non-linear and spatially variable. Hybrid models, combining AHP, Fuzzy Logic, and statistical validation (e.g., AUC-ROC curves), yield higher accuracy and reliability in classifying recharge potential zones. Thematic Layer Integrationall studies consistently emphasize the importance of geology, slope, soil type, drainage density, and lineament density. Several studies additionally recommend incorporating Groundwater fluctuation data, Aquifer transmissivity, Hydrological soil groups.	Comment by USER: integrational
The regional adaptation in nature and effectiveness of artificial recharge structures are highly dependent on physiographic settings. In hard rock areas, percolation tanks and recharge shafts are preferred. In alluvial regions, check dams and nala bunds are more effective. Mining and industrial zones benefit from rooftop rainwater harvesting and recharge wells.
There are some recommendations in the region-specific integration of thematic layers should be encouraged, Field validation is essential before implementation, Periodic updates of datasets are critical for accuracy, and Integration of geoinformatics-based planning in policy frameworks can enhance sustainability.
CONCLUSION AND FUTURE ASPECTS
This review underscores the significant role of geoinformatics in identifying suitable sites for an artificial groundwater recharge structure. The integration of Remote Sensing and GIS with decision-support tools such as AHP, MCDM, and Fuzzy Logic has enabled researchers to map recharge potential zones with high spatial accuracy.Among all strategies for overlay, the Analytical Hierarchy Process (AHP) methodology provides the highest degree of precision.
The reviewed studies consistently highlight the importance of thematic layers such as geology, geomorphology, slope, drainage density, and land use/land coverin determining recharge suitability. While methodological variations exist, the application of hybrid models combining multiple techniques has shown improved reliability and validation outcomes.According to all reviews, various groundwater recharge structures such as farm ponds, check dams, and percolation tanks were suggested in appropriate locations of the catchment or basin to boost groundwater conditions and meet the shortage of water resources in agriculture and domestic use.	Comment by USER: covering
Overall, geoinformatics-based recharge zoning provides a cost-effective and scalable approach to ensure groundwater sustainability, particularly in vulnerable and data-scarce regions.
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