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ABSTRACT: Mapping the potential of groundwater is important for managing water resources in a way 
that will last, especially when the climate changes, land use changes, and water demand rise. This study 
examines the integration of Geographic Information Systems (GIS) and Multi-Criteria Decision Analysis 
(MCDA) methodologies, focusing on the Analytical Hierarchy Process (AHP), and illustrates their 
implementation in the Fork Fish Creek watershed, a humid Appalachian headwater basin in West Virginia, 
USA. Although GIS–AHP methodologies are extensively utilized in semi-arid areas, their efficacy in humid, 
structurally intricate mountainous environments is still inadequately investigated. Using expert-based AHP 
weighting and GIS-based weighted overlay analysis, six thematic parameters were combined: rainfall, 
geology and soil characteristics, slope, drainage density, land use and land cover (LULC), and lineament 
density. The appropriate AHP consistency ratio (<0.1) showed that the weights were reliable. The resulting 
groundwater potential map divided the watershed into three zones: Good (6.7%), Moderate (76.5%), and 
Low (16.8%). The prevalence of Moderate potential indicates the impact of fragmented topography and 
drainage configuration, which limit groundwater storage despite sufficient precipitation. Validation 
encompassed an evaluation of hydrogeomorphic consistency and an additional comparison with USGS 
monitoring-well depth data, so offering empirical corroboration for the Moderate-dominated distribution. 
The results show that groundwater potential patterns vary greatly from one place to the next. They also 
show how useful GIS–MCDA frameworks may be for assessing groundwater in humid, data-poor 
mountainous areas. 

Keywords: Groundwater potential mapping; GIS; MCDA; AHP; Watershed-scale assessment; 
Appalachian plateau; Remote sensing 
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1. Introduction 

Groundwater is one of the most critical freshwater resources, supporting domestic water supply, 
agriculture, industry, and ecosystem services across the globe. It accounts for a substantial share of global 
freshwater use, particularly in regions where surface water availability is limited or highly variable. 
Increasing population growth, urban expansion, and climate variability have significantly intensified 
reliance on groundwater resources, resulting in widespread stress on aquifer systems [1–4]. As a 
consequence, sustainable groundwater assessment and management have become central challenges in 
water resources planning. 

Recent studies have demonstrated that groundwater depletion has accelerated in many parts of the 
world over the last two decades. Using satellite gravimetry and large-scale hydrological analysis, 
researchers have identified persistent declines in groundwater storage, particularly in intensively irrigated 
and densely populated regions [5,6]. These trends pose serious risks to water security, agricultural 
productivity, and groundwater-dependent ecosystems, underscoring the need for effective tools to identify 
areas with favorable groundwater potential and recharge capacity. 

Conventional hydrogeological investigation methods, including borehole drilling, aquifer pumping 
tests, and geophysical surveys, provide valuable site-specific information but are often time-consuming, 
costly, and spatially limited when applied at watershed or regional scales [7]. These limitations have 
motivated the development of integrated approaches that combine remote sensing, Geographic Information 
Systems (GIS), and Multi-Criteria Decision Analysis (MCDA) to evaluate groundwater potential over large 
and heterogeneous landscapes [8]. GIS-based MCDA approaches allow multiple hydro-geomorphic factors 
to be analyzed simultaneously within a consistent spatial framework, making them particularly suitable for 
data-limited regions [9]. 

Among MCDA techniques, the Analytical Hierarchy Process (AHP) has been widely adopted for 
groundwater potential mapping due to its systematic framework for assigning relative weights to thematic 
layers through pairwise comparisons and consistency evaluation [10,11]. Numerous studies have 
successfully applied GIS-based AHP and related approaches to integrate rainfall, geology, soil 
characteristics, slope, drainage density, land use and land cover, and lineament density in groundwater 
potential assessments [12–14]. Advances in remote sensing and GIS have further enabled the extraction of 
structurally controlled features such as lineaments, which play a critical role in groundwater occurrence by 
enhancing secondary porosity and permeability [15–17]. More recent studies have also explored the use of 
machine-learning-based spatial models to complement traditional GIS-MCDA approaches, highlighting 
both the strengths and limitations of expert-driven weighting schemes [18–21]. 

Despite their widespread application, GIS-MCDA approaches are not without limitations. Several 
studies have highlighted the sensitivity of groundwater potential maps to input data quality, weighting 
schemes, and subjectivity in expert judgment, as well as the frequent lack of robust field-based validation 
[8,22–24]. These challenges are particularly pronounced in structurally complex and humid regions, where 
groundwater recharge processes exhibit strong spatial variability. Addressing these issues requires 
transparent methodological design, careful selection of criteria, and contextual interpretation of results. 

In this context, the present study synthesizes recent developments in integrated GIS-MCDA 
approaches for groundwater potential mapping through a focused literature review. It demonstrates their 
application using a case study of the Fork Fish Creek watershed in West Virginia, USA. The watershed 
represents a humid Appalachian headwater basin characterized by mixed lithology, variable topography, 
and structurally controlled groundwater occurrence. By integrating rainfall, geology, and soil properties, 
slope, drainage density, land use and land cover, and lineament density within a GIS-AHP framework, this 
study aims to delineate groundwater potential zones and contribute to the growing body of research on 
groundwater assessment in humid, data-limited environments. 
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2. Literature Review 

2.1. Literature Review Methodology 

A structured literature review was conducted to examine the application of Geographic Information 
Systems and Multi-Criteria Decision Analysis techniques in groundwater potential mapping [25,26]. The 
review focused on peer-reviewed journal articles that employed GIS-based approaches, with particular 
emphasis on the Analytical Hierarchy Process and related decision-support methods. Relevant studies were 
identified through searches of major scientific databases, including Scopus, Web of Science, Google Scholar, 
and ScienceDirect. Search keywords included combinations of “groundwater potential mapping”, “GIS”, 
“remote sensing”, “multi-criteria decision analysis”, “AHP”, and “watershed scale”. Only peer-reviewed 
journal articles published in English were considered to ensure methodological rigor and reproducibility. 

An initial screening was performed based on titles and abstracts to remove studies not directly related 
to groundwater potential assessment or those lacking a spatial decision-analysis component. Full-text 
screening was then conducted to retain studies that explicitly described thematic criteria selection, 
weighting strategies, and validation approaches. Review papers, regional case studies, and comparative 
methodological studies were all included to capture both theoretical and applied perspectives. The selected 
literature was analyzed to identify commonly used thematic factors, including rainfall, geology, soil 
characteristics, slope, drainage density, lineament density, and land use and land cover. Trends in weighting 
schemes, validation practices, and reported strengths and limitations were synthesized to inform the 
methodological design of the present case study. Insights from the literature review were subsequently 
applied to the Fork Fish Creek watershed to guide data selection, thematic layer preparation, and the GIS–
AHP integration framework. 

2.2. GIS and Remote Sensing Applications in Groundwater Potential Mapping 

The integration of Geographic Information Systems and remote sensing has become a cornerstone of 
groundwater potential mapping due to their capacity to analyze spatial heterogeneity across large areas 
[27,28]. Early studies demonstrated that GIS-based integration of geological, geomorphological, and 
hydrological datasets provides an effective means for identifying groundwater-favorable zones at watershed 
and regional scales [7,29,30]. Remote sensing data enables the extraction of thematic layers such as land 
use and land cover, drainage networks, lineaments, and topographic attributes, which are otherwise difficult 
to characterize comprehensively using field-based methods alone [31–33]. 

Satellite-derived digital elevation models have been widely used to generate slope, drainage density, 
and flow accumulation layers, which are critical for understanding surface runoff and infiltration dynamics 
[34,35]. Lineament extraction from optical and radar imagery has also been extensively employed to 
identify structural controls on groundwater occurrence, particularly in hard rock and tectonically influenced 
terrains [15,36]. These studies consistently report higher groundwater potential in areas with dense 
structural features due to enhanced secondary porosity and permeability. 

2.3. Multi-Criteria Decision Analysis in Groundwater Studies 

Groundwater occurrence is governed by multiple interacting factors, making Multi-Criteria Decision 
Analysis particularly suitable for groundwater potential mapping [37]. MCDA techniques allow different 
thematic layers to be integrated within a structured decision-making framework, accounting for both 
quantitative data and expert knowledge [38,39]. Among MCDA methods, the Analytical Hierarchy Process 
has emerged as one of the most widely used approaches due to its transparency, consistency evaluation, 
and adaptability to spatial decision problems [40,41]. 

Numerous studies have successfully applied GIS-AHP frameworks to delineate groundwater potential 
zones across a wide range of hydrogeological settings. Machiwal et al. applied a GIS-AHP approach to a 
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semi-arid basin in India and demonstrated that integrating multiple thematic layers significantly improved 
groundwater potential assessment compared to single-factor analyses [8]. Similarly, Melese and Kuma 
(2021) used GIS and AHP to map groundwater potential zones in the Muga watershed of Ethiopia and 
reported strong agreement between predicted high-potential zones and observed well locations [31]. 

Recent studies have further expanded the application of GIS-AHP methods to humid and structurally 
complex regions [42]. Patel et al. applied AHP-based groundwater potential mapping in the upper Narmada 
basin and highlighted the importance of slope, geology, and lineament density in controlling groundwater 
occurrence [40]. Comparable findings were reported by Doke et al., who demonstrated the effectiveness of GIS-
AHP in the Ulhas basin and emphasized the role of drainage density and land use in recharge dynamics [43]. 

2.4. Thematic Factors Influencing Groundwater Potential 

Previous groundwater potential mapping studies consistently identify a core set of thematic factors that 
exert strong control on groundwater recharge and storage. Rainfall is widely recognized as the primary 
source of groundwater recharge and is therefore assigned high importance in most GIS-MCDA models 
[29,31]. Geological and soil characteristics influence groundwater occurrence by controlling primary and 
secondary porosity, hydraulic conductivity, and weathering depth. Unconsolidated deposits and fractured 
bedrock formations generally exhibit higher groundwater potential compared to massive or compact 
lithologies [15,40]. 

Topographic slope plays a critical role in regulating infiltration and runoff processes. Studies 
consistently report that areas with gentle slopes favor infiltration and groundwater recharge, while steep 
slopes promote rapid surface runoff and limited recharge [34,44–46]. Drainage density serves as an indirect 
indicator of landscape permeability and runoff potential, with low drainage density commonly associated 
with permeable substrates and higher recharge capacity [35,47,48]. Lineament density has been widely 
used as a proxy for subsurface fracture networks, particularly in crystalline and structurally complex 
terrains, where fractures and faults provide preferential groundwater flow paths [31,49]. 

Land use and land cover also influence groundwater recharge by modifying infiltration rates and 
surface runoff characteristics. Forested and agricultural areas often promote higher infiltration compared to 
urbanized or impervious surfaces, although the magnitude of this effect varies depending on soil type and 
slope [31,50]. Consequently, LULC is routinely included as a thematic layer in GIS-based groundwater 
potential models. 

2.5. Validation Practices and Methodological Limitations 

Validation remains one of the most challenging aspects of groundwater potential mapping due to the 
limited availability of long-term groundwater monitoring data. Many studies rely on qualitative or semi-
quantitative validation methods, such as overlaying existing well locations, spring density, or yield data 
with predicted groundwater potential zones [13,40]. While these approaches provide useful insights, they 
also introduce uncertainty related to data sparsity and spatial bias. 

To address these limitations, recent research has explored the integration of machine learning 
techniques with traditional GIS-MCDA frameworks. Naghibi et al. applied boosted regression tree and 
random forest models to groundwater potential mapping and demonstrated improved predictive 
performance relative to expert-driven approaches in some cases [19]. Similarly, Shinde et al. compared 
AHP-based groundwater potential mapping with other weighting methods and used ROC-AUC analysis 
for validation, highlighting both the strengths and limitations of AHP [41]. 

Despite the growing interest in data-driven models, several studies emphasize that GIS-AHP remains 
valuable due to its interpretability, transparency, and applicability in data-limited regions [12,31]. As a 
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result, hybrid and context-specific modeling approaches are increasingly recommended rather than reliance 
on a single technique. 

2.6. Synthesis and Relevance to the Present Study 

The reviewed literature demonstrates that integrated GIS-MCDA approaches, particularly those 
employing AHP, provide a robust and widely accepted framework for groundwater potential mapping. 
Previous studies highlight the importance of selecting appropriate thematic layers, justifying weighting 
schemes, and acknowledging uncertainty and validation constraints. While recent advances in machine 
learning offer promising alternatives, GIS-AHP remains an effective and interpretable approach for 
regional groundwater assessment, especially in structurally complex and data-limited environments. 

Building on these insights, the present study adopts a GIS-AHP framework informed by established 
practices and applies it to a humid Appalachian headwater watershed. By situating the case study within a 
broader methodological context, this research contributes to the growing body of groundwater potential 
mapping studies and provides a reference for similar hydro-climatic and geological settings. 

3. Study Area 

The study area is the Upper West Virginia Fork Fish Creek sub-watershed located near the town of 
Hundred in Wetzel County, West Virginia, United States (Figure 1). The watershed covers an area of 
approximately 46.6 km2 and lies within the Appalachian Plateau physiographic province. Elevation within 
the basin ranges from about 305 m to 400 m above mean sea level, with moderate relief and a well-
developed dendritic drainage network. The watershed is underlain predominantly by Pennsylvanian-age 
sandstones and shales, with localized alluvial deposits along valley bottoms, resulting in spatially variable 
permeability and groundwater flow conditions. Mean annual precipitation is approximately 1130 mm, 
supporting perennial streamflow. A United States Geological Survey stream gauge (USGS 0311404647) is 
located near the downstream outlet of the watershed and provides hydrologic observations for the basin. 

 

Figure 1. Location of the Upper West Virginia Fork Fish Creek sub-watershed in Wetzel County, West Virginia, United States. 
The left map shows the position of the watershed within the state of West Virginia, while the right map shows the watershed 
boundary and drainage network. 
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Soils within the watershed exhibit variable depth and hydraulic properties, with an average soil depth 
of approximately 8.41 inches and a saturated hydraulic conductivity of 7.5 × 10−8 m/s. Land use and land 
cover are dominated by forested areas (42.74 km2), with smaller extents of residential land (2.36 km2), 
agricultural land (1.47 km2), and surface water (0.01 km2). The watershed extends approximately from 
39°37′ N to 39°44′ N latitude and 80°28′ W to 80°23′ W longitude. As a headwater catchment, the Fork 
Fish Creek sub-watershed contributes to groundwater recharge and surface water flow within the larger 
Ohio River basin, highlighting its relevance for regional groundwater assessment. 

4. Materials and Methods 

An integrated GIS-based multi-criteria decision analysis framework was adopted to delineate 
groundwater potential zones within the Upper West Virginia Fork Fish Creek sub-watershed. The 
methodological design was informed by insights synthesized from the literature review and implemented 
through a case study approach. An overview of the conceptual framework is illustrated in Figure 2, while 
a detailed stepwise methodological flowchart is presented in Figure 3. 

 

Figure 2. Conceptual framework illustrating the integration of the literature review and a GIS–AHP-based groundwater potential 
mapping case study for the Fork Fish Creek watershed, West Virginia. (Conceptual illustration initially AI-generated using 
OpenAI DALLꞏE 3 GPT-4 Vision model and manually refined in Photoshop CC 2024). 
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Figure 3. Stepwise methodological flowchart illustrating data acquisition, thematic layer preparation, standardization, AHP-
based weighting, GIS-based weighted overlay integration, output generation, and validation procedures used for groundwater 
potential mapping. 
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4.1. Data Sources 

The data sets used in this study were obtained from publicly available and authoritative sources and 
are summarized in Table 1. Precipitation data were acquired from the NASA Prediction of Worldwide 
Energy Resources (POWER) database, which provides gridded climate variables suitable for hydrological 
and environmental analyses. Topographic information was derived from a digital elevation model obtained 
from the United States Geological Survey National Map, which served as the basis for slope, drainage 
network, and drainage density calculations. 

Table 1. Spatial datasets and thematic layer preparation for groundwater potential mapping. 

Thematic Data Source Data Type Preparation Method Application in Study 

Precipitation NASA POWER 
Gridded 
climate data 

Mean annual precipitation extracted 
and spatially interpolated in ArcGIS 
Pro 

Representation of groundwater 
recharge potential 

Digital Elevation 
Model (DEM) 

USGS National Map 
Raster 
elevation data 

Used to derive slope, flow direction, 
flow accumulation, and drainage 
network 

Terrain analysis and drainage 
density calculation 

Slope 
Derived from USGS 
DEM 

Raster 
Generated using GIS terrain analysis 
tools in ArcGIS Pro 

Assessment of runoff and 
infiltration conditions 

Drainage Density 
Derived from USGS 
DEM 

Vector and 
raster 

Drainage network extracted from 
DEM, and stream length per unit 
area calculated 

An indirect indicator of surface 
runoff and recharge potential 

Soil USGS Soil Survey 
Polygon 
vector data 

Reclassified based on soil depth and 
hydraulic conductivity 

Evaluation of infiltration 
capacity and recharge 

Geology 
Regional geological 
maps 

Polygon 
vector data 

Lithological units reclassified by 
relative permeability 

Representation of groundwater 
storage and transmission 
properties 

Land Use/Land 
Cover 

MRLC Consortium 
Classified 
raster data 

Reclassified into hydrologically 
relevant categories 

Assessment of surface conditions 
affecting infiltration 

Lineaments 
Derived from satellite 
imagery and USGS 
DEM 

Vector 
Extracted through visual 
interpretation of satellite imagery 
and DEM hillshade in ArcGIS Pro 

Representation of secondary 
porosity and structural control on 
groundwater 

Soil data were obtained from the USGS Soil Survey database and used to represent soil depth and 
hydraulic properties relevant to groundwater recharge. Land use and land cover information were sourced 
from the Multi-Resolution Land Characteristics (MRLC) Consortium, providing classified land cover data 
suitable for watershed-scale analysis. All spatial analyses, thematic layer preparation, and weighted overlay 
operations were conducted using ArcGIS Pro in a GIS environment. Prior to analysis, all datasets were 
projected to a common coordinate system and resampled to a consistent spatial resolution. 

4.2. Selection of Thematic Criteria 

The selection of thematic criteria was guided by findings from previous groundwater potential mapping 
studies and by the physical characteristics of the Fork Fish Creek watershed. Based on literature consensus 
and data availability, six criteria were selected for analysis: rainfall, geology, soil characteristics, slope, 
drainage density, lineament density, and land use land cover (LULC). These factors are widely recognized 
as primary controls on groundwater recharge, storage, and movement, particularly in structurally complex 
and topographically dissected terrains. 
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4.3. Preparation of Thematic Layers 

4.3.1. Rainfall 

Rainfall represents the primary source of groundwater recharge and was therefore included as a key 
thematic criterion. Spatial precipitation data were obtained from gridded climate datasets and processed to 
represent mean annual rainfall across the watershed. The rainfall layer was classified into suitability classes, 
with areas receiving relatively higher precipitation assigned higher groundwater potential ranks, assuming 
similar infiltration conditions. 

4.3.2. Geology and Soil 

Geological and soil characteristics exert strong control on groundwater potential by influencing 
permeability, porosity, and infiltration capacity. The study area is underlain predominantly by 
Pennsylvanian-age sandstones and shales, with localized alluvial deposits along valley bottoms. Upland 
areas are characterized by residual soils, primarily Ultisols, which are generally fine-loamy and moderately 
permeable. In contrast, floodplain areas contain alluvial Inceptisols that are deeper and exhibit higher 
saturated hydraulic conductivity. Geological units and soil types were reclassified according to their relative 
suitability for groundwater storage and transmission. Alluvial deposits and permeable sandstone units were 
assigned higher suitability ranks, whereas shale-dominated units and shallow residual soils were assigned 
lower ranks. 

4.3.3. Slope 

Slope influences groundwater recharge by controlling surface runoff and infiltration processes. Slope 
was derived from the digital elevation model using standard GIS terrain analysis techniques. Areas with 
gentle slopes were assigned to higher groundwater potential ranks due to increased infiltration opportunity, 
while steep slopes were assigned lower ranks due to enhanced runoff and limited infiltration. 

4.3.4. Drainage Density 

Drainage density reflects the degree of landscape dissection and provides an indirect measure of surface 
runoff and infiltration behavior. The drainage network was extracted from the digital elevation model using 
flow direction and flow accumulation algorithms. Drainage density was calculated as the total length of 
streams per unit area and classified into suitability classes. Lower drainage density values were interpreted 
as favorable for groundwater recharge. 

4.3.5. Lineament Density 

Lineaments represent structural features such as fractures, joints, and faults that enhance secondary 
porosity and permeability, particularly in consolidated rock formations. Lineaments were extracted from 
satellite imagery and terrain derivatives using GIS-based techniques. Lineament density was calculated as 
the total length of lineaments per unit area. Areas with higher lineament density were assigned higher 
groundwater potential ranks due to their enhanced capacity for groundwater movement and storage. 

4.3.6. Land Use and Land Cover 

Land use and land cover influence groundwater recharge by modifying surface infiltration and runoff 
characteristics. Land cover data were classified into hydrologically relevant categories. Forested and 
agricultural areas were assigned higher suitability ranks due to greater infiltration potential, whereas 
residential and built-up areas were assigned lower ranks because of surface sealing effects. 
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4.4. Analytical Hierarchy Process 

The Analytical Hierarchy Process was employed to determine the relative importance of the thematic 
layers used in groundwater potential mapping. AHP provides a structured framework for multi-criteria 
decision analysis by allowing pairwise comparison of criteria based on their relative influence on 
groundwater occurrence. In this study, six thematic layers were considered: rainfall, geology, slope, 
drainage density, land use and land cover, and lineament density. The relative importance of these layers 
was evaluated using Saaty’s fundamental scale, which ranges from 1 to 9, where a value of 1 indicates 
equal importance and higher values indicate increasing levels of preference. Pairwise comparisons were 
performed based on insights from previous studies and expert judgment, and the resulting comparison 
matrix is presented in Table 2. 

Table 2. Pairwise comparison matrix of thematic layers used in the Analytical Hierarchy Process. 

Layer Rainfall Geology Slope Drainage Density LULC Lineament Density 
Rainfall 1 3 3 5 5 5 
Geology 1/3 1 3 3 5 5 

Slope 1/5 1/3 1 1 3 3 
Drainage Density 1/5 1/3 1 1 1 2 

LULC 1/5 1/5 1/3 1 1 1 
Lineament Density 1/5 1/5 1/3 1/2 1 1 

The consistency ratio of the comparison matrix was calculated and found to be less than 0.1, indicating 
acceptable consistency in the pairwise judgments. 

4.5. Groundwater Potential Mapping 

All thematic layers were reclassified to a common suitability scale and weighted according to the AHP-
derived weights. A weighted overlay analysis was performed in the GIS environment to generate a 
groundwater potential index map. The resulting index values were classified into groundwater potential 
zones, typically categorized as low, moderate, and good groundwater potential. 

4.6. Validation Approach 

Due to the limited availability of groundwater well yield data and long-term monitoring records within 
the watershed, validation was conducted qualitatively. The spatial distribution of groundwater potential 
zones was evaluated for consistency with favorable hydrogeomorphic conditions, including low slope areas, 
low drainage density regions, permeable geological and soil units, and areas of high lineament density. This 
qualitative validation approach is appropriate for small, data-limited headwater catchments and provides a 
reasonable assessment of model plausibility. 

Alongside qualitative hydrogeomorphic consistency checks, an additional validation was performed 
utilizing groundwater monitoring-well depth data sourced from the USGS Water Data for the Nation 
database. Owing to the restricted availability of well yield and long-term pumping test data within the 
watershed, total well depth was employed as a surrogate measure of groundwater accessibility. 

Prior studies on groundwater potential mapping have utilized borewell depth as a validation criterion, 
acknowledging that deeper boreholes are generally necessary in regions with relatively lower groundwater 
availability, while shallower wells are typically linked to areas of greater groundwater potential [51]. This 
methodology is especially relevant in data-scarce contexts when comprehensive pumping or water-level 
datasets are inaccessible. 

The classification thresholds utilized in this study were established in relation to the regional 
hydrogeologic setting of northwestern West Virginia and the depth distribution of the chosen wells. 
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According to the USGS hydrogeologic summary for the Appalachian Plateau region, household and 
monitoring wells typically range from around 60 to 100 feet in depth, with deeper wells frequently linked to 
upland environments and formations with lesser transmissivity. Wells ≤ 70 ft were classified as shallow 
(indicating more groundwater accessibility), wells between 70–95 ft were classified as intermediate (moderate 
potential), and wells > 95 ft were classified as deep (lower potential). These thresholds are not universal 
constants; rather, they signify dataset-specific categories suitable for the local hydrogeologic context. The 
resultant depth-proxy classes were juxtaposed with the delineated groundwater potential distribution. 

5. Results and Discussion 

5.1. Global Overview of GIS–MCDA Groundwater Potential Mapping 

GIS-based multi-criteria decision analysis approaches have been widely applied for groundwater 
potential mapping across diverse climatic and hydrogeological settings. Results reported in the literature 
consistently demonstrate that integrating spatial datasets representing climate, geology, geomorphology, 
and land surface characteristics improves the identification of groundwater-favorable zones compared to 
single-factor approaches. Remote sensing and GIS techniques enable efficient handling of heterogeneous 
datasets, while MCDA frameworks provide a systematic means of weighting and combining thematic 
criteria based on their relative influence on groundwater occurrence. 

Representative GIS–MCDA groundwater potential mapping studies reviewed in this paper are 
summarized in Table 3. These studies span humid, semi-arid, and arid regions and employ a range of 
methodological combinations, including GIS-based weighted overlay, Analytical Hierarchy Process, fuzzy 
logic, and hybrid approaches. Despite methodological differences, rainfall, geology or lithology, slope, 
drainage characteristics, lineament density, and land use and land cover emerge as the most frequently 
applied and influential criteria. Studies conducted in hard-rock and structurally complex terrains emphasize 
the role of lineaments and lithological variability in controlling secondary porosity, while investigations in 
humid regions highlight the moderating influence of topography and soil properties on recharge processes. 

Validation strategies reported in the literature vary depending on data availability and study scale. 
Several studies rely on well yield or borehole correlation for validation, whereas others apply statistical 
techniques such as receiver operating characteristic analysis or qualitative consistency checks against 
known hydrogeological conditions. Although quantitative validation provides stronger performance 
metrics, qualitative validation remains common in data-limited regions and small catchments. Collectively, 
the reviewed studies demonstrate that GIS–MCDA frameworks are adaptable to different environmental 
contexts but require careful interpretation of results within local hydrogeological constraints. 

The synthesis of global studies presented in Table 3 provides a comparative framework for evaluating 
the Fork Fish Creek case study. By situating the case study within the broader body of published GIS–
MCDA research, the present study builds on established methodological practices while addressing 
groundwater potential mapping in a humid Appalachian headwater watershed. 

Table 3. Summary of representative GIS–MCDA studies for groundwater potential mapping and validation approaches. 

Study Region & Climate Methodology Key Thematic Criteria 
Validation 
Approach 

Key Findings 

Israil et al. 
(2006) [7] 

Himalayan 
foothills, India 
(humid–subtropical) 

GIS + Geophysical 
survey 

Geology, slope, resistivity 
Borehole 
correlation 

Integrated GIS improves 
hydrogeological zoning 
accuracy 

Jha et al. 
(2007) [13] 

Multiple basins, 
India 

RS–GIS 
framework 

Geology, LULC, slope, 
drainage 

Comparative 
analysis 

Demonstrated scalability of 
GIS for groundwater 
planning 
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Shekhar & 
Pandey 
(2015) [52] 

Hard rock terrain, 
India 

RS + GIS + AHP 
Geology, geomorphology, 
slope, lineament, drainage 

Well yield 
comparison 

AHP improved the 
prioritization of 
groundwater zones 

Benjmel et al. 
(2020) [12] 

Anti-Atlas, 
Morocco (semi-
arid) 

RS + GIS + 
MCDA 

Lithology, slope, lineament, 
drainage, LULC 

ROC curve 
Identified priority zones for 
groundwater exploration 

Rukundo & 
Doğan (2019) 
[22] 

Ergene River 
catchment, Turkey 

Recharge modeling 
+ spatial analysis 

Soil, land use, climate 
variables 

Baseflow proxy 
validation 

Alluvial and land cover 
patterns influence recharge 

Al-Djazouli et 
al. (2021) 
[53] 

Comoro watershed, 
Timor-Leste 

GIS + RS + AHP 
Geology, slope, drainage, 
lineament, rainfall 

Spring/well 
inventory 

An integrated approach 
improved groundwater 
targeting 

Nag (2016) 
[35] 

Purulia district, 
India 

GIS weighted 
overlay 

Geology, geomorphology, 
slope, drainage, lineament 

Field 
verification 

Moderate to good zones 
aligned with geomorphic 
lows 

Elmahdy et 
al. (2020) 
[54] 

UAE (arid) 
GIS + MCDA 
approach 

Lineaments, slope, 
lithology, drainage 

Comparative 
assessment 

Structural controls are 
critical in arid terrains 

This study 
Fork Fish Creek, 
WV (humid) 

GIS + AHP 
weighted overlay 

Rainfall, geology, slope, 
drainage density, LULC, 
lineament density 

Qualitative 
validation 

Moderate zone dominates; 
high potential concentrated 
in valleys 

5.2. Fork Fish Creek Case Study Results 

5.2.1. Thematic Layer Patterns 

The spatial distribution of the thematic layers used in the groundwater potential analysis is illustrated 
in Figure 4. Each layer exhibits distinct spatial variability that reflects the hydrogeomorphic characteristics 
of the Fork Fish Creek watershed. Although mean annual precipitation is relatively uniform across the basin 
due to its limited spatial extent, terrain-related factors introduce substantial heterogeneity in groundwater 
recharge conditions. 

Slope and drainage density show pronounced spatial contrasts between upland and valley-bottom areas. 
Steeper slopes and higher drainage density dominate the uplands, promoting surface runoff and limiting 
infiltration, whereas lower slope gradients and reduced drainage density are concentrated along stream 
corridors and floodplain areas. Similar relationships between slope, drainage density, and groundwater 
recharge have been reported in previous GIS–MCDA groundwater studies conducted in both humid and 
semi-arid environments [29,35]. 

Soil and geological layers further differentiate groundwater potential across the watershed. Upland 
areas are characterized primarily by residual soils developed on sandstone and shale formations, which tend 
to have moderate to low permeability. In contrast, localized alluvial deposits along valley bottoms exhibit 
greater soil depth and higher hydraulic conductivity, favoring groundwater storage and movement. The 
influence of lithology and soil properties on groundwater potential is consistent with findings from 
structurally complex terrains reported in earlier studies [7,22]. 

Land use and land cover within the watershed are predominantly forested, with limited agricultural and 
residential development. Forested areas generally promote higher infiltration compared to built-up surfaces, 
while agricultural areas may exhibit variable recharge behavior depending on soil management practices. 
Lineament density displays localized zones of higher concentration, suggesting potential structural control 
on groundwater movement. The importance of lineaments as conduits for groundwater flow in consolidated 
rock environments has been emphasized in several GIS–MCDA studies [52,54]. 
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Figure 4. Spatial distribution of thematic layers used for groundwater potential mapping in the Fork Fish Creek watershed: (A) 
soil types classified by relative infiltration capacity, (B) mean annual rainfall (mmꞏyear−1) derived from NASA POWER data, 
(C) slope (degrees) calculated from the digital elevation model, (D) drainage density (kmꞏkm−2) derived from the extracted 
stream network, (E) land use and land cover based on MRLC classification, and (F) lineament density (kmꞏkm−2) representing 
structural controls on groundwater movement. All thematic layers were reclassified into suitability classes prior to integration 
using the AHP-based weighted overlay method. 

5.2.2. Criteria Weighting Results 

The Analytical Hierarchy Process was applied to quantify the relative importance of the selected 
thematic layers influencing groundwater potential. The resulting weights indicate that rainfall and geology 
exert the strongest influence on groundwater potential within the Fork Fish Creek watershed, followed by 
slope and drainage density. Land use, land cover, and lineament density contribute comparatively lower 
influence. The consistency ratio of the pairwise comparison matrix was calculated and found to be less than 
0.1, indicating acceptable consistency in the pairwise judgments. The relative distribution of criterion 
weights is summarized in Table 4. 

The weighting pattern reflects the humid climatic setting of the study area, where sufficient 
precipitation provides recharge input, but subsurface permeability and topographic controls regulate the 
spatial distribution of groundwater potential. Similar weighting trends, in which climatic and geological 
factors dominate groundwater potential, have been reported in GIS–MCDA studies conducted in humid 
and sub-humid regions [29,55]. The acceptable consistency ratio of the AHP matrix indicates that the 
weighting scheme is internally coherent and suitable for subsequent spatial analysis. 
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Table 4. AHP-derived weights of thematic criteria used for groundwater potential mapping. 

Criterion Weight Weight (%) 
Rainfall 0.418 41.8 
Geology 0.260 26.0 

Slope 0.118 11.8 
Drainage Density 0.089 8.9 

Land Use/Land Cover 0.062 6.2 
Lineament Density 0.054 5.4 

Total 1.000 100.0 

5.2.3. Groundwater Potential Zones (GWPZ) and Area Distribution 

Integration of the weighted thematic layers through GIS-based overlay analysis resulted in the 
delineation of groundwater potential zones classified as low, moderate, and good potential, as shown in 
Figure 5. The spatial distribution of these zones reflects the combined influence of climatic input, terrain 
characteristics, and subsurface properties. 

 

Figure 5. Groundwater potential zones in the Fork Fish Creek watershed were classified into good, moderate, and low potential 
based on GIS-based weighted overlay analysis. 
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Moderate groundwater potential occupies the largest proportion of the watershed, indicating that 
recharge and storage conditions are generally constrained by topography and lithology despite adequate 
precipitation. Zones classified as good groundwater potential are primarily associated with valley bottoms 
and floodplain areas characterized by gentle slopes, lower drainage density, favorable soil conditions, and 
higher lineament density. In contrast, low groundwater potential zones are concentrated in steep upland 
areas where rapid runoff and shallow soils limit infiltration. 

The areal distribution of groundwater potential zones indicates that the moderate groundwater potential 
class occupies the largest proportion of the watershed, accounting for approximately 76.5% of the total area 
(Table 5). Zones classified as low groundwater potential cover about 16.8% of the watershed, while areas 
of good groundwater potential constitute a relatively small proportion (6.7%). The predominance of 
moderate potential zones reflects the combined influence of dissected topography, variable lithology, and 
structural controls that constrain extensive groundwater storage despite adequate precipitation. Areas of 
good groundwater potential are primarily associated with valley bottoms and floodplain environments, 
where gentler slopes, lower drainage density, and favorable soil conditions promote enhanced infiltration 
and subsurface storage. The dominance of moderate potential zones is consistent with findings reported in 
similar watershed-scale studies, where favorable groundwater conditions are spatially restricted to 
geomorphically advantageous locations [12,35]. 

Table 5. Areal distribution of groundwater potential zones in the Fork Fish Creek watershed. 

Zone Description Area (km2) Area (%) 
1 Good GWPZ 3.13 6.73 
2 Moderate GWPZ 35.63 76.53 
3 Low GWPZ 7.80 16.75 

Total  46.56 100.00 

5.3. Discussion of Case Study Findings 

5.3.1. Interpretation of Spatial Patterns and Controlling Factors 

The spatial pattern of groundwater potential zones in the Fork Fish Creek watershed highlights the 
dominant influence of topographic and geological controls in humid Appalachian headwater catchments. 
Although precipitation provides sufficient recharge input, steep slopes and well-developed drainage 
networks promote rapid surface runoff, thereby limiting infiltration across much of the basin. Consequently, 
enhanced groundwater potential is primarily observed in areas where topographic constraints are reduced 
and subsurface permeability is relatively high. 

Geology and soil properties exert strong control on groundwater storage and movement by regulating 
porosity and hydraulic conductivity. Alluvial deposits and permeable sandstone units provide favorable 
conditions for groundwater accumulation, whereas shale-dominated lithologies and shallow residual soils 
restrict subsurface flow. The contribution of lineament density, while lower in relative weight, highlights 
the role of secondary porosity in facilitating groundwater movement in consolidated rock environments, 
consistent with observations from structurally controlled aquifer systems [52,54]. 

5.3.2. Comparison with Published Studies 

Comparison of the Fork Fish Creek results with previously published GIS–MCDA groundwater 
potential studies reveals broad agreement in both spatial patterns and proportional distribution of 
groundwater potential zones. Numerous studies conducted in humid and semi-arid regions report 
dominance of moderate groundwater potential zones, with high-potential areas typically confined to low-
lying, gently sloping, or structurally favorable locations [12,29]. The prevalence of moderate potential 
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zones observed in this study aligns with these findings and reflects the combined influence of relief, 
lithologic variability, and drainage characteristics. 

The consistency of results across contrasting climatic settings suggests that topography and subsurface 
properties often exert stronger control on groundwater potential than precipitation alone. The 
methodological framework applied in this study follows established GIS–MCDA practices reported in the 
literature, reinforcing the applicability of such approaches for groundwater potential assessment in small, 
data-limited watersheds. 

5.3.3. Validation Adequacy and Uncertainty 

Validation of the groundwater potential map was conducted qualitatively due to the limited availability 
of groundwater well yield data and long-term monitoring records within the study area. The spatial 
distribution of groundwater potential zones was evaluated for consistency with known hydrogeomorphic 
characteristics, including slope, drainage density, soil type, and geological setting. Similar qualitative 
validation approaches have been adopted in previous groundwater potential studies where quantitative 
validation data were unavailable [7,35]. 

Uncertainty in the results arises primarily from subjectivity in the AHP weighting process and 
limitations in the spatial resolution of input datasets. These uncertainties should be considered when 
interpreting groundwater potential zones, particularly for site-specific groundwater development. 
Nevertheless, the strong agreement between the spatial patterns identified in this study and those reported 
in comparable investigations supports the overall robustness and reliability of the applied methodology. 

5.3.4. Supplementary Depth-Based Validation 

Table 6 displays the USGS monitoring wells utilized for depth-proxy validation. Of the five wells 
examined, three are categorized within the intermediate depth range (85–90 ft), whereas two display very 
shallow depths (64–68 ft). All selected wells are at a depth not exceeding 95 feet. 

Table 6. USGS groundwater wells used for depth-proxy validation of GWPZ. 

USGS Station ID Well Name Latitude (°N) Longitude (°W) Well Depth (ft) Depth-Proxy GWPZ 
393856080324501 Wet-0078 39.64897157  −80.54564060  90  Moderate 
393306080313301 Wet-0139 39.55169444  −80.52588889  85  Moderate 
393157080384202 Wet-0093 39.53258198  −80.64481870  68  Good 
392945080380201 Wet-0140 39.49580556  −80.63383330  85  Moderate 
393042080443101 Wet-0090 39.51174715  −80.74176889  64  Good 

This distribution corresponds with the delineated groundwater potential pattern, wherein nearly 76% 
of the watershed was categorized as Moderate potential. The prevalence of moderate-depth wells indicates 
that the watershed is primarily defined by intermediate groundwater availability, with specific areas 
exhibiting relatively higher potential. While well depth serves as an indirect proxy affected by local drilling 
methodologies and aquifer characteristics, the correlation between recorded well depths and classified 
potential maps offers corroborative empirical evidence for the reliability of the GIS–AHP groundwater 
potential delineation. 

5.3.5. Regional Context and Comparative Interpretation 

The GIS–AHP architecture utilized in this study adheres to recognized groundwater potential mapping 
techniques, although its implementation in humid Appalachian headwater catchments yields significant 
regional insights. Numerous GIS–MCDA/GIS–AHP groundwater potential investigations have been 
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performed in semi-arid or dry environments, where recharge constraints and climatic water shortages 
significantly affect groundwater distribution patterns [13]. 

In these contexts, precipitation and lithology often serve as primary determinants, with groundwater 
potential zones typically aggregating around geomorphically advantageous or structurally impacted 
recharge regions [54]. 

The current study location is a humid, forested Appalachian headwater habitat marked by substantial 
precipitation, intricate terrain, and diverse lithology. Under these circumstances, terrain and drainage 
controls (e.g., slope and drainage density) can significantly influence infiltration opportunities and runoff 
distribution, indicating that geographic variations in groundwater potential are not only determined by 
precipitation magnitude. The prevalence of the moderate groundwater potential class (~76%) indicates the 
hydrogeomorphic intricacy of humid mountainous regions, where infiltration and subsurface storage 
conditions exhibit spatial heterogeneity without significant recharge limitations. 

This pattern contrasts with several semi-arid studies that indicate broader zones of low groundwater 
potential resulting from climatic water constraints [8,13]. The relatively moderate-dominated distribution 
noted here indicates that in humid Appalachian environments, topography, drainage patterns, and 
subsurface conditions may have a more significant impact than climatic factors alone, highlighting that 
groundwater potential outcomes are highly region-specific and that findings from semi-arid areas cannot 
be directly extrapolated to humid mountainous watersheds. 

6. Conclusions 

This study integrated a comprehensive review of GIS and multi-criteria decision analysis approaches 
for groundwater potential mapping with a case study application in the Fork Fish Creek watershed, West 
Virginia. The review highlighted the widespread adoption of GIS-MCDA frameworks, particularly the 
Analytical Hierarchy Process, for synthesizing heterogeneous hydrogeological, topographic, and land 
surface information to delineate groundwater potential zones in data-limited regions. Common thematic 
criteria identified across the literature include precipitation, geology, slope, drainage characteristics, land 
use and land cover, and structural features, with variations in relative importance driven by regional 
physiographic and climatic conditions. 

Application of the Geographic Information Systems (GIS) integrated with the Analytical Hierarchy 
Process (AHP) methodology to the Fork Fish Creek watershed demonstrated the effectiveness of this 
integrated approach in a small, humid Appalachian headwater basin characterized by complex terrain and 
variable lithology. The resulting groundwater potential map classified the watershed into good, moderate, 
and low potential zones, with moderate potential areas occupying the largest proportion of the basin. This 
spatial pattern reflects the combined influence of dissected topography, drainage density, and lithologic 
heterogeneity, which constrain extensive groundwater storage despite adequate precipitation. Areas of good 
groundwater potential were primarily confined to valley bottoms and floodplain environments where 
gentler slopes, lower drainage density, and favorable subsurface conditions enhance infiltration and 
groundwater accumulation. 

The consistency of the case study results with patterns reported in comparable GIS-MCDA studies 
supports the broader applicability of the approach for groundwater assessment in structurally complex and 
data-scarce settings. Although the availability of groundwater monitoring data limited quantitative 
validation, qualitative evaluation against known hydrogeomorphic conditions and comparison with 
published studies indicate that the results are physically reasonable and methodologically robust. 

Despite these strengths, several limitations should be acknowledged. Subjectivity inherent in AHP-
based weighting, uncertainties associated with input data resolution, and the absence of extensive field-
based validation may influence the precision of delineated groundwater potential zones. Future research 
should focus on incorporating groundwater level observations, well yield data, and hydrogeochemical 
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indicators to strengthen validation, as well as exploring sensitivity and uncertainty analyses to assess the 
robustness of MCDA-derived results. Integration of machine learning approaches with GIS-MCDA 
frameworks also offers promising opportunities to improve predictive performance and reduce subjectivity 
in groundwater potential mapping. 

Overall, this study demonstrates that GIS-based multi-criteria decision analysis provides a practical 
and transferable framework for groundwater potential assessment at the watershed scale. By combining 
insights from the literature with site-specific analysis, the approach offers valuable support for groundwater 
planning, resource prioritization, and sustainable water management in similar physiographic regions. 

7. Limitations and Future Work 

Despite the strengths of the integrated GIS–MCDA framework applied in this study, several limitations 
should be acknowledged. First, the Analytical Hierarchy Process relies on expert judgment for weighting 
thematic criteria, which introduces a degree of subjectivity into the analysis. Although consistency ratios 
indicated acceptable judgment reliability, alternative weighting schemes or sensitivity analyses could 
further evaluate the robustness of the results. Second, the spatial resolution and accuracy of input datasets, 
including soil, land use, and land cover, and lineament information, may influence the delineation of 
groundwater potential zones, particularly at local scales. 

Validation of the groundwater potential map was constrained by the limited availability of groundwater 
well yield data and long-term monitoring records within the study area. As a result, validation was 
conducted qualitatively through comparison with known hydrogeomorphic conditions and previously 
published studies. Future research should prioritize the incorporation of quantitative field data, such as 
groundwater level measurements, pumping test results, and hydrogeochemical indicators, to improve 
validation and confidence in predicted groundwater potential zones. 

Further advancements may be achieved by integrating machine learning and data-driven approaches 
with GIS–MCDA frameworks to reduce subjectivity and enhance predictive performance [56,57]. 
Comparative evaluation of MCDA-based results with machine learning models could provide valuable 
insights into the strengths and limitations of each approach. Future research could integrate GIS–AHP with 
machine learning techniques (e.g., Random Forest, Support Vector Machine, or Artificial Neural Networks) 
to enhance predictive accuracy and reduce subjectivity in weighting schemes. Additionally, incorporating 
climate change scenarios and projected precipitation variability would support long-term groundwater 
planning and resilience assessment in humid Appalachian headwater catchments. Additionally, extending 
the analysis to incorporate temporal variability in recharge, land use change, and climate-driven 
hydrological dynamics would improve the applicability of groundwater potential assessments for long-term 
water resource planning. 
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