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ABSTRACT 

Globally, groundwater is gaining importance as surface water sources decline due to climate change 

and overexploitation. In Bhutan, despite the perceived abundance of surface water, seasonal 

shortages, drying sources, and limited infrastructure highlight the need for alternative resources such 

as groundwater. However, comprehensive groundwater assessments are limited. The purpose of 

this study is to overcome that gap by using a Multi-Criteria Decision Analysis approach, combining 

GIS, Remote Sensing and the Analytical Hierarchy Process to delineate groundwater potential zones 

in Sarpang District. The analysis indicates high recharge potential in southern Sarpang, which is 

consistent with Electrical Resistivity Tomography test results at two out of three test sites, supporting 

the effectiveness of the analytical hierarchy process (AHP) as a preliminary and cost-efficient tool. 

Still, the approach depends heavily on expert judgment and generalized datasets, which may limit 

the accuracy of the results. Field-based validation is therefore essential for ensuring the reliability of 

results and guiding sustainable groundwater development, especially in light of large-scale initiatives 

such as the Gelephu Mindfulness City, which is expected to drive significant population growth, 

urban expansion and increased water demand. Such developments require reliable groundwater 

assessments to ensure sustainable resource management and long-term water security. 
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1. INTRODUCTION 

The Earth's surface is about 71% water, but only 2.5% of that is usable freshwater, a critical natural 

resource for supporting life, ecological systems and economic activity. Of this limited freshwater 

resource, roughly 68.7% is locked in glaciers and ice caps, around 30.1% lies beneath the surface 

as groundwater, and just 1.2% is accessible on the surface in rivers, lakes, and streams 

(Shiklomanov, 1993). Global freshwater consumption has shown a steady annual growth rate of 

approximately 1% over the past four decades, mainly driven by population growth, rapid 

urbanization, industrialization, agricultural intensification, forest degradation, and shifting 

consumption patterns, and this trend is expected to continue (UN, 2024, Gyeltshen et al., 2023).  

Natural and man-made surface water sources, including rivers, lakes, and reservoirs are becoming 

increasingly susceptible to seasonal fluctuations, overuse, and climate-induced stressors, while 

water sources are drying up across the globe, with the problem acutely felt in sensitive mountain 

regions like the Himalayas, where glacial retreat, shifting rainfall, and limited storage intensify water 

insecurity (Gyeltshen et al., 2023, Thapa et al., 2022, WMD, 2021). As a result, groundwater, the 

planet’s largest source of freely available liquid freshwater, is increasingly recognized as a vital 

and dependable resource due to its widespread availability, relative stability, and resilience to 

short-term climate variability (Rani et al., 2022, Saranya and Saravanan, 2020, Pirasteh et al., 

2025). Globally, approximately 70% of withdrawn groundwater is used in agriculture and 

contributes to nearly 50% of the world’s drinking water supply (NGWA, 2024). Its role is particularly 

critical in arid to semi-arid regions, where surface water resources are inadequate or unpredictable 

(Gyeltshen et al., 2023). In South Asia, groundwater plays a dominant role in sustaining agriculture 

and rural livelihoods. In India, for example, around 60% of irrigation requirements are met through 

groundwater abstraction, and nearly 85% of rural communities rely on it as their main water source 

(Shelar et al., 2023).  

In Bhutan, despite the abundance of surface water, estimated at approximately 94,500 cubic 

meters per person annually, the country is facing increasing water stress, particularly during the 

dry seasons (NEC, 2016, WMD, 2021). Bhutan's mountainous topography makes the development 

of delivery infrastructure difficult and limited in many rural communities (Tariq et al., 2021). 

Moreover, the reliability of surface water is declining due to the drying up of sources caused by 

changing climate patterns and land use transformations, while projected climate variability is 

expected to introduce further uncertainties (WMD, 2021, NCHM, 2024). According to the 

Watershed Management Division (WMD) 2021 report, 0.9% of the 7,399 assessed surface 
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drinking water sources in Bhutan have already dried up, and with 25.1% of surface water sources 

in the process of drying up, groundwater is emerging as a crucial alternative.   

Groundwater potential is the ability of an area to store and yield usable groundwater (Arulbalaji et 

al., 2019). It is determined by interaction of several physical processes, including the movement 

of water from higher to lower elevations, its accumulation in low-lying areas and infiltration through 

permeable surfaces. These processes are influenced by a combination of hydrogeological, 

climatic, and geomorphological variables such as the permeability and porosity of geological 

formations, the amount and distribution of rainfall, ambient temperature affecting recharge and 

evaporation, slope angle and terrain height that govern runoff and infiltration, wetness index and 

drainage patterns indicating moisture accumulation, land use land cover that influence infiltration 

and evapotranspiration, and linear geological features such as faults and lineaments that can 

enhance groundwater flow and recharge (Rani et al., 2022, Sarkar et al., 2022, Gyeltshen et al., 

2023, Gupta et al., 2022). While traditional methods of groundwater exploration, including drilling 

and geophysical surveys and electrical resistivity tomography (ERT) remain effective, they are 

often resource-intensive and time-consuming (Maizi et al., 2023, Lentswe and Molwalefhe, 2020, 

DGM, 2022). On the other hand, statistical and machine learning approaches such as boosted 

regression trees (BRT), random forests (RF), and classification and regression trees (CART) along 

with performance comparisons using bivariate methods like the evidential belief function (EBF) 

and multivariate models such as the general linear model (GLM), offer advanced alternatives for 

assessing groundwater potential by analysing the spatial relationships between known 

groundwater occurrences and multiple environmental factors, but these methods are often 

complex and require large, high-quality datasets such as groundwater data (Díaz-Alcaide and 

Martínez-Santos, 2019). In absence of such datasets, multi-criteria decision analysis (MCDA), 

particularly the analytical hierarchy process (AHP) integrated with geographic information systems 

(GIS) and remote sensing (RS) is knowledge-based, offering scalable, rapid, and cost-effective 

alternatives for groundwater potential mapping and site suitability analysis (Moumane et al., 2025). 

Globally, this methodology has been widely used to identify areas with high groundwater potential 

across a range of hydrogeological settings (Díaz-Alcaide and Martínez-Santos, 2019, Sarkar et 

al., 2022, Arulbalaji et al., 2019).  

Although groundwater is not extensively utilized in Bhutan, limited abstraction does occur at the 

household level in valleys of some districts (Tariq et al., 2021). Comprehensive scientific studies 

on groundwater remain sparse, largely due to lack of capacity and the prevailing belief that 

Bhutan’s rugged terrain limits groundwater availability (Tariq et al., 2021). The National Integrated 
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Water Resources Management Plan (2016) highlights that very little is known about the country’s 

groundwater resources, and their extent remains largely unassessed (NEC, 2016). Nevertheless, 

a few localized groundwater studies in Thimphu and Phuentsholing municipalities have facilitated 

evidence-based decisions in municipal water resource management by identifying potential 

groundwater zones, assessing aquifer characteristics such as yield and seasonal variations in 

water availability, thereby contributing to improved planning for water supply augmentation and 

reduced reliance on surface water sources (Thapa et al., 2022, Thongley et al., 2023, Gyeltshen 

et al., 2023). Additionally, a  preliminary electrical resistivity tomography (ERT) study, conducted 

in 2022 in Gelephu, Sarpang District, provides initial insights into subsurface water potential, 

identifying saturated zones at varying depths in two locations, while no significant detection was 

made in the third (DGM, 2022). 

Sarpang District, situated in south-central Bhutan, exemplifies a region facing emerging water 

shortage challenges. The Assessment and Mapping of Water Sources in Bhutan (2021) reports 

that 47.5% of surface water sources in Sarpang District are drying up (WMD, 2021). Although the 

region receives abundant rainfall and is traversed by many rivers and streams during the monsoon, 

residents face flooding in the wet season and severe water shortages during the dry months (DAS, 

2018). The current population of Sarpang is 48,095 people (NSB, 2017). Notably, none of Bhutan’s 

major river systems flow through the district, further increasing its vulnerability to water scarcity. 

This challenge is compounded by the planned Gelephu Mindfulness City, which will span 2,600 

km², encompassing the entire Sarpang District and parts of two adjacent districts, and is expected 

to accommodate approximately 1.2 million people in the coming decades (GMC, 2024). 

Furthermore, the city’s development will be centred around seven core economic areas: 

spirituality, health and wellness, education and knowledge, green energy and technology sectors, 

finance, agri-tech and forestry, and the airport economy (GMC, 2024).  

Apart from the limited ERT study conducted in three areas of Gelephu, no comprehensive 

groundwater studies have been undertaken in the district. As the region faces growing water 

shortages driven by climate variability, increasing demand, and the decline of surface water 

sources, groundwater exploration and management have become critical. This study seeks to 

address these gaps by assessing where the most promising groundwater potential zones are 

located. Using multi-criteria decision analysis (MDCA) approach, integrating GIS, RS and the AHP. 

GIS enables spatial analysis and data integration and RS supplies key datasets like land cover 

and terrain, while AHP provides a systematic approach to weighting the importance of each factor. 

The study incorporates parameters such as geology, slope, soil type, rainfall, land use land cover, 
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drainage, and lineament density to produce a groundwater potential map. These findings will offer 

an evidence-based foundation for sustainable groundwater exploration, strategic planning, and 

efficient water resources management. In particular, the study supports the long-term water 

security needs of large-scale developments like the Gelephu Mindfulness City by identifying viable 

groundwater sources that can complement surface water systems, ensuring a resilient and reliable 

water supply for future urban growth. 
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2. STUDY AREA

2.1. Location 

Located in south-central Bhutan, Sarpang District, the study area, extends between 26°51'50.22"N 

latitude and 90°16'2.82"E longitude. It covers an area of approximately 1,655 km2 and lies within 

the 2,500 km2 designated for the Gelephu Mindfulness City. Sarpang exhibits significant altitudinal 

variation, ranging from 168 meters to 4,199 meters above sea level (Figure 1). This substantial 

topographic range gives rise to diverse ecological zones, microclimates, and temperature 

gradients across the district (DGM, 2022, DAS, 2018).  

Figure 1. A comprehensive map of the Sarpang district study area, generated using the SRTM 
Global Digital Elevation Model (DEM). 

2.2. Climate and hydrology 

Southern foothills experience hot and humid summers, with annual average temperatures often 

exceeding 30°C, while the northern highlands are considerably cooler, with winter temperatures 

occasionally falling as low as 13°C (DAS, 2018). The district experiences a prolonged subtropical 

Figure removed due to copyright restriction.
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monsoon weather marked by distinct wet and dry seasons, with rainfall usually beginning in May 

and continuing through September, while October to March remain relatively dry (Figure 2 b). 

Annual precipitation ranges from 1,000 mm to 4,199 mm, generally decreasing from the southern 

lowlands to the northern highlands  (DAS, 2018). Several rivers and streams, along with numerous 

tributaries, drain Sarpang, most notably the Mao Khola and Taklai Rivers. A large number of these 

streams are seasonal in nature and commonly experience drying periods throughout the winter 

months (WMD, 2021).  However, none of Bhutan’s major river systems flow through the district. 

Figure 2: (a) Monthly average minimum and maximum temperatures, and (b) monthly and annual 
rainfall from 1996 to 2024, recorded at the Bhur Weather Station. Data source: National Centre 

for Hydrology and Meteorology (NCHM, 2024).  

Figure removed due to copyright restriction.

Figure removed due to copyright restriction.
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3. MATERIAL AND SOURCES

This study used a range of spatial and thematic datasets to estimate and locate groundwater 

potential areas in Sarpang District, Bhutan. ArcGIS Pro 3.4.0 was the primary software used for 

processing thematic layers and data in this study.  

Sarpang district, sub-block maps and river maps: The district and sub-block administrative maps 

and river maps were obtained from the National Land Commission, Royal Government of Bhutan. 

Digital Elevation Model (DEM): A 30m resolution Shuttle Radar Topography Mission (SRTM) 1 

Arc-Second Global DEM was acquired from the USGS Earth Explorer platform (USGS, 2014). The 

DEM was processed in GIS to derive three topographic parameters - slope, lineament density, and 

drainage density.  

Rainfall map and data: Rainfall data processing involved two data sources: local rainfall data 

from 1996 to 2024 retained with the National Centre for Hydrology and Meteorology (NCHM), 

Bhutan for spatial validation and long-term rainfall data map from WorldClim version 2.1 climate 

dataset (Fick, 2017).  

Soil map: Soil type map was prepared using the 1:250,000 scale soil map of Bhutan obtained from 

the National Soil Service Centre (NSSC) under the Department of Agriculture, Ministry of 

Agriculture and Livestock, Bhutan.  

Geology map: A 1:500,000 scale geologic map of Bhutan prepared by Long et al. (2011), was 

sourced in Keyhole Mark-up Language zipped format (kmz) from Department of Geology and 

Mines, Ministry of Energy and Natural Resources, Bhutan for the geologic thematic map.   

Land Use and Land Cover (LULC) map: The 10m resolution LULC map of Bhutan 2016 was 

obtained from National Land Commission Secretariat (NLCS), Bhutan, and was used in preparing 

LULC as one of the thematic maps influencing the groundwater recharge. 
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4. METHODOLOGY

The methodology consists of four main components: selection of groundwater-influencing factors, 

preparation of thematic layers, application of the AHP to derive factor weights, and final mapping 

of groundwater potential zones (GPZs) using the weighted overlay analysis (WOA) method. While 

AHP provides a structural framework for determining the relative importance of each factor, it is 

the WOA method that integrates these weighted layers to generate the final GPZ map.  

Figure 3: Overview of the methodology used for groundwater potential mapping. 

4.1. Selection of groundwater-influencing factors 

Groundwater recharge is governed by a complex interplay of factors, including soil type, geological 

and lithological characteristics, rainfall distribution, LULC, slope gradient, drainage patterns, 

lineament density, geomorphology, and proximity to rivers, among others (Díaz-Alcaide and 

Martínez-Santos, 2019, Atalla et al., 2024, Derdour et al., 2022). Findings from studies using the 

multi-influencing factor, analytical hierarchy process, and frequency ratio methods indicate that 

lithology, rainfall, soil type, and lineament density are the most influential factors in determining 

groundwater potential (Ahmed et al., 2021). Fildes et al. (2020) classify groundwater-influencing 

factors into three categories based on their function: rainfall and aspect fall under the ‘supply’ 
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category; lithology and lineaments represent ‘infiltration pathways’; and slope and the topographic 

wetness index belong to the ‘opportunity’ group (Fildes et al., 2020). Based on the review of the 

selected literature, as summarized in Figure 3, this study assumes that factors more frequently 

cited, such as geology, lineament density, drainage density, rainfall, land use land cover, slope 

and soil type, exert a stronger influence on groundwater recharge process, and thus have been 

selected for their consistent relevance and demonstrated impact on groundwater potential 

mapping. 

All thematic layers were projected to the DRUKREF 03 Bhutan National Grid coordinate system 

and resampled to a spatial resolution of 100 m by 100 m. 

Figure 4: Frequency of groundwater influencing factors used for 21 groundwater potential studies 
conducted in sub-Indian continent and African countries, using GIS, RS and AHP.  

 4.2. Application of Analytical Hierarchy Process 

Groundwater potential mapping involves evaluating the relative importance of multiple spatial and 

thematic factors that influence groundwater occurrence and recharge, providing the basis for 

applying the AHP to assign weights to each factor. The Analytical Hierarchy Process (AHP) 

effectively aids decision-makers in handling complex, conflicting, and subjective criteria, and when 

integrated with GIS and remote sensing (RS), AHP facilitates the delineation of groundwater 
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potential zones by weighting and overlaying thematic layers (Ishizaka and Labib, 2009, Beden et 

al., 2023).  In the AHP method, groundwater-influencing factors are assigned weights based on 

their relative importance using a scale from 1 to 9, as shown in Table 1. The procedure includes 

preparing a pairwise comparison matrix, normalizing it, calculating normalized weights, deriving 

the weighted sum vector for feature eigenvalue estimation, computing the principal eigenvalue, 

and then determining the consistency index and consistency ratio using Saaty’s random index as 

shown in Table 2. 

In the pairwise comparison process, each thematic factor is compared with others using a scale of 

1 to 9 to reflect its relative importance, forming a matrix essential for calculating the normalized 

principal eigenvector that represents the parameter weights (Saaty, 1977, Homtong et al., 2024). 

In this study, expert judgments from four individuals, a hydrologist, a geospatial scientist and two 

environmentalists, were used to construct the pairwise comparison matrix, calculate eigenvalues, 

and assess consistency using Goepel’s row geometric mean method through an online AHP 

calculator and excel worksheet (Goepel, 2018). Table 3 presents the pairwise comparison 

Table 1. A numerical scale used for pairwise comparisons in AHP (Saaty, 1977) 

Intensity of 

importance 
Definition Explanation 

1 Equal importance Two elements contribute equally to the objective 

 3 Moderate importance 
Experience and judgment slightly favour one element 

over another 

 5 Strong Importance 
Experience and judgment strongly favour one 

element over another 

 7 
Very strong 

importance 

One element favoured very strongly over another, it 

dominance is demonstrated in practice 

9 Extreme importance 
The evidence favouring one element over another is 

of the highest possible order of affirmation 

2,4,6,8 are intermediate values between two adjacent judgments when compromise is needed 

Table 2. Random index (RI) values for n factors (Saaty, 1977) 

n 1 2 3 4 5 6 7 8 9 10 11 

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 1.51 
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matrices, eigenvalue-derived weights, and consistency ratios for individual experts’ scores, 

alongside the consolidated matrix and its corresponding eigenvalue weights.  

To normalize the matrix, the sum of each column is first calculated. Then, each element in the 

pairwise comparison matrix is divided by the total of its respective column, using Eq. (1). 

Normalized matrix value = 
Aij

Column sum of j
 (1) 

A is pair comparison matrix, i = row index and j = column index 

Next, the weight assigned to each factor is obtained by calculating the average of the normalized 

values across its respective row, as illustrated in Equation (2). 

 Normalized Weight (w)=∑
Normalized matrix(ij) 

n

n

j=1
 (2) 

 n= number of factors 

Eq. (3) is used to derive the weighted sum vector (Aw), achieved by multiplying the pairwise 

comparison matrix with the corresponding normalized weight vector (w). This calculation indicates 

the contribution of each criterion to the overall priority. 

 Weighted sum vector (Aw)=∑  Aij x wjn
j=1   (3) 

To calculate the average principal eigenvalue (λ), the eigenvalue for each factor is first computed 

using Eq. (4), and the average of these values, obtained using Eq. (5), represents the principal 

eigenvalue. 

Eigenvalue for each factor λi = 
 Aw (i)

w(i)
 (4) 

 Principal Eigenvalue (λmax) = 
 Ʃλi

n
 (5) 

In AHP, the Consistency Ratio (CR) plays an important role in verifying whether the weights 

derived from the pairwise comparison matrix are logically inconsistent, an essential aspect of the 

methodology (Fildes et al., 2020). Eq. (6) is used to compute the Consistency Ratio (CR), with 0.1 

(10%) defined by Saaty as the upper limit for acceptable consistency (Homtong et al., 2024).  
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 Consistency Ratio (CR) = 
CI

RI
 (6) 

Consistency index (CI) is calculated using Eq. (7) and random index (RI) is derived from Saaty’s 

RI values, which is 1.32 for 7 factors from Table 2.     

 Consistency index (CI) =
λmax-n

n -1
 (7) 

As shown in Table 3, geology has the highest contribution at 29%, followed by lineament density 

at 20%. The least contributing factor, based on the consolidated matrix, is land use land cover, 

contributing only 6%. 

Table 3. Pairwise comparison matrices, factor weights, and consistency ratios from four expert 
participants, including consolidated values and consensus score 

SN 
Influencing factor 1 2 3 4 5 6 7 

Normalized 

eigenvalue (w) 

Expert 1 (E-1) 

1 Geology 1 1 3 3 3 6 7 0.289 

2 Lineament density 1 1 3 4 5 5 6 0.312 

3 Slope 1/3 1/3 1 1 2 2 4 0.115 

4 Rainfall 1/3 1/4 1 1 1 2 5 0.105 

5 Drainage density 1/3 1/5 1/2 1 1 2 4 0.090 

6 Soil 1/6 1/5 1/2 1/2 1/2 1 3 0.059 

7 Land use land cover 1/7 1/6 1/4 1/5 1/4 1/3 1 0.030 

Consistency ratio = 0.026 

Expert 2 (E-2) 

1 Geology 1 1 4 4 4 5 7 0.307 

2 Lineament density 1 1 4 4 4 5 7 0.307 

3 Slope 1/4 1/4 1 1 1 3 5 0.104 

4 Rainfall 1/4 1/4 1 1 1 3 5 0.104 

5 Drainage density 1/4 1/4 1 1 1 3 4 0.099 

6 Soil 1/5 1/5 1/3 1/3 1/3 1 3 0.051 

7 Land use land cover 1/7 1/7 1/5 1/5 1/4 1/3 1 0.028 

Consistency ratio = 0.033 
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Expert 3 (E-3) 

1 Geology 1 5 3 1/7 3 1/4 1/4 0.089 

2 Lineament density 1/5 1 1/2 1/8 1/4 1/5 1/7 0.027 

3 Slope 1/3 2 1 1/8 1/2 1/5 1/7 0.037 

4 Rainfall 7 8 8 1 8 4 5 0.435 

5 Drainage density 1/3 4 2 1/8 1 1/6 1/6 0.053 

6 Soil 4 5 5 1/4 6 1 2 0.195 

7 Land use land cover 2 7 7 1/5 6 1/2 1 0.165 

Consistency ratio= 0.085 

Expert 4 (E-4) 

1 Geology 1 2 1/2 1/4 3 1/2 3 0.112 

2 Lineament density 1/2 1 1/3 1/7 1/3 1/2 2 0.056 

3 Slope 2 3 1 1/3 4 4 2 0.193 

4 Rainfall 4 7 3 1 6 5 7 0.412 

5 Drainage density 1/3 3 1/4 1/6 1 1/2 1 0.067 

6 Soil 2 2 1/4 1/5 2 1 2 0.107 

7 Land use land cover 1/3 1/2 1/2 1/7 1 1/2 1 0.052 

Consistency ratio = 0.068 

Consolidated 

Eigenvalue and 

percentage 

1 Geology 1 1 7/9 3 1/2 1 4/5 4 2 1/2 3 3/4 0.292 29 

2 Lineament density 5/9 1 2 1 7/9 2 1/3 2 1/9 2 5/9 0.198 20 

3 Slope 2/7 1/2 1 7/9 1 2/5 1 1/4 2 0.107 11 

4 Rainfall 5/9 5/9 1 2/7 1 2 1 6/7 4 2/5 0.164 16 

5 Drainage density 1/4 3/7 5/7 1/2 1 3/4 1 1/2 0.078 8 

6 Soil 2/5 1/2 4/5 1/2 1 1/3 1 3 0.106 10 

7 Land use land cover 1/4 2/5 1/2 2/9 2/3 1/3 1 0.055 6 

Consistency ratio = 0.017 

Expert consensus score = 55.8% 

Each influencing factor includes sub-classes that vary in their impact on groundwater potential.  

Each factor was further divided into five sub-categories, ranked on a scale from 1 to 5, where 5 

indicates the highest and 1 the lowest contribution based on their characteristics related to 

groundwater potential. As shown in Table 4, pairwise comparison matrices, normalization 

matrices, normalized eigenvalues, consistency indices, and consistency ratios were calculated for 

the sub-classes of each factor using the Goepel’s (2013) online AHP calculator.
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Table 4. Pairwise comparison matrices, normalized eigenvalue, consistency ratios and weighted overlay score of subclasses under each 
factor 

Influencing 
features 

Normalized 
eigenvalue (w) 

Subclasses 1 2 3 4 5 
Normalized 
eigenvalue (wi) 

AHP weighted 
overlay contribution 
scale (from 1-5) 

Geology 0.292 

(1) Quaternary sediments 1 3 4 5 6 0.416 5 

(2) Buxa-Tethyan group
(Ordivician) 1/3 1 3 4 5 

0.262 4 

(3) Sub-Himalayan zone
(Miocene-Pliocene) 1/4 1/3 1 3 4 

0.161 3 

(4) Greater Himalayan zone
(Neoprotezoroic-Ordovician) 1/5 1/4 1/3 1 2 

0.099 2 

(5) Buxa Group-Daling formation
(Paleoprotezoroic)

1/6 1/5 1/4 1/2 1 
0.062 1 

Consistency ratio: 0.055 

Lineament 
density 
(km/sq.km) 

0.198 

(1) > 5 1 2 3 4 5 0.416 5 

(2) 4 - 5 1/2 1 2 3 4 0.262 4 

(3) 3 - 4 1/3 1/2 1 2 3 0.161 3 

(4) 2 - 3 1/4 1/3 1/2 1 2 0.099 2 

(5) < 2 1/5 1/4 1/3 1/2 1 0.062 1 

Consistency ratio: 0.015 

Slope 
(degrees) 

0.107 

(1) < 5
1 3 5 7 9 0.505 5 

(2) 5 - 15
1/3 1 3 5 6 0.254 4 

(3) 15 - 25 1/5 1/3 1 3 5 0.136 3 

(4) 25 - 35
1/7 1/5 1/3 1 3 0.069 2 

(5) > 35
1/9 1/6 1/5 1/3 1 0.036 1 

Consistency ratio: 0.055 

Rainfall (mm) 0.164 

(1) > 3600 1 2 3 4 6 0.423 5 

(2) 2901 - 3600 1/2 1 2 3 5 0.269 4 

(3) 2300 - 2900
1/3 1/2 1 2 3 0.157 3 
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(4) 1801 - 2300 1/4 1/3 1/2 1 2 0.096 2 
(5) < 1800 1/6 1/5 1/3 1/2 1 0.055 1 

Consistency ratio: 0.01 

Drainage 
density 
(km/sq.km) 

0.078 

(1) < 1 1 2 3 4 5 0.416 5 

(2) 1 - 2 1/2 1 2 3 4 0.262 4 

(3) 2 - 3 1/3 1/2 1 2 3 0.161 3 

(4) 3 - 4 1/4 1/3 1/2 1 2 0.099 2 

(5) > 4 1/5 1/4 1/3 1/2 1 0.062 1 

Consistency ratio: 0.015 

Soil types 0.106 

(1) Eutric cambisols 1 2 3 4 5 0.416 5 

(2) Dystric cambisols 1/2 1 2 3 4 0.262 4 

(3) Haplic cambisols 1/3 1/2 1 2 3 0.161 3 

(4) Athraquic cambisols 1/4 1/3 1/2 1 2 0.099 2 

(5) Skeletic cambisols 1/5 1/4 1/3 1/2 1 0.062 1 

Consistency ratio: 0.015 

Land use land 
cover 

0.055 

(1) Water bodies 1 2 5 7 9 0.464 5 

(2) Forest and meadows 1/2 1 3 5 8 0.284 4 

(3) Shrubs and cultivated
agriculture 1/5 1/3 1 3 7 0.143 

3 

(4) Alpine and non-built up areas 1/7 1/5 1/3 1 5 0.078 2 

(5) Landslides, built-ups and rocky
outcrops 1/9 1/8 1/7 1/5 1 0.031 

1 

Consistency ratio: 0.073 
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4.3. Weighted overlay analysis 

A Groundwater Potential Suitability Index was developed using the ‘Weighted Overlay Analysis’ 

tool to generate the groundwater potential zone map. This method integrates the contributions of 

seven selected influencing variables, each weighted according to their relative importance derived 

from the AHP pairwise comparison matrices (Table 3). Within each factor, sub-classes were 

assigned scaled weights from 1 to 5 based on their influence on groundwater potential (Table 4). 

The final index combines the weighted influence of each factor and its sub-classes, as shown in 

Eq. (8). 

 GP = RfwRfwi + SlwSlwi + LULCwLULCwi + SwSwi + GwGwi + DDwDDwi + LDwLDwi    (8) 

Where, the thematic layers are Rainfall (Rf), Slope (Sl), Land Use Land Cover (LULC), Soil (S), 

Geology (G), Drainage Density (DD), and Lineament Density (LD). The normalized weight 

assigned to each thematic layer is denoted by ‘w’ (Table 3), while ‘wi’ represents the normalized 

weight of the sub-classes within each layer (Table 4).  
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5. RESULTS AND DISCUSSION

5.1. Geology 

The lithology and structural geology of the region play a critical role and are the most significant 

factors in defining groundwater potential, as they govern subsurface water movement through 

various rock types, structural features, and formation boundaries identified in geological maps 

(Díaz-Alcaide and Martínez-Santos, 2019, Adama et al., 2024, Sarkar et al., 2022). The geologic 

map, derived from the 1:500,000 Geological map of Bhutan by Long et al. (2011), reveals a range 

of distinct geological formations (Figure 5). Quaternary sediments found in the study area are 

unconsolidated sediments consisting of rounded pebbles to boulders in clayey-sandy matrices, 

often forming terraces and fans in foothills and valleys (Bharga, 1995).  Although it is known to 

have a high positive influence on groundwater recharge, its spatial extent in the area is limited. 

Sub-Himalayan Siwalik (Miocene-Pliocene) formations in the south-east flood plains form 2.8% 

of the area and are correlated with clay and tan to grey coarse-grained and conglomeratic 

sandstone, which have moderate groundwater recharge factor, particularly the porous sandstone 

(Bharga, 1995, Gyeltshen et al., 2023).  Bharga (1995) describes the Buxa group 

(Neoproterozoic–Cambrian covers 38.9% of the area) as a geology group with varying 

thicknesses of limestone, dolomite, quartzite and shale, and Thapa et al. (2022) describe it as 

highly fractured schists, slates, and phyllites.  While, dolomite and limestone with karst fractures 

and highly fractured schist favour groundwater infiltration, quartzite and shale are known for their 

impermeability (Gyeltshen et al., 2020, Gyeltshen et al., 2023, Thapa et al., 2022). Lithology for 

Daling-Shumar (Paleoproterozoic) formation group covering 8% is described to predominantly 

have green phyllite and schist fine-grained quartzite inter-beds, which is favourable for water 

infiltration (Bharga, 1995, Thapa et al., 2022, Gyeltshen et al., 2023, NSSC, 2024). The Greater 

Himalayan Zone (Neoproterozoic–Ordovician and Cambrian–Ordovician), which is still under 

research (Long et al., 2011), constitutes a substantial section of the area, covering 49.5% of the 

central and northern regions. It is characterized by weathering, granitic orthogneiss composition, 

and abundant feldspar, all of which have varying influences on groundwater recharge (Thapa et 

al., 2022).   

Each geological subclass is weighted according to its respective role in affecting groundwater 

availability (Table 4).  
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Figure 5: Geological features of the study area, adapted from Long et al. (2011). 

5.2. Lineament density 

Lineaments, which are surface expressions of faults or fractures often visible as straight 

alignments in satellite imagery, play a vital role with higher secondary porosity and permeability, 

thereby facilitating groundwater movement and recharge (Gupta et al., 2022, Shelar et al., 2023, 

Fildes et al., 2025). The lineaments were derived from 1:500,000 geologic map and DEM-derived 

hill-shades with the different (90-60, 150-30, 50-90, 100-60, 200 50, 315-45) Azimuth-Altitude 

combinations. The lines created were further processed into lineament density (LD) using the line 

density tool of GIS. The LD is the total kilometre of lineaments per square kilometre using Eq. (9) 

within 100 m x 100 m resolution, consistent with other factors.  

Lineament density (LD) =
Total length of lineament in a unit area (km)

 Area of the unit (km2)
(9)

Figure removed due to copyright restriction.
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Regions exhibiting greater lineament density are regarded as more conducive to groundwater 

recharge and are therefore assigned higher priority in the AHP weighting process (Gupta et al., 

2022). The LD values have been classified into five scale categories (1-5) using the Natural 

Breaks (Jenks) optimization method. 

Figure 6: Lineament and lineament density map derived from 30m resolution SRTM 1 Arc-
Second Global DEM.   

5.3. Slope 

Slope affects the rate of infiltration and the pattern of surface runoff, which in turn influences 

groundwater recharge. Steeper slopes promote rapid surface runoff and hinder infiltration, while 

flatter and gentler terrains facilitate higher infiltration rates, enhancing groundwater recharge 

(Atalla et al., 2024). A slope map derived from a 30 m DEM using slope analysis tools in GIS 

ranges from flat to very steep with a maximum of 35 degrees. Most of the southern belt and river 

valleys range from flat to very gentle, while the central and northern parts are mostly steep terrain. 

Flatter slopes generally promote infiltration and receive higher ranking in the AHP process, while 

Figure removed due to copyright restriction.
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steeper areas contribute more to surface runoff and are assigned lower weights. The slope layer 

was resampled into standard 100 m x 100 m resolution for weighted overlay.  

Figure 7: Slope map based on 30 m resolution SRTM 1 Arc-Second Global DEM. 

5.4. Rainfall 

Rainfall is widely recognized as one of the most significant hydrological factors contributing to 

groundwater, as it directly determines the amount of available water for infiltration into the 

subsurface (Maizi et al., 2023, Adama et al., 2024, Mukherjee et al., 2012). A long-term annual 

rainfall data map obtained from WorldClim version 2.1 with rainfall data records from 1970-2000 

(Fick, 2017), was processed within the study area using the GIS spatial analyst tool. The map is 

classified into different rainfall zones consistent with other factors, each representing varying 

levels of groundwater recharge potential. As evident from Figure 8, the south-east region receives 

higher annual rainfall (not less than 3500 mm) while the northern parts receive less annual rainfall 

(below 1800 mm). Different rainfall zones are assigned different weights in AHP, and high rainfall 

zones are assigned with higher weights as they contribute more to recharge. The classified map 

is resampled to 100 m x 100 m resolution for overlay weighting.  

Figure removed due to copyright restriction.
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Figure 8: Sarpang district rainfall map derived from WorldClim version 2.1 climate with dataset 
from 1970-2000.  

5.5. Drainage density 

Drainage density (DD) quantifies how closely spaced the drainage networks are in a particular 

area, expressed as the total drainage length per unit area, which inversely affects groundwater 

recharge. Low drainage density areas, indicative of higher infiltration and lower runoff, are ranked 

higher in AHP and conversely, high drainage density areas suggest poor recharge conditions due 

to lower infiltration from more runoff (Mukherjee et al., 2012). It is derived from hydrological 

analysis of a DEM by using series of GIS tools: filling for hydrological correction, creating flow 

direction and accumulation, generating drainage network and stream order. The DD is calculated 

as total drainage length per unit area using Eq. (10). 

Drainage density (DD) = 
Total length of drainage in a unit area (km)

 Area of the unit (km2)
(10) 

Figure removed due to copyright restriction.
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The DD map is classified into 5 categories using the Natural Breaks (Jenks) optimization method, 

which determines the weights in AHP overlay weight analysis.   

Figure 9: Drainage network and drainage density map of Sarpang district derived from SRTM 1 
Arc-Second Global DEM.  

5.6. Soil 

Soil type significantly influences groundwater recharge by determining how effectively water 

infiltrates into the subsurface, largely based on the soil’s permeability and its capacity to retain 

moisture, with sandy loam exhibiting high infiltration rates and good groundwater potential, while 

clay has low infiltration rates and limited groundwater potential (Lentswe and Molwalefhe, 2020, 

Saranya and Saravanan, 2020, Phoemphon and Terakulsatit, 2023). The study area soil map 

was processed from the Bhutan Soil Map, obtained from the National Soil Protection and Service 

Centre, 2024 Bhutan. The soil map has the following soil types - Dystric Cambisols, Eutric 

Cambisols, Anthraquic Cambisols, Skeletic Cambisols, and Haplic Acrisols. They have varying 

implications on infiltration, recharge, and storage capacity (NSSC, 2024). The predominant soil 

type in the study region is Cambisols, which generally have high clay and silt content, resulting in 

Figure removed due to copyright restriction.
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low permeability and high water retention that can limit groundwater recharge (Ružičić et al., 

2019). Among these, Dystric Cambisols are the most widespread, covering 93% of the study area, 

followed by Eutric and Anthraquic Cambisols, with minor occurrences of Skeletic Cambisols. 

Figure 10: Soil types of the study area, Sarpang district (NSSC, 2024). 

5.7. Land use - land cover 

Land use and land cover (LULC) directly influence water recharge, evapotranspiration, and runoff, 

thereby affecting the infiltration and groundwater recharge capacity of a watershed or sub-basin. 

LULC data also provide essential information on soil moisture, surface water, groundwater, and 

serve as indicators for groundwater potential development (Homtong et al., 2024, Phoemphon 

and Terakulsatit, 2023). In the study area, as shown in Figure 11, forests dominate the landscape, 

covering 1,484 km² or 90 % of the total area. Forested regions play a crucial role in groundwater 

recharge, as vegetative cover significantly influences actual recharge rates (DWLBC, 2002). 

(Hümann et al., 2011) note that “soils under natural forests tend to be relatively porous with high 

Figure removed due to copyright restriction.
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infiltration rates, which lowers the rates of surface runoff.” Cultivated agricultural land occupies 81 

km², representing 5 % of the study area. Such lands can be favorable for recharge depending on 

soil type, crop type, and irrigation practices (Murphy et al., 2021). The study area also contains 

minor proportions of other LULC categories: shrubs (3 %), meadows, water bodies, built-up areas, 

non-built-up areas, alpine scrubs, and rocky outcrops, all of which exert varying degrees of 

influence on groundwater recharge. 

Figure 11: Land use - land cover types of Sarpang district derived from LULC map of NLCS, 
2016.  

5.8. Groundwater potential map 

The Groundwater Potential Zone (GPZ) map for Sarpang District, developed using AHP, 

categorizes the extensive study area into three zones: High, Moderate, and Low Potential as 

shown in Figure 12.  

Figure removed due to copyright restriction.
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Figure 12: Groundwater potential map of Sarpang district categorized into three zones based on 
55.8% consensus weights scoring from four expert participants.  

From Table 5, the high groundwater potential zone covers approximately 327 square kilometres, 

representing 21 % of the total study area. These zones are primarily spread at the southern 

border, mainly concentrated within south-central plains as shown in Figure 12. Except for lower 

lineament density, the distribution corresponds to other favourable hydrogeological conditions 

such as flat topography and high rainfall (Figure 7 and 8). These factors have a strong positive 

Table 5. Groundwater potential zone categories and their respective composition 

Area (sq.km) Percentage Groundwater potential 

445 28 Low 

795 51 Moderate 

327 21 High 

Figure removed due to copyright restriction.
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influence on groundwater recharge. The combination of high infiltration capacity and proximity to 

drainage networks in these regions further enhances groundwater recharge, making them highly 

suitable for groundwater development. The moderate potential zone occupies the largest study 

area, measuring 795 km2, which is approximately 51% of the total area. This zone predominantly 

extends across the central parts of the district, which is characterized by gently sloping terrain 

and mixed land use (Figure 7 and 11). These areas offer relatively favourable conditions for 

groundwater occurrence, though not as optimal as the high-potential zones. The remaining 445 

km2, accounting for 28% of the study area, falls under the low groundwater potential zone, 

primarily located in the northern region. This area is characterized by steep slopes, rugged terrain, 

and low rainfall area, all of which limit groundwater recharge. These findings provide valuable 

information for strategic groundwater planning by identifying areas with higher groundwater 

potential, thereby supporting informed decision-making for sustainable water resource 

development. 

5.9. Conformity with Electrical Resistivity Tomography test 

Electrical Resistivity Tomography (ERT) is a geophysical method that generates high-resolution 

subsurface images by mapping variations in the electrical resistivity of rocks, minerals, and other 

materials (Torgashov, 2012). It is widely used in groundwater exploration to investigate and 

assess subsurface water resources (Norooz et al., 2024). In 2022, ERT surveys were conducted 

at three locations; Pelrithang, Dzomlingthang, and Lekithang within the Gelephu block of Sarpang 

District, investigating subsurface conditions to depths of approximately 40 to over 100 meters, 

with the depth to the water table inferred from sharp drops in resistivity values interpreted as 

saturated zones (DGM, 2022). As evident from Figure 13, at Pelrithang, a notable drop in 

resistivity values at around 40–50 meters depth was interpreted as a saturated zone, while at 

Dzomlingthang, a similar decline at around 20 meters indicated potential aquifer presence. In 

contrast, Lekithang exhibited limited low-resistivity zones and no clear evidence of saturation, 

suggesting the absence of significant groundwater-bearing formations.  
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Figure 13: 3-D inversion results showing subsurface layers at (a) Pelrithang, (b) Dzomlingthang, 
and (c) Lekithang. Source: DGM (2022) 

However, the report cautions that the resistivity values are inherently non-unique and can be 

influenced by various factors such as clay content, soil moisture, and compaction (DGM, 2022). 

As such, distinguishing between true aquifer zones and fine-grained, conductive materials 

remains challenging without supporting data such as borehole logs. 

(c) 

Figure removed due to copyright restriction.

Figure removed due to copyright restriction.

Figure removed due to copyright restriction.
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Furthermore, while Pelrithang and Dzomlingthang fall within the high groundwater potential zones 

identified by the AHP-based model, the spatial overlap should be interpreted with caution. The 

AHP method involves subjective weighting and relies on generalized datasets, which introduces 

uncertainty. Therefore, although there is general agreement between ERT results and AHP 

predictions in some areas, this convergence alone is not sufficient to confirm groundwater 

presence without ground-truthing. 

Figure 14: Comparison of Electrical Resistivity Tomography (ERT) test locations with AHP-
derived groundwater potential zones.  

Figure removed due to copyright restriction.
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6. UNCERTAINTY AND LIMITATIONS

A key component of the AHP is the assignment of weights to influencing factors. These weights 

are typically based on an individual’s perceived importance of each factor in relation to the desired 

outcome (Fildes et al., 2020). However, Diaz-Alcaide and Martínez (2019) argue that this method 

of assigning weights based on personal judgment is fundamentally rudimentary, introducing a 

high degree of subjectivity and potential bias into the analysis. To mitigate this issue, an 

alternative approach involves consensus-based weighting, where multiple experts provide their 

judgments, and a consolidated weight is derived for the AHP analysis (Fildes et al., 2020). In this 

study, the consensus score was calculated using Goepel’s (2018) AHP calculator, which 

quantifies the level of agreement among expert judgments. The resulting consensus score was 

55.8%, which, according to Goepel’s consensus indicator (see Table 6), is considered ‘low 

consensus’. This low consensus score highlights the inherent anomaly and subjectivity in expert 

judgment when assigning weights.  

Table 6. AHP consensus indicator (Goepel, 2013 cited in Fildes et al., 2020) 

Indicator (%) Consensus 

≤ 50 % Very low 

50-65 % Low 

65-75% Moderate 

75-85 % High 

≥ 85 % Very high 

To assess scoring anomalies, groundwater potential (GWP) maps were generated using the 

individual AHP weights provided by each expert, as shown in Figure 15. The differences in 

weights assigned by individual experts resulted in distinct groundwater potential maps. When 

these individual maps are compared with the consensus-based map, notable variations become 

evident, highlighting the inherent uncertainty in expert judgment. Nevertheless, all four individual 

maps consistently identify the northern region as a low groundwater potential area, indicating a 

shared assessment despite variations in weighting. 
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Figure 15: Groundwater potential zones generated using individual AHP scores (normalized 
eigenvalues in Table 3) from four experts (E-1, E-2, E-3, and E-4). 

Another source of uncertainty in the AHP method stems from the assumption of independence 

among influencing factors during weight assignment, an oversimplification that excludes 

associated uncertainties and may misrepresent each factor's true influence on groundwater 

potential (Radulović et al., 2022).  In reality, groundwater factors often interact in complex ways, 

where one can amplify or suppress another’s influence, distorting the assigned weights. 

Additionally, both individual and collective judgement can introduce bias into the results. To 

address these limitations, studies have increasingly applied methods like multi-influencing factor 

(MIF) approach, which offer a systematic approach to parameter weighting by comparing 

parameters pairwise and assigning values based on their mutual influence on each other, while 

Fuzzy AHP accounts for uncertainty and variability in expert judgements (Radulović et al., 2022, 

Fildes et al., 2025). Reliance on accurate and high-quality data also limits the AHP method. Al 

Hazza et al. (2023) argues that although AHP effectively prioritizes influencing factors, the 

Figure removed due to copyright restriction.
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reliability of its results depends heavily on the clarity and precision of input data. In this study, 

broadly available free-scale maps were used, while incorporating more detailed and accurate 

datasets could significantly improve the accuracy of the results. 
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7. CONCLUSION AND RECOMMENDATIONS

This study successfully applied the AHP for groundwater potential zone mapping in Sarpang 

District, Bhutan, by integrating seven thematic factors: geology, slope, land use/land cover, soil 

type, rainfall, lineament density, and drainage density. The AHP approach proved to be a cost-

effective and efficient method for identifying and narrowing down areas with high groundwater 

potential. To support the interpretation of the AHP-based results, comparisons were made with 

ERT findings, which showed areas of general alignment, particularly in Pelrithang and 

Dzomlingthang. While not conclusive, this suggests that AHP can be a useful and cost-effective 

tool for preliminary groundwater assessment, offering strategic insights for planners and 

policymakers. 

However, the results are not without limitations. A key concern lies in the subjectivity of weight 

assignment, which often depends on expert judgment. In this study, the consensus score among 

four experts was 55.8%, indicating low agreement and highlighting the potential for bias. 

Additionally, AHP assumes independence among influencing factors, which oversimplifies the 

complex, interrelated nature of hydrogeological variables. The reliance on freely available, 

coarse-resolution datasets further constrains the accuracy of the results. To mitigate these 

uncertainties, future studies should adopt consensus-based weighting methods, use high-

resolution and site-specific data, and consider advanced hybrid approaches such as Fuzzy AHP 

or the Multi-Influencing Factor method to better capture factor interdependencies. 

Ultimately, while AHP is a valuable tool for preliminary groundwater exploration, it should not 

replace detailed field investigations. Instead, it should be integrated with field-based validation 

methods such as ERT and bore well drilling to increase the accuracy and confidence of 

groundwater potential assessments. This integrated approach can significantly contribute to 

sustainable groundwater development and management in data-scarce regions like Sarpang, 

especially in the context of growing water demand and climate change. 
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APPENDICES 

Appendix 1: Review of past Ground Water Potential studies to determine the frequency of influencing factors used for similar studies 
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1 (Atalla et al., 2024)        x    x x 

2 (Maizi et al., 2023)        x x  x x x 

3 (Adama et al., 2024)      x   x  x x x 

4 (Gidafie et al., 2024) x       x x x x x 

5 (Kpiebaya et al., 2022)        x x x x x x 

6 (Gulbet Tebege et al., 2025)        x x x x x x 

7 (Homtong et al., 2024) x        x x x x x 

8 (Sarkar et al., 2022)        x x    x 

9 (Lentswe and Molwalefhe, 2020) x       x x x x x x 

10 (Yeh et al., 2014) x     x  x x x x x x 

11 (Panahi et al., 2017)        x x x x x x 

12 (Mukherjee et al., 2012)        x x  x x x 

13 (Gupta et al., 2022)        x x  x x x 

14 (Derdour et al., 2022)         x x x x x 

15 (Al-Djazouli et al., 2021)      x       

16 (Achu et al., 2020) x       x x  x x x 
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