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Abstract. Talang Kelapa District faces serious challenges regarding a 
high risk of groundwater drilling failure due to extreme lithological 

heterogeneity in the Gumai Formation. This study aims to identify 
aquifer geometry characteristics and accurately map groundwater 

potential zones to support sustainable water resource management. 

The method integrates Geographic Information System-Analytical 

Hierarchy Process (GIS-AHP) spatial analysis using six parameters: 
regional geology, slope, rainfall, drainage density, land use/land cover 

(LULC), and soil type. Subsurface validation was conducted using 

Vertical Electrical Sounding (VES) geophysical surveys with the 
Schlumberger configuration at six observation points to determine 

vertical resistivity profiles. The results show that the primary 

hydrogeological target is an unconfined aquifer system within 

sandstone layers, characterized by depths of 2.4–16.8 m and 
thicknesses reaching 21.9 m. The integration of these two methods 

produced a significant positive correlation between the Groundwater 

Potential Index (GPI) score and the actual aquifer thickness from 
VES, yielding a coefficient of determination (R2) value of 0.76. This 

study concludes that an integrative multi-criteria approach is an 

effective exploration instrument for recommending optimal drilling 

depths and minimizing technical exploration risks. 
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1. Introduction 
Access to clean water has become a global strategic issue that continues to receive significant attention 

within United Nations policies through the sixth goal of the Sustainable Development Goals 
(UNESCO & American Geophysical Union, 2023). Pressure on water resources continues to increase 

due to population growth, urbanization, and land use changes, which directly affect the decline in 
groundwater availability, particularly in developing regions [1]. This condition is also evident in 

Talang Kelapa District, Banyuasin Regency, which has experienced rapid growth in residential areas 
and industrial activities.  

The increasing demand for clean water has not been balanced by adequate surface water 
availability, resulting in a high dependence on groundwater resources. However, groundwater 

exploitation in this area frequently encounters several constraints, including uncertainty regarding 
aquifer depth, variations in water quality, and the risk of drilling failure caused by heterogeneous 

lithological conditions [2]. Therefore, accurate identification of groundwater potential has become an 
urgent necessity in this region. 

Spatial-based groundwater potential mapping using Geographic Information Systems (GIS) and 
the Analytical Hierarchy Process (AHP) has been proven regionally effective in integrating surface 

biophysical parameters [3-5]. These studies demonstrated that GIS and AHP constitute effective 
methods for spatial groundwater potential mapping because they are capable of integrating various 

surface spatial parameters, such as geology, topography, rainfall, soil characteristics, drainage, and 
land use, into a unified decision-making model. Their findings indicated that this method can generate 
accurate groundwater potential zonation validated through field data and provide significant benefits 

for water resource planning, drought mitigation, and sustainable environmental management at a 
regional scale. 

 Nevertheless, the method has limitations because its results tend to be predictive of surface 
conditions, as this approach has not yet been able to provide verification of aquifer conditions 

vertically [6]. In line with this, the integration of geophysical data is considered essential to reduce 
uncertainties arising from subjective spatial models [7]. On the other hand, the geophysical method 

Vertical Electrical Sounding (VES) with Schlumberger configuration is widely recognized as a 
standard method for accurately identifying aquifer geometry and rock resistivity values [8-9].  

However, the VES method has limitations in terms of spatial coverage because it is point-based [10]. 
making it less representative when used independently to map extensive areas without interpolation 

using other spatial data. 
This approach aims to overcome the weaknesses of each method through the integration of 

surface spatial data and vertical subsurface data. Previous research in the Banyuasin area identified 
aquifer lithology using geoelectrical methods but did not integrate it with the AHP-GIS method [8]. 

Conversely, another study focused on groundwater potential mapping using GIS without validation 
through vertical geophysical data [11]. A clear research gap remains, particularly regarding the 

quantitative integration between surface parameter weighting and verification of subsurface aquifer 
thickness, especially within the complex sedimentary environment of the Gumai Formation. This 

study is positioned to bridge this gap by connecting GIS (Geographic Information System) and VES 
(Vertical Electrical Sounding) data. 

The novelty of this study lies in its integrative approach, which directly synchronizes the 
Groundwater Potential Index (GPI) score with the actual aquifer thickness through linear regression 

correlation analysis. This distinguishes the present study from previous works, as VES data are not 
merely used as supporting information but rather as a numerical validation parameter for the 

constructed spatial model. Based on this framework, the study aims to spatially map groundwater 
potential zones using a GIS-AHP-based Groundwater Potential Index (GPI) model, followed by the 

identification of groundwater aquifer characteristics through the determination of resistivity 
variations, depth, and thickness of groundwater-bearing layers using the Vertical Electrical Sounding 
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(VES) method [12]. The results from both approaches are subsequently synthesized to develop a local 

hydrogeological conceptual model representing the aquifer system within the study area. Therefore, 
this study is expected to contribute significantly to the development of more accurate and applicable 

exploration methods while minimizing the risk of groundwater drilling failure in regions characterized 
by high lithological complexity. 

 

2. Materials and Methods 

2.1. Materials Methods GIS and Analytical Hierarchy Process (AHP) 
The GIS and Analytical Hierarchy Process (AHP) methods were employed to spatially map surface 

groundwater potential zones. These methods were selected because of their capability to integrate 
various environmental parameters influencing the hydrogeological system. Spatial data processing, 

layer reclassification, and weighted overlay analysis were carried out using ArcGIS 10.8 software. 
The parameters used in this decision model included regional geology, rainfall, land cover 

(LULC), soil type, drainage density, and slope gradient. All parameters were processed within a GIS 
environment through classification and weighting standardization procedures. To maintain the 

structural consistency of the decision model and avoid parameter redundancy, the elevation parameter 
was excluded from the matrix computation. 

Parameter weighting was carried out using the AHP method through a pairwise comparison 

matrix. Each parameter was compared with the others based on its level of influence on groundwater 
potential. The finalized structure and mathematical calculation of the AHP comparison matrix are 

presented in Table 1. 
 

Table 1. Weight Calculation 

Factors Geology Slope Rainfall Drainage LULC Soil Type Weight 

Geology 1 2 3 3 4 4 36.18% 

Slope 1/2 1 2 2 3 3 22.74% 

Rainfall 1/3 1/2 1 1 2 2 13.15% 

Drainage 1/3 1/2 1 1 1 2 13.15% 

LULC 1/4 1/3 1/2 1/2 1 1 7.39% 

Soil Type 1/4 1/3 1/2 1/2 1 1 7.39% 

SUM 2.66 4.66 8 8 13 13 100% 

 
The parameter weights were obtained through matrix normalization and subsequently tested for 

consistency using: 

𝐶𝑅 =  
𝐶𝐼

𝑅𝐼
  

CR = Consistency Ratio  

CI = Consistency Index  

RI = Random Index  
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In the Analytical Hierarchy Process (AHP) analysis for determining GIS parameter weights, the 

Consistency Index (CI) is used to measure the degree of consistency deviation within the comparison 
matrix, while the Random Index (RI) represents a standard random index value determined based on 

the number of parameters used [13]. Both components serve as the primary basis for generating the 
Consistency Ratio (CR), which represents the final ratio used to assess the validity of the weighting 

process. If the CR value is less than 0.1 (10%), the parameter weighting is considered consistent and 
scientifically acceptable for further spatial model processing. The consistency test of the AHP 

weighting produced a Consistency Ratio (CR) value of 0.0056, which is lower than the acceptable 
threshold of 0.1. This indicates that the pairwise comparison matrix is highly consistent and the 

assigned weights are reliable for groundwater potential analysis [14]. 

 

2.2. Methods Vertical Electrical Sounding (VES) 
This study was conducted in Talang Kelapa District, Banyuasin Regency, South Sumatra, during 

August 2025. The Vertical Electrical Sounding (VES) method was selected because of its capability to 
identify vertical variations in subsurface resistivity. The VES method has been proven effective in 

determining aquifer depth and thickness through the identification of subsurface layers based on 
resistivity values, and it can be applied in geological settings composed of hard rock and sedimentary 
formations [15]. 

 

 
     Figure 1. Survey Design Map 

Figure 1 illustrates the acquisition design, in which data acquisition was carried out at six VES 
points distributed across the study area using a purposive sampling technique, taking into 

consideration geological conditions, land cover, and topography. The measurement points were 
subsequently arranged into VES correlation sections to generate two-dimensional subsurface profiles, 

with each survey line extending approximately 75–100 m. 
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The acquisition design employed the Schlumberger configuration, in which the current electrodes 

(A and B) were positioned symmetrically with respect to the midpoint, while the potential electrodes 
(M and N) were placed at the center with a smaller spacing interval. The initial electrode spacing was 

determined as a, which was then gradually increased using a specific multiplication factor to achieve 
greater depth penetration. 

Measurements were conducted using a resistivity meter, electrodes, connecting cables, and a GPS 
device for coordinate determination. At each variation of electrode spacing, the electric current (I) and 

potential difference (ΔV) values were recorded. The acquired data were subsequently converted into 

apparent resistivity values using the following equation: 

𝜌𝑎 = 𝐾 .  
∆𝑉

𝐼
 

2 

Ρa = Apparent resistivity (Ω m) 

∆V =  Potential difference (Volt) 

I = Electric current AB (Ampere) 

K = Geometric factor (m) 

 

Subsequently, a quantitative 1D inversion process was performed using IPI2Win software to generate 
the true resistivity model. Interpretation was carried out by correlating the resulting true resistivity 

values with lithological characteristics, enabling the accurate identification of topsoil layers, 
unsaturated zones, aquifers, and impermeable layers within the study area. 

 

 
Figure 2. Flowchart 

http://www.eksakta.ppj.unp.ac.id/index.php/eksakta
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3. Results and Discussion 

3.1 Groundwater Potential Indeks Map  
Groundwater potential analysis in the study area was performed by integrating six hydrogeological 

conditioning factors using the Analytical Hierarchy Process (AHP).  

 
Figure 3. Regional Geology Map. 

The weighting results indicate that geology is the dominant controlling factor, contributing 36.18% 
of the total weight, followed by slope gradient (22.74%) (Table 1). The predominance of geology is 

consistent with the hydrogeological characteristics of the Gumai Formation, where lithological 
variations control groundwater occurrence and storage [16].  

 

 
Figure 4. Slope Map 
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In contrast, slope primarily influences groundwater recharge by regulating infiltration and surface 

runoff. The weighting procedure was validated by a Consistency Ratio (CR) of 0.0056 (CR < 0.1), 
indicating that the pairwise comparison matrix is mathematically consistent and scientifically reliable. 

From a morphological perspective, Figure 4 (Slope Map) illustrates that the region is predominantly 
characterized by slopes ranging from 0–2% (flat) to 2–7% (gentle). Gentle topography serves as a 

supporting parameter because it minimizes surface runoff and increases the opportunity for water 
percolation into the soil.  

 
Figure 5.  Drainage Map 

However, this infiltration potential is spatially constrained in zones with high drainage density. 
Based on Figure 5 (Drainage Density Map), areas categorized as Very High hydrologically accelerate 

water flow toward river networks, thereby reducing the duration of water infiltration into the 
subsurface [17]. 

 
Figure 6. Rainfall Map 

http://www.eksakta.ppj.unp.ac.id/index.php/eksakta
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The interaction between rainfall and land-use conditions plays an important role in controlling 

groundwater recharge within the study area. As shown in Figure 6, rainfall intensity is generally 
classified as moderate to low, indicating that groundwater recharge largely depends on the efficiency 

of infiltration rather than on rainfall quantity alone.  

 
Figure 7. Land Use Land Cover Map 

This condition is further influenced by land cover characteristics presented in Figure 7, where 

areas dominated by trees and rangeland provide greater infiltration capacity than built-up areas with 
relatively impermeable surfaces [18]. Consequently, the spatial distribution of groundwater potential 

is governed not only by rainfall availability but also by the ability of the land surface to facilitate 
infiltration and reduce surface runoff, consistent with the findings of [19]. 

 
Figure 8. Soil Type Map 



628 
 

http://www.eksakta.ppj.unp.ac.id/index.php/eksakta 

Muhammad Arif, et al. 

The spatial distribution of soil types in the study area, as presented in Figure 8 (Soil Type Map), 

represents an important parameter in determining groundwater potential. Soil characteristics influence 
the infiltration and percolation of rainfall into the subsurface, thereby affecting groundwater recharge. 

Areas with soils that have relatively higher permeability provide more favorable conditions for water 
infiltration, while soils with lower permeability tend to increase surface runoff and limit downward 

water movement. Therefore, the spatial variation of soil types contributes to differences in 
groundwater recharge potential across the study area. In the GIS-AHP analysis, soil type was assigned 

a weight of 7.39%, indicating that it provides a supporting contribution to the overall groundwater 
potential assessment alongside geology, slope, rainfall, drainage density, and land use/land cover. 

The integration of all conditioning factors produced the Groundwater Potential Index (GPI) map 
of Talang Kelapa District. The results indicate that most of the study area is classified as having 

moderate groundwater potential, suggesting that groundwater occurrence is moderately favorable 
under the existing hydrogeological conditions. High-potential zones are limited to localized areas 
where favorable geological conditions coincide with gentle slopes and relatively well-preserved 

vegetation cover, creating conditions that enhance groundwater recharge despite the generally low 
permeability of the Gumai Formation [17]. This spatial pattern demonstrates that groundwater 

potential is controlled by the combined interaction of lithological and surface environmental factors 
rather than by a single parameter alone. 

The overlay of all parameters generated the Groundwater Potential Index (GPI) Map of 
Banyuasin Regency. Based on the distribution of index values, most areas fall into the Moderate 

Potential classification [20]. High-potential zones are clustered in regions characterized by more 
porous sedimentary lithology, flat slopes, and well-preserved vegetation cover. 

 

 
Figure 9.  Hydrogeology of Indonesia [21] 

According to the Indonesian Hydrogeological Map, Banyuasin Regency is situated within the 
eastern lowland region of Sumatra dominated by alluvial deposits, swamp environments, and 

Quaternary sediments, which hydrogeologically function as productive aquifers with moderate to 
locally high productivity. These conditions are consistent with the GPI map results, which classify 

http://www.eksakta.ppj.unp.ac.id/index.php/eksakta
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most areas of Banyuasin as having moderate groundwater potential, with several high-potential zones 

distributed primarily in the southwestern, northern, and several specific corridor areas. 
In addition, the distribution of high-potential classes on the GPI map, which tend to occur near 

the southern–southwestern part of Banyuasin, may be interpreted as zones with more favorable aquifer 
conditions, likely influenced by the fluvial system of the Musi River and more permeable sandy 

deposits. This interpretation is also consistent with the regional hydrogeological concept indicating 
that large river alluvial areas possess higher groundwater storage potential compared to clay-

dominated swamp regions in coastal zones. 
It can therefore be concluded that the resulting GPI map demonstrates a strong level of conformity 

with the national hydrogeological map, both in terms of distribution patterns and subsurface 
geological characteristics. Differences in detail between the two maps are considered reasonable 

because the Indonesian Hydrogeological Map is compiled at a regional scale of 1:2,500,000, whereas 
the GPI map was developed at a local scale using parameters that are more detailed and specifically 

adapted to the conditions of Banyuasin Regency 
      

 
Figure 10. Groundwater Potential Map of Banyuasin, South Sumatera 

3.2. Aquifer Identification Based on VES Survey Results 
Based on the results of the 1D inversion modeling from six Vertical Electrical Sounding (VES) survey 

points, the subsurface characteristics within the study area are generally divided into three main 
lithological groups, namely topsoil, sandstone, and shale. The Root Mean Square error (RMSe) values 

obtained from the modeling range from 10.4% to 19.7%, indicating a reliable level of modeling 
accuracy considering the complexity of heterogeneous sedimentary lithological conditions [22-23]. 

The uppermost layer at all VES locations was interpreted as topsoil, with resistivity values ranging 

from 148 Ωm to 1129 Ωm. This relatively wide resistivity range reflects variations in soil moisture, 

weathering intensity, and near-surface lithological composition across the study area. Higher 
resistivity values are interpreted as relatively dry or unsaturated sandstone-rich materials, whereas 

comparatively lower resistivity values may indicate zones influenced by shallow water infiltration or 
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increased soil moisture. These characteristics are consistent with the predominance of semi-open 

plantation land, where infiltration occurs through permeable surface materials but remains strongly 
affected by seasonal moisture conditions. Consequently, the topsoil layer mainly functions as the 

initial infiltration zone supplying groundwater recharge rather than as the principal groundwater-
bearing unit [24]. 

The principal groundwater-bearing layer was interpreted within the second subsurface layer, with 

resistivity values ranging from 46.7 Ωm to 369 Ωm. These resistivity values are consistent with fine- to 

medium-grained sandstone that is likely saturated with groundwater and characterized by well-

developed intergranular porosity. Such lithological characteristics provide favorable conditions for 
groundwater storage and movement. This interpretation agrees with the findings of [8], who reported 

that sandstone layers with resistivity values between 41 and 450 Ωm represent the primary 
groundwater-bearing zones within the Gumai Formation. 

The interpreted aquifer thickness varies considerably among the VES locations, indicating that 
groundwater storage is not uniformly distributed throughout the study area. Thicker sandstone 

aquifers are expected to provide greater groundwater storage capacity and are therefore more favorable 
for groundwater development, whereas thinner aquifer sections may yield lower groundwater 

potential because of their limited saturated thickness. These variations likely reflect lateral changes in 
sandstone deposition and the heterogeneous stratigraphic characteristics of the Gumai Formation. 

Consequently, aquifer thickness represents an important consideration for identifying suitable 
groundwater exploration and drilling locations [25]. 

Geometrically, the interpreted aquifer thickness ranges from 13.76 m to 21.9 m, with the thickest 
groundwater-bearing zones identified at VES 3 and VES 5. At both locations, a shale layer exhibiting 

resistivity values between 38.1 Ωm and 38.7 Ωm was encountered at depths of approximately 16.8 m 

and 19.9 m, respectively, extending beyond the maximum investigation depth. This shale layer is 
interpreted as a relatively low-permeability unit that forms the lower boundary of the aquifer system, 

consistent with the regional stratigraphy of the Gumai Formation [8]. Overall, the VES interpretation 
indicates that groundwater is primarily stored within unconfined sandstone aquifers of variable 

thickness, reflecting lateral lithological heterogeneity across the study area. These field-based 
observations provide independent support for the groundwater potential distribution predicted by the 

GIS-AHP model and establish the basis for the quantitative correlation analysis presented in the 
following section. 

http://www.eksakta.ppj.unp.ac.id/index.php/eksakta
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Figure 11. VES Curve an Sybsurface Resistivity Model of Point 1-6 
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3.3 Correlation Between GIS-Derived Groundwater Potential Index and VES Aquifer Thickness 
To evaluate the reliability of the GIS-AHP model, the Groundwater Potential Index (GPI) obtained 

from spatial analysis was quantitatively compared with aquifer thickness interpreted from the six VES 
survey locations. A simple linear regression analysis was performed to examine the relationship 

between both variables [26]. The regression results indicate a positive linear relationship with a 
coefficient of determination (R²) of 0.76, demonstrating that 76% of the variation in aquifer thickness 

can be explained by the GPI values generated from the GIS-AHP model. 
The positive correlation suggests that locations with higher GPI values generally correspond to 

thicker aquifer zones. This finding confirms that the selected environmental parameters, including 
geology, slope, rainfall, drainage density, land use, and soil type, successfully represent the 

hydrogeological conditions controlling groundwater occurrence in the study area. Although several 
local deviations remain, the overall trend indicates that the spatial model provides reliable predictions 

for groundwater exploration. 
Similar relationships between GIS-derived groundwater potential indices and field observations 

have been reported in previous studies using integrated GIS-AHP approaches. However, unlike 
previous studies where VES data were used only for qualitative verification, this study quantitatively 

validates the spatial model using measured aquifer thickness. This approach provides stronger 
evidence regarding the predictive capability of the GIS-AHP model. 

Therefore, the obtained regression coefficient demonstrates that the integration between GIS-AHP 
and VES is suitable for groundwater exploration in lithologically heterogeneous areas such as the 
Gumai Formation [27]. The proposed workflow reduces exploration uncertainty while improving the 

accuracy of drilling target selection [28]. 

 
Figure 12. Integration Groundwater Potential Index And Aquifer Thinckness 
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3.4 Conceptual Hydrogeological Model 
The developed hydrogeological conceptual model represents the final synthesis integrating surface 

spatial parameters with vertical subsurface characteristics, as illustrated in Figures 13 and 14. Based 
on the conceptual models of the VES 6-5-3 and VES 4-1-2 correlation profiles, the hydrogeological 

system within the study area is defined as an unconfined aquifer system stored within sandstone 
lithology. Groundwater recharge occurs through the vertical infiltration of rainwater passing through 

porous topsoil layers, where zones with high GPI values reflect areas with low percolation resistance. 
The groundwater table generally follows surface morphology, with groundwater flow moving toward 

thicker sandstone basins that serve as the primary accumulation zones [29]. This indicates the 
development of a local flow system in which infiltrated water directly enters shallow aquifers and 

flows through intergranular pore spaces over annual timescales. 

 
Figure 13. Conceptual model of GPI and VES L4, L1 & L2 

 

Subsurface identification also revealed the role of shale layers with very low resistivity values 

(38.1–38.7 Ωm), which function as aquicludes or impermeable basal layers. The presence of these 

layers within the Gumai Formation acts as a barrier to downward vertical flow (base flow), thereby 

allowing groundwater masses to remain stored and concentrated within the overlying sandstone 
layers. This multidimensional integration provides a technical solution for groundwater resource 

development in Banyuasin Regency, where optimal drilling depths are recommended within the range 
of 20 to 30 meters [30]. By implementing this integrative approach, the risk of exploration failure 
caused by lithological heterogeneity can be significantly minimized while simultaneously ensuring 

cost efficiency in borewell construction for local communities. 
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Figure 14. Conceptual model of GPI and VES L6, L5 & L3 

4. Conclusion 
This study successfully demonstrates that the integration of the Vertical Electrical Sounding (VES) 
geophysical method and Geographic Information System–Analytical Hierarchy Process (GIS-AHP)-

based spatial analysis is capable of providing high accuracy in mapping groundwater potential in 
Talang Kelapa District. The subsurface identification results indicate that the aquifer system within 

the study area is an unconfined aquifer within the Gumai Formation, occurring at depths ranging from 
2.4 m to 16.8 m, with aquifer thickness varying between 13.76 m and 21.9 m. The novelty of this study 

is demonstrated through the strong linear correlation between the spatial model (GPI) and the actual 
aquifer thickness data obtained in the field, which produced a coefficient of determination value of R 

= 0.76. This achievement provides a significant contribution to the hydrogeological literature in the 
form of an integrative model capable of reducing exploration uncertainty within heterogeneous 

sedimentary formations, while also offering practical solutions for borewell planning through the 
recommendation of optimal drilling depths ranging from 20 to 30 meters. 

Although the study produced accurate results, several limitations remain, particularly regarding the 
limited number of VES survey points, which may have restricted the detailed representation of lateral 

lithological variations between observation points. In addition, the parameters used in the GIS 
analysis did not yet incorporate long-term seasonal groundwater table fluctuation data. Therefore, 

future studies are recommended to employ broader and denser geophysical survey methods, such as 
2D/3D Electrical Resistivity Tomography (ERT), in order to map aquifer geometry in greater detail. 

It is also recommended that pumping tests be conducted at borewell locations to periodically validate 
the hydraulic characteristics of the aquifer. Furthermore, continuous groundwater table monitoring is 

necessary to complement this spatial potential model with aspects of water resource sustainability in 
response to future climate change and dynamic land-use changes 
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