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Abstract 15 

 16 

Groundwater is a vital resource for household, commercial, and agricultural uses in the Himalayan foothills. This 17 

study uses geophysical, geochemical, and statistical techniques to assess the groundwater potential and quality in the 18 

Sahaspur Block, Dehradun District, Uttarakhand, India. The Schlumberger array was used to perform 58 Vertical 19 

Electrical Sounding (VES) measurements in order to detect aquifer zones and define subsurface lithology. The 20 

analyzed resistivity data showed multilayered subsurface formations made up of saturated aquifers, worn strata, and 21 

topsoil, suggesting generally good groundwater potential throughout the study area. Thirteen groundwater samples 22 

were taken from wells at varying depths in order to assess the quality of the groundwater. These samples were 23 

examined for major physicochemical parameters, such as pH, electrical conductivity, total dissolved solids, and main 24 

ions. According to the analytical findings, every measured parameter is within the acceptable ranges suggested for 25 

irrigation and drinking. The relationships between hydrochemical variables and geoelectrical parameters were 26 

examined using statistical analyses. Aquifer resistivity and groundwater EC were shown to be significantly inversely 27 

correlated, supporting the interpretations of resistivity and proving the value of combining hydrochemical and 28 

geophysical data. The combined findings show a substantial correlation between groundwater quality conditions and 29 

subsurface resistivity features, making it possible to reliably identify freshwater-bearing aquifers and zones with 30 

increased groundwater potential. In the Sahaspur Block and other comparable hydrogeological settings, the integrated 31 

method enhances the characterization of hydrogeological conditions and offers a strong foundation for groundwater 32 

resource assessment, quality evaluation, and sustainable groundwater management. 33 

 34 

Keywords: Vertical Electrical Sounding (VES), water quality, hydrogeochemistry, multivariate statistical, 35 

groundwater potential, Sahaspur block. 36 
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1. Introduction 43 

One of the most significant renewable natural resources, groundwater is essential to sustaining household, agricultural, 44 

and industrial operations across the globe (Carrard et al., 2019; Alao et al., 2024; Monika et al., 2024). Groundwater 45 

demand has significantly increased due to rapid urbanization, agricultural expansion, and population growth, 46 

underscoring the necessity of accurate groundwater availability and quality assessment for sustainable water-resource 47 

management (Kar et al., 2022; Ahmed et al., 2020; Rusli et al., 2024; Fuqaha, 2025). Therefore, integrated scientific 48 

methods that can characterize groundwater quality and aquifer geometry are necessary for effective groundwater 49 

exploration (Llamas, 2024; Patil and Saraf, 2025; Masood et al., 2022). Groundwater investigations have made 50 

extensive use of a variety of approaches, such as hydrogeological, hydrogeochemical, remote sensing, and geophysical 51 

techniques (Kumar et al., 2020; Paul et al., 2020; Singh et al., 2021; Gupta et al., 2021; Kumar et al., 2021; Singh et 52 

al., 2022; Kumar et al., 2023; Alao et al., 2025). According to Javed et al. (2024) and Alao et al. (2025), electrical 53 

resistivity techniques are acknowledged as economical and effective instruments for defining subsurface lithology and 54 

locating groundwater-bearing formations. To ascertain aquifer depth, thickness, and lateral continuity in various 55 

geological settings, Vertical Electrical Sounding (VES) has been widely employed (Zohdy et al., 1974; Stampolidis 56 

et al., 2005; Soupios et al., 2007; Kalisperi et al., 2009; Sharma and Biswas, 2013; Egai et al., 2024; Menegbo et al., 57 

2024). The VES technique's simplicity, non-invasiveness, and capacity to yield useful information on subsurface 58 

hydrogeological conditions are major factors in its success (Lashkaripour, 2003; Sahu and Sahoo, 2006; Raju et al., 59 

2023; Som Nath et al., 2024).  60 

Lithology, porosity, saturation, and groundwater salinity have a significant impact on the electrical resistivity 61 

of subsurface materials (Palacky, 1987; Oliveira et al., 2023; Li et al., 2024). As a result, indirect information on 62 

groundwater quality can be obtained by geoelectrical approaches. However, similar resistivity values may correspond 63 

to different lithological conditions, making it difficult to distinguish lithological variations from water-quality effects 64 

using resistivity data alone (Choudhury and Saha, 2004; Hibbs, 2024; Ali et al., 2025). This restriction can be 65 

addressed by combining hydrochemical and geophysical data to increase the accuracy of groundwater quality 66 

evaluation and aquifer characterisation (Adewoyin et al., 2021; Oyeyemi et al., 2022; Hibbs, 2024). According to 67 

recent research, correlations between groundwater electrical conductivity (EC) and aquifer resistivity offer important 68 

information on groundwater quality and aquifer conditions (Wiederhold et al., 2021; Javed et al., 2024; Alao et al., 69 

2025). Situated in the piedmont zone of the Doon Valley, the Sahaspur Block of Dehradun District, Uttarakhand, 70 

features complicated hydrogeological conditions. Doon Gravels, which are mostly composed of boulders, pebbles, 71 

gravel, sand, and clay from the Siwalik and Lesser Himalaya formations, underlie the region (Singh et al., 2001; Patel 72 

and Kumar, 2003; CGWB, 2023). Concerns about the sustainability and quality of groundwater in the area have been 73 

raised by growing groundwater extraction brought on by urbanization, agricultural intensification, and population 74 

growth (CGWB, 2020; CGWB, 2023; Moniruzzaman et al., 2024). There are still few comprehensive integrated 75 

studies that connect aquifer geometry and groundwater quality, despite the local residents' reliance on groundwater 76 

supplies. 77 

Thus, the current study uses an integrated geophysical, geochemical, and statistical technique to assess 78 

groundwater potential and quality in the Sahaspur Block. In order to identify groundwater-bearing zones and designate 79 
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underlying lithological formations, 58 Vertical Electrical Sounding (VES) measurements were performed. 80 

Additionally, groundwater samples were examined to evaluate physicochemical parameters. Additionally, statistical 81 

correlations between groundwater electrical conductivity and aquifer resistivity were investigated to enhance 82 

comprehension of groundwater conditions and validate geoelectrical interpretations. The findings of this study give 83 

the piedmont region of Uttarakhand a solid foundation for groundwater resource assessment, aquifer characterisation, 84 

and sustainable groundwater management. 85 

 86 

2. Study area  87 

The Sahaspur Block is situated between Latitudes 30°25′N to 30°55′N and Longitudes 77°80′E to 78°08′E in the 88 

eastern portion of Dehradun District, Uttarakhand, India (Figure 1). Situated between the Siwalik Hills and the Lesser 89 

Himalaya, the study area is a portion of the Doon Valley. Its varied hydrogeological conditions affect the occurrence 90 

and movement of groundwater. The area has a subtropical, comparatively humid environment with year-round 91 

moderate temperatures. The lowest winter temperature can fall to 5.2°C, while the highest summer temperature is 92 

approximately 36.6°C (CGWB, 2013). The southwest monsoon season, which runs from July to September, brings 93 

the highest precipitation, with an average annual rainfall of about 1800 mm. Groundwater replenishment is mostly 94 

provided by this rainfall. The Doon Gravel Formation, which is composed of boulders, pebbles, gravel, sand, silt, and 95 

clay from the Siwalik and Lesser Himalayan regions, dominates the study area's geology. The multilayered aquifer 96 

systems formed by these unconsolidated alluvial deposits have different groundwater potential and thicknesses. The 97 

region is part of the Song River's catchment, which makes a substantial contribution to subsurface water movement 98 

and groundwater recharge.  A thorough evaluation of the groundwater resources in the area is becoming more and 99 

more necessary as a result of increased urbanization, agricultural practices, and groundwater extraction. The Sahaspur 100 

Block is a crucial region for integrated geophysical and geochemical studies targeted at sustainable groundwater 101 

management due to its advantageous hydrogeological environment and reliance on groundwater. 102 

 103 
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        104 

 105 

                         Fig.1 Location and lthological  map of Sahaspur block, Dehradun district. 106 

 107 

3. Geology and hydrogeology 108 

The Doon Valley, an intermontane basin confined to the north by the Lesser Himalaya and to the south by the Siwalik 109 

Hills, is home to the Sahaspur Block. The area has a complicated geological structure with rock formations that date 110 

from the Archean to the Quaternary (Thakur, 1981; CGWB, 2013). Numerous scholars (Meijerink, 1974; Valdiya, 111 

1980; Philip, 1995; Bartariya, 1995, 1996; Sati and Rautela, 1998; Chandel and Singh, 2000; Singh et al., 2001; Patel 112 

and Kumar, 2003; Singh et al., 2004; Thakur and Pandey, 2004; Thakur et al., 2007; Singh and Mondal, 2025) have 113 

conducted extensive research on the geology of the Doon Valley.  The Doon Gravels, a Quaternary alluvial deposit 114 

made up of boulders, pebbles, gravel, sand, silt, and clay from the erosion of the Siwalik and Lesser Himalayan 115 

formations, cover the majority of the study area. Lithological heterogeneity, geomorphology, and structural features 116 

play a major role in determining the hydrogeological conditions of the region. The Jaunsar Group's quartzite, schist, 117 
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shale, slate, phyllite, sandstone, limestone, and dolomite are the main hard-rock formations. In these cemented 118 

formations, secondary porosity created by fissures, joints, fractures, and weathered zones is primarily responsible for 119 

groundwater occurrence (Bagchi et al., 2020; CGWB, 2023). As a result, both unconfined and confined groundwater 120 

are typically found in isolated and discontinuous aquifer systems (CGWB, 2013; Fetter, 2018). 121 

The Doon Valley's unconsolidated alluvial deposits make up the region's most productive aquifer systems. 122 

Due to the high porosity and permeability of these deposits, substantial groundwater storage and transport are made 123 

possible. Deposited along river terraces, alluvial fans, and piedmont zones, fluvial and colluvial sediments create ideal 124 

groundwater-bearing horizons and are crucial recharge zones (Das and Gupta, 2021; CGWB, 2013). Through 125 

subterranean flow and infiltration, the Song River and its tributaries also aid in aquifer recharging. The study area's 126 

groundwater availability varies significantly because of variations in terrain, lithology, and recharge conditions. 127 

According to Bartariya (1995), Collins and Walling (2007), and CGWB (2013), springs and seepages are the main 128 

groundwater discharge features in hilly and structurally controlled terrains. There are about 70 gravity springs in the 129 

area, and their discharge rates range from less than 1 L/s to roughly 113 L/s (CGWB, 2011). The Upper Siwalik 130 

Formation's boulder-conglomerate units are extremely porous and permeable, yet in some places, the steep terrain 131 

limits groundwater retention by encouraging fast runoff (CGWB, 2013; Fetter, 2018). Detailed subsurface 132 

characterisation is required due to the aquifer system's heterogeneity and the growing abstraction of groundwater for 133 

agricultural and domestic uses. Therefore, defining aquifer geometry, measuring groundwater potential, and 134 

determining groundwater quality in the Sahaspur Block require an integrated geophysical, geochemical, and statistical 135 

methodology. 136 

 137 

4. Methodology 138 

4.1. Geophysical techniques 139 

Due to their efficiency in defining subsurface lithology, aquifer geometry, and groundwater-bearing formations, 140 

electrical resistivity methods have been used extensively for groundwater exploration (Bhattacharya and Patra, 1968; 141 

Karanth, 1987; Telford et al., 1990; Sharma, 1997; Biswas and Sharma, 2013; Gautam and Biswas, 2016; Singh et al., 142 

2021; Singh et al., 2025). Vertical Electrical Sounding (VES) is one of the resistivity techniques that works best for 143 

assessing aquifer characteristics and examining layered subsurface conditions (Sharma, 1997; Andrade, 2011; 144 

Vasudev et al., 2021). The Schlumberger electrode arrangement was used in the current investigation to measure 58 145 

VES over the Sahaspur Block. This array was chosen for hydrogeological research due to its great depth of 146 

investigation, good vertical resolution, ease of operation, and appropriateness (Duraiswami, 2005; Nandi et al., 2015; 147 

Abdulameer et al., 2021; Cahyadi and Widodo, 2025). The survey was conducted by measuring the potential 148 

difference between two potential electrodes (M and N) after electrical current was injected into the ground through 149 

two current electrodes (A and B) (Telford et al., 1990; Sharma, 1997; Andrade, 2011). 150 

The center point of the electrode array was maintained constant while progressively increasing the current 151 

electrode spacing (AB/2) from 1 m to 575 m, allowing the investigation of subsurface layers up to an approximate 152 

depth of 150 m. The apparent resistivity (ρa) was calculated using the Schlumberger array equation: 153 

 154 
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         𝝆ࢇ = ࣊ ࢈૛(૛/࢈)−૛(૛/ࡸ) × ࡵࢂ                                                            (1) 155 

Where ܮand ܾrepresent the current and potential electrode spacing, respectively. 156 

To determine layer resistivities and thicknesses, the collected field data was processed and analyzed. 157 

Subsurface lithological units, groundwater-bearing horizons, and groundwater potential in the research area were all 158 

determined using the interpreted resistivity models. Differentiating between the weathered and saturated zones that 159 

make up the main aquifers in the Doon Gravel Formation was given special consideration. 160 

 161 

4.2. Hydrogeochemical Investigation 162 

 163 

The quality of the groundwater was evaluated and the geophysical interpretations were confirmed through 164 

hydrogeochemical analysis (Appelo and Postma, 2005). In September 2019, a total of thirteen groundwater samples 165 

were taken from springs, drilled wells, and hand pumps located throughout the study region (Figure 1). The principal 166 

hydrogeological units found in the geophysical study were represented by the sampling sites chosen. Water samples 167 

were taken using pre-cleaned containers in accordance with routine sampling procedures, and the methods suggested 168 

by APHA (2020) were followed for analysis. Electrical conductivity (EC) and pH were measured in the field using 169 

calibrated digital meters as soon as samples were collected (U.S. Geological Survey, 2021).  170 

 The empirical relationship (McNeil and Cox, 2000; Bairwa et al., 2024) was used to estimate total dissolved 171 

solids (TDS) from EC: 172 

            TDS (mg/L) = k × EC (µS/cm)       (2) 173 

where the constant k (sometimes called conversion factor) depends on water chemistry often in the range ~0.5 to ~0.9 174 

for natural waters.  175 

Major cations and anions were analyzed using standard laboratory methods. Calcium (Ca²⁺), magnesium 176 

(Mg²⁺), and bicarbonate (HCO₃⁻) concentrations were determined by titrimetric techniques (Janardhana Raju et al., 177 

2011; Khan et al., 2023), while sodium (Na⁺) and potassium (K⁺) were measured using flame photometry (Subramani 178 

et al., 2005; Khare and Kushwaha, 2025). Total hardness (TH) was calculated using the following relationship (Todd, 179 

1980; El Alaouy et al., 2022):                                                                                                                                                                           180 

 Total Hardness (TH)=2.5× [Ca2+] +4.1× [Mg2+] (as mg/L CaCO3)               (3) 181 

where the concentration of ions is in milligrams per liter. 182 

 183 

4.3. Integrated Geophysical–Geochemical Analysis 184 

 185 

The geophysical and hydrogeochemical data were combined using statistical correlation analysis to enhance aquifer 186 

characterisation. Groundwater electrical conductivity readings from adjacent sampling sites were compared with 187 

aquifer resistivity values obtained from the VES interpretations. Groundwater quality was assessed, interpreted 188 

resistivity models were validated, and freshwater-bearing aquifers were distinguished from zones with comparatively 189 

higher mineralization using the link between resistivity and EC. Compared to each strategy used separately, this 190 

integrated approach produced a more accurate evaluation of groundwater potential and quality. 191 

 192 
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5. Results and Discussion 193 

5.1. Geophysical data 194 

5.1.1. Interpretation of Geoelectrical Data  195 

The Schlumberger electrode design with a maximum current electrode spacing (AB/2) of 575 m was used for 58 196 

Vertical Electrical Sounding (VES) measurements. The model parameters were optimized through iterative inversion 197 

until the root mean square (RMS) error was typically less than 5%, indicating good agreement between observed and 198 

calculated apparent resistivity values (Javed, U., at. al.,2024; Kamaraj and Karuppannan, 2024; Syaputri, T. D., et. al., 199 

2024, Beabu G. Menegbo., et. al., 2024; Ibuot et al., 2025; Somvir Singh and Mondal, N.C., 2025; Olisah Nzemeka 200 

C., et. al., 2025). The one-dimensional inversion software IX1D v3.1 was used to interpret the field data. A diverse 201 

multilayered subsurface system made up of topsoil, clay, sandy clay, gravels, pebbles, cobbles, boulders, and saturated 202 

alluvial deposits is revealed by the interpreted resistivity models. The subsurface succession is depicted by four to 203 

nine geoelectrical layers with primarily K-, H-, HKH-, and KHKH-type curves based on the inversion data (Figure 2). 204 

Significant lateral and vertical differences in groundwater occurrence and lithology throughout the research area are 205 

reflected in these curve types. Table 1 summarizes the generalized resistivity ranges together with the appropriate 206 

lithological inferences and a summary of all the VES data interpretation conducted at Sahaspur block in the Dehradun 207 

district is presented in Table 2. While saturated gravel, sand, pebble, and cobble formations are typically associated 208 

with intermediate resistivity levels (10–100 Ω-m), very low resistivity values (<10 Ω-m) are linked to clay-rich 209 

horizons. Compact boulder formations, dry gravels, and unsaturated coarse sediments are represented by higher 210 

resistivity values (>200 Ω-m). 211 

   Table 1 Resistivity and Lithounits. 212 

Serial No. Resistivity (Ω-m) Inferred Lithounits 

1 0-10 Clay 

2 10-50 Cobbles, pebbles, gravel, sand, and clay 

3 50-100 Gravels and sand with a thin clay layer  

4 100-200 Cobbles, pebbles, and sandy clay  

5 200-300 Sandy clay with cobbles, pebbles, and gravels  

6 300-400 Boulders, pebbles, and sandy clay  

7 >500 Dry boulder formation with clay  

 213 

The topmost layer is mostly composed of weathered boulders, sandy clay, and topsoil with thicknesses ranging from 214 

0.1 to 2.8 m and resistivity values between around 200 and 2000 Ω-m. The Doon Gravel Formation's varied 215 

depositional history is reflected in the alternate sequences of clay, gravel, cobbles, pebbles, and boulders found beneath 216 

this layer. These layers exhibit significant geographical heterogeneity as a result of differences in moisture content, 217 

compaction, and grain size distribution. The fifth through ninth geoelectrical layers were found to contain the most 218 

important groundwater-bearing formations. Resistivity values in these layers range from 12.7 to 262.6 Ω-m, with an 219 

average aquifer resistivity of roughly 79.7 Ω-m. Saturated cobbles, pebbles, gravels, coarse sand, and sandy clay 220 
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deposits make up these lithological units. Aquifer thicknesses range from 11.0 to 79.6 meters, with an average of about 221 

33.2 m. The piedmont deposits contain moderately deep to deep groundwater systems, as shown by the depths of the 222 

primary aquifer horizons, which range from 18.2 to 178.8 m. 223 

Significant lateral differences in underlying materials are visible throughout the Sahaspur Block in the 224 

inferred lithological columns obtained from VES inversion (Figure 3a). Highly resistant boulder and cobble 225 

formations predominate in the northern and northeastern regions, while saturated gravelly and sandy deposits are 226 

linked to comparatively lower resistivity zones in the centre and southern regions. The Doon Valley's depositional 227 

environment, where sediments carried from the Siwalik and Lesser Himalaya ranges have created intricate piedmont 228 

and alluvial fan sequences, is compatible with these differences. Aquifer continuity and subsurface variability are 229 

comprehensively visualized in the three-dimensional lithological model (Figure 3b). Multiple aquifer strata 230 

interbedded with clay and sandy-clay layers are seen in the model. The observed heterogeneity in groundwater 231 

occurrence across the research area can be explained by such multilayered aquifer systems, which are typical of 232 

piedmont environments.  The 3D model also shows that laterally extensive gravel-sand-pebble units with moderate 233 

resistivity values are primarily linked to productive aquifers. These formations are significant groundwater reservoirs 234 

due to their advantageous porosity and permeability properties. On the other hand, clay-rich layers restrict groundwater 235 

circulation locally and serve as aquitards. 236 

The Sahaspur Block appears to have generally favourable groundwater potential based on the integrated 237 

interpretation of resistivity and lithological data. Several VES locations include thick, saturated gravelly deposits that 238 

show good transmissivity and a high capacity for storing groundwater. The most suitable groundwater zones are those 239 

with notable aquifer thicknesses and moderate resistivity values (about 20–150 Ω-m). The Doon Gravel Formation's 240 

significant groundwater-storage capacity is shown in the presence of deep, laterally continuous aquifers. Groundwater 241 

replenishment is mostly dependent on permeable alluvial deposits, infiltration from the Song River system, and 242 

recharge from monsoonal rainfall. These results support the ongoing development of groundwater resources in the 243 

area as long as extraction is sustainable and are in line with the hydrogeological framework published by CGWB 244 

(2013, 2023). The geoelectrical findings provide a solid foundation for the hydrogeochemical validation and integrated 245 

groundwater quality evaluation that follow. The determined aquifer zones serve as the foundation for establishing a 246 

relationship between aquifer resistivity and groundwater electrical conductivity as well as assessing the groundwater's 247 

suitability for residential, irrigation, and drinking uses. 248 

 249 
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                                                               Fig. 2 Some VES data correlated with the interpreted layer model  
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Table 2 Summary of interpreted resistivity data  
VES 

No. 

Resistivity of the layers in (Ω-m) Thickness of the layers (m) Aquifer 

Resistivi

ty 

(Ω-m)  

Aquife

r 

thickn

ess (m) 

Total 

Dept

h (m) 

AB/2 

(m) 

 Error 

(%) 

Types of 

curves  

ρ1 ρ2 ρ3 ρ4 ρ5 ρ6 ρ7 ρ8 ρ9 h1 h2 h3 h4 h5 h6 h7 h8       

VES1 962 66.17 109 29.3 641.6 31.46 408.6 132.8  0.679 0.32 12.55 11.46 20.36 35.3 23.2  31.46 35.32 45.36 300 3.15 HKHK 

VES2 283 36.57 255 66.7 102.1 2070 25.45   1.147 0.38 11.21 29.9 12.02 42.7   102.07 12.02 42.65 300 2.43 HKHK 

VES3 188 17.38 40 7.66 234 112.4 2.283   1.54 3.7 16.81 18.89 26.1 25.9   112.42 25.90 92.93 300 2.78 KHKH 

VES4 114 1051 71 38.1 79.84 24.92    0.33 1.49 16.41 46.89 47.31    58.95 47.10 18.24 300 2.47 KHKH 

VES5 486 1293 217 360 27.21 372.2 39.32   1.273 3.9 27.05 19.88 35.37 43.7   27.21 35.37 52.11 400 3.17 KHKHA 

VES6 88.7 8.828 244 7.89 646.3 124.8 9.264 64.2 24.3 1.539 0.46 1.48 4.403 14.13 11 41.8 13 64.20 13.43 74.84 400 2.15 KHKHK 

VES7 1164 1768

4 

55.9 232 47.92 28.03 10.84 3050  1.987 1.38 12.96 33.32 21.13 28 30.25  37.97 24.56 49.65 400 4.65 HKHKH 

VES8 257 1165 75 13.4 91.07 168.3 6.541 894.8  0.493 0.95 20.91 12.43 9.13 15.7 62.11  168.30 15.71 43.92 400 3.3 KHKH 

VES9 4.2 212.9 10.6 81.2 16.77 25.69 1.488   0.832 6.45 11.59 32.72 30.82 13.1   21.23 21.95 51.60 300 3.42 KHKH 

VES10 281 96.65 1341 21.4 1448
1 

50.87 550.5   0.957 5.49 4.698 52.06 29.93 28.3   50.87 28.26 93.13 400 4.07 HKHA 

VES11 485 149.1 68.3 478 28.83 485 516.4 3.508  0.28 7.7 5.128 6.76 13.47 20.3 24.04     300 2.80 HKHK 

VES12 79.7 365.2 90.6 493 133.5 10.13 2099   0.106 3.51 26.44 13.88 15.42 47.1      350 4.49 KHKH 

VES13 322 918.7 29.3 132 31.15 113.7 14.7 61.98  0.991 8.42 11.93 16.24 32.23 37.8 21.87  72.43 35.02 37.59 400 2.9 KHKH 

VES14 2501 138 1102 99.2 8.64 137.4    0.163 0.21 0.475 9.479 60.21 35.8   137.42   300 3.65 KHKH 

VES15 474 1985 45.1 18.5 308.9 112.1 4.147   0.374 7.82 19.83 18.02 23.81 20.2   112.05 20.23 69.86 300 3.94 KHKH 

VES16 200 598.9 376 149 55.33 298.4 20.57 329 116 1.198 5.47 20.01 6.128 16.05 28.2 45.16 15 20.57 45.16 77.08 400 3.00 KHKH 

VES17 473 1014

9 

320 50.4 316.8 19.9 445.4 240.4  2.209 1.52 36.08 29.94 44.29 44 11.13  19.90 43.95 114.0

4 

475 40.04 HKHK 

VES18 2280 528.8 955 92 243.5 10.13 210.3 3577  1.26 0.56 13.14 53.05 37.57 34.5 20  210.29 20.00 140.1

1 

470 3.81 KHKH 

VES19 224 38.91 243 19.9 213.6 23.37 99.24 28.61 360 0.661 0.42 0.604 1.603 2.894 7.88 59.56 80 28.61 79.61 73.61 470 2.99 KHKH 

VES20 119 455.3 10.8 218 10.13 196.3 9.272   0.856 8.39 7.731 19.01 43.87 69.9   196.34 69.91 79.86 470 3.2 KHKH 
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VES21 182 594 1028 97.8 58.76 185.2 49.84   1.101 0.12 3.553 31.74 25.62 35.4   58.76 25.62 36.52 390 2.26 KHKH 

VES22 216 1517 418 546 98.22     0.718 8.95 34.59 33.84     98.22  78.10 300 2.91 KHKH 

VES23 1033 343.3 85.6 22.6 267.9 9.143    2.743 8.71 52.82 28.36 43.12    145.25 35.74 64.26 390 3.6 KHKHA 

VES24 381 1427 277 38.6 153.7 54.23    0.215 0.82 15 37.98 38.9    153.71 38.90 54.02 375 2.5 KHKH 

VES25 823 2436 481 34.5 437.6 22.54 398.6 11.79  0.647 1.1 8.182 8.559 15.02 34.3 50.07  22.54 34.27 33.50 375 3.48 KHKHK 

VES26 209 350.6 220 115 16.27 132.9    0.57 5.54 4.352 60.04 52.23    16.27 52.23 70.50 375 2.07 KHKH 

VES27 293 39.8 670 110 567 10.81 154 4775  0.822 0.23 8.266 23.58 18.93 32.7 22.32  154.02 22.32 84.49 375 1.68 HKHKH 

VES28 225 88.31 77.5 28.5 8441     0.821 14.8 50.86 65.6     28.51 65.60 66.50 350 2.31 HKHA 

VES29 131 25.62 192 7.35 40.99 50.8    0.49 5.15 3.848 8.102 93.57    50.80  111.1

6 

300 1.52 HKHA 

VES30 167 1471 155 63.7 92.74 77.38 59.78   0.101 2.76 11.42 22.72 28.56 36.8   77.38 36.81 65.56 400 3.56 KHKH 

VES31 528 900 203 1875 66.98 556.7 262.6 2.367  0.742 4.15 2.506 6.489 38.66 41.1 31.6  262.63 31.60 93.63 400 2.67 KHKH 

VES32 255 1358 202 117 68.22 146.5 77.42   1.007 1.3 26 46.11 39.1 35   146.50 35.00 113.5
1 

400 3.11 KHKH 

VES33 244 174.4 13.3 287 180.2 13.55 43.4 9039  0.853 3.43 1.534 11.49 50.63 37.5 31.74  43.40 31.74 105.4

8 

400 1.59 HKHA 

VES34 615 94.3 451 112 22.63 293.5 18.04   0.228 12.6 15.76 16.01 56.91 8.13   18.04  109.6

8 

300 2.22 HKHA 

VES35 276 4444 629 325 20.5 450.7 228.4 3.978  0.387 0.43 6.839 40.41 26.23 40.9 20.43  228.37 20.43 115.1

4 

400 4.9 KHKH 

VES36 380 2162

2 

7.55 670 521 275.5 76.64   1.02 0.99 2.86 17.28 21.38 22.1   76.64  65.65 300 2.7 KHKH 

VES37 77.2 220 1464 136 380.2 32.83 311.2 435.6 37.4 0.104 2.83 0.893 43.64 11.53 39.6 61.66 11 37.36  170.7

8 

400 3.20 KHKH 

VES38 268 166.1 21.8 35.3 69.43 18.53 27.4 135.1  0.536 3.53 12.82 7.268 13.03 28.7 27.74  135.08  93.63 300 2.79 KHKH 

VES39 6.91 236.2 9.19 5240 787.7 336.5 86.28 15.66  0.645 1.47 3.216 19.07 17.55 22.1 25.02  15.66  89.07 300 2.67 KHKH 

VES40 3.16 37.12 364 232 42.48 7.303 1.493   0.155 14.2 12.57 10.28 13.47 22.1   42.48 13.47 37.22 300 2.3 KHKH 

VES41 11.9 1643 171 23.6 82.67 16.89    0.688 2.34 3.079 28.59 42.33    16.89  77.02 300 4.1 KHKH 

VES42 130 32.32 416 26 150.9 64.22 12.69   0.962 0.41 1.37 3.326 35.65 32.8   12.69  74.52 300 2.85 HKHK 

VES43 9.22 246.7 31 22.4 112.1 20.26 5.809 894  0.714 23.8 0.12 4.77 7.808 13.4 47.96  20.26 13.43 37.23 250 4.95 KHKH 
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VES44 1048 826.2 11.1 452 24.62 90.71    0.428 8.78 0.701 5.833 21.23 31.1   90.71 31.07 36.97 250 4.55 HKHK 

VES45 114 278.4 193 66.3 3.516 68.68 2.275   0.141 1.18 6.446 35.77 21.76 41.4   68.68 41.40 65.31 300 3.77 HKHK 

VES46 6.11 346.8 4.94 27.9 60.68 15.07    0.387 0.34 3.6 62.64 36.63    15.07  103.5

9 

250 2.28 KHKH 

VES47 45.3 78.52 61.3 200 45.45     0.4 2.71 44.15 51.55     45.45  98.81 300 1.36 KHKH 

VES48 251 38.93 165 3.59 204.7 2530

5 

13.17 2892  1.036 2.36 3.649 1.407 14.73 7.37 62.7  13.17 62.70 30.55 300 3.07 HKHA 

VES49 377 846.5 127 5.74 131 108.3 35.63   2.679 0.8 41.47 11.61 31.72 29.6   108.32 29.63 88.27 400 2.85 KHKH 

VES50 91.1 142.3 20.3 352 26.59 2023 131.9 290.9  0.144 1.86 4.219 44.99 13.13 18.7 19.72  131.89 19.72 83.08 300 2.76 KHKHA 

VES51 46 5783 289 58.8 164.1 38.51    0.162 0.27 16.45 76.74 21.89    38.51  115.5

1 

300 2.49 KHKH 

VES52 79.3 3131 244 29.9 191.7 10.13    0.182 0.31 5.242 65.32 18.81    191.71 18.81 89.86 300 3.11 KHKH 

VES53 113 307.8 171 58 17.1 99.03 232.1 14.33  0.133 1.73 4.756 18.76 19.04 18.9 20.57  14.33  83.86 250 3.38 KHKH 

VES54 411 75.38 570 23.2 276.9 32.5 371.6 19.12  0.916 0.12 5.077 5.366 19.59 45.2 63.47  19.12  139.7

5 

400 1.99 HKHKH

K 

VES55 316 37.56 681 69.1 190 33.55 2186   0.61 1.98 1.492 4.169 83.37 24.4   33.55 24.42 91.62 400 3.2 HKHK 

VES56 2063 2107

8 

713 175 91.09     0.445 2.31 11.51 54.5     91.09  68.77 200 2.85 KHKH 

VES57 855 128.2 97.8 80.5 69.83 2863

7 

   1.439 45.6 29.23 9.746 11    69.83 11.00 86.01 250 2.4 HKHA 

VES58 293 55.57 1728 4170 6056 9121

2 

   4.212 21 12.93 9.902 25.71       200 4.11 KHKHA 
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 3 

Fig.3 (a) Lithology map based on VES data of the study (b) 3-D Resistivity lithological model. 4 
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5.1.2. Correlation between VES and Borehole data  5 

The resistivity fence diagram was created using VES data to provide a more accurate resistivity picture of the area's 6 

subsoil (Figure 4a). Moreover, a lithological fence diagram was prepared from the borehole data (Figure 4b). The 7 

inverted resistivity fence diagram depicts the vertical resistivity distribution inside a certain earth volume. (Keller and 8 

Frischknecht, 1966; Mukhtar et al., 2000; Griffiths and Barker, 1993; Singh et al., 2002, Kamaraj, P., & Karuppannan, 9 

S., 2024), Moreover, the lithological fence diagram shows the actual lithology of the study area. The resistivity range 10 

in the study area is from 1.48 Ω-m to 91121 Ω-m with an average value of 1179.85 Ω-m and the minimum resistivity 11 

value at VES9 near Keshowala village and maximum resistivity value at VES58 near Guchhupani. Figure 4(a) shows 12 

that the north-west part of the study area (VES58) has high resistivity values (200–500 Ω-m) with dry boulders, 13 

pebbles, and sandy clay and gravels and has a more compact geological formation. This type of geological formation 14 

of the study area is not a suitable groundwater-promising zone. The north-east part of the study area shows the 15 

formation of boulders, pebbles, cobbles, gravel, and sandy clay with a medium to high resistivity range (100–400 Ω-16 

m). This type of geological formation has good groundwater-promising zones. In the south-west and south-east parts 17 

of the study area, the geological formation of coarse sand with gravels, pebbles, cobbles, boulders, and clay with 18 

resistivity ranges from 50–200 Ω-m. This formation is more favorable for groundwater zones than other geological 19 

formations in the study area. From Figure 4(b), the lithological fence diagram clearly shows that the north-west part 20 

of the study area occurred gravels with boulders, cobbles, pebbles, and clay, whereas the north-east part shows the 21 

geological formation of boulders with pebbles, cobbles, and clay. The south-west part occurs bajri with boulders, 22 

cobbles, gravels, pebbles, and coarse sand, and the SE part of the study area occurs boulders with bajri, gravels, 23 

pebbles, cobbles, and sandy clay.  24 

 25 
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26 

Fig. 4(a) Fence diagram based on VES data and (b) Lithological fence diagram of the study area. 27 

 28 

 29 

 30 
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5.1.3. Aquifer resistivity, thickness and total depth of the study area 31 

Interpreting the results of these 58 VES surveys, the resistivity subsurface of different layers was inferred. These 32 

layers were shown as contours and 3-D representations. Because the VES sites were scattered geographically and 33 

arbitrarily over the study area, multiple gridding methods were explored, and the cross-validation methodology was 34 

used to obtain reliable findings and a near estimate of input data with output contours and 3-D views. The kriging 35 

method was superior to all other gridding approaches for this data (Kebede, H., et. al., 2024, Nugraha, G. U., et. al., 36 

2025). The aquifer resistivity and their water-bearing characteristics, a special variation of the contour map on 37 

groundwater lithological formation, have been prepared and shown in figure 5 (a). The comparative analysis has been 38 

made using the VES data of 55 locations out of 58 VES locations where the groundwater promising potential zone is 39 

in the study area. An examination of this aquifer resistivity map reveals that aquifer resistivity Varies from 12.69 to 40 

262.63 Ω-m, with an average aquifer resistivity value of 79.65 Ω-m in the study area. The resistivity ranges from 10 41 

to 50 Ω-m of groundwater promising formation comprising cobbles, pebbles, gravels, sand, and clay have been seen 42 

at VES1, 5, 7, 9, 16, 17, 19, 25, 26, 28, 33, 34, 37, 39...43, 46–48, 51, 53, 54, and VES55, respectively. In these 43 

sounding locations, 43.10% of groundwater occurred in the study area. The sounding locations VES4, 6, 10, 13, 21, 44 

28…30, 36, 44, 45, 56 and VES57 have a 22.41% groundwater-promising formation with gravels and sand with a thin 45 

clay layer where the resistivity ranges from 50–100 Ω-m. The sounding locations VES2, 3, 8, 14, 15, 20, 23, 24, 27, 46 

32, 38, 49, 50 and VES52 have a 24.13% Groundwater promising formation with cobbles, pebbles, and sandy clay 47 

with a resistivity range from 100 to200 Ω-m. Finally, locations VES18, 31 and VES35 have 5.17% Groundwater 48 

promising formation comprising of dry clay with cobbles with resistivity range from 200 to 300 Ω-m.   49 

The variation in resistivity is mostly attributed to variations in geological formations and hydrogeological 50 

conditions (George, N. J., 2025, Mohammed, M. A. A., et. al., 2024). The corresponding contour map and a 3-D view 51 

of the aquifer resistivities and thickness from the ground surface of the study area are shown in figure 5 (b) & 5 (d). 52 

There is one peak resistivity value in the northwest part, two high in the southeast, and two small peak resistivity 53 

values in the northwest part of the study area. These can be shown in 3-D views (Figure 5 b), which are also clearly 54 

identified in the contour map of the study area. These observations clearly show in figures 5 (a) and 5(b) that the rest 55 

area has a few more variations in the resistivity values. The resistivity of the groundwater aquifer system is not 56 

constant, and it is changing due to its hydrogeological formation and conditions. The soil type observed in the work 57 

was predominantly loam with varied percentages of sand.  58 

 The thickness in the study area varies from 11.0 m to 79.6 m, with an average value of 33.2 m. The minimum 59 

thickness is at VES57, which is near Saket colony, and the maximum thickness is at VES19, which is near Tiperpur.  60 

The aquifer thickness (h) line varies from 10-20m at locations VES2, 6, 8, 18, 40, 43, 50, 52 & VES57, which are in 61 

the North-East & South-East parts of the study area. The map shows that the aquifer thickness > 50m is located at 62 

VES 19, 20, 26, 28 & VES48, which lies in the North-East of the study area. The aquifer thickness ranging from 20-63 

30 m is found at ten locations at VES 3, 7, 9, 10, 15, 21, 27, 35, 49 and VES55, while VES locations of VES1, 5, 13, 64 

23, 25, 30, 31, 32, 33 and VES44 have aquifer thickness from 30-40m. Similarly, aquifers at VES locations   VES4, 65 

16, 17, 24 and VES44 have thicknesses between 40-50m. So, a higher thickness gradient is interpreted in the south-66 

east to north-west direction compared to other parts of the study area (Fig. 5c). 67 
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In the 3-D view of aquifer thickness (Figure 5 d), it can be seen that there is one high peak in the middle part, 68 

two peaks in the southeast part, and two small peaks in the northwest part of the study area. It clearly shows that the 69 

higher the thickness of the aquifer, the greater the groundwater potential zone. In the present study, the good 70 

groundwater promising potential zones formation comprising cobbles, pebbles, gravels, sand, and clay with resistivity 71 

range of 10 Ω-m to 50 Ω-m in the middle part, south-east and some part of the north-west of the study area. The rest 72 

of the study area is a medium to low groundwater potential zone based on electrical resistivity interpretation.  73 

 The depth of the aquifer of the study area has been prepared with a contour interval of 10 meters (Figure 5e). 74 

In the study area, the aquifer depth ranges from 18.3 m to 170.8 m with an average depth of 78.2 m, which are the 75 

minimum depth at VES4 near the village of Jhevareddi and the maximum at VES37 near the village of Ummedpur. It 76 

is demarcated that the deeper aquifer depth is in the study area's East, West, and South-East parts. Figure 5(f) shows 77 

a 3-D representation of aquifer depth, which shows three high peaks in the East, West, and South-East parts. There 78 

are four small peaks in the South-East, Middle, and North-West parts, which is the deeper aquifer depth. The shallow 79 

aquifer depth towards North-East to South-West and North-West to South-West part. The southeast part is the 80 

shallowest in the study area, and the rest is medium aquifer depth to low/shallow aquifer depth towards the north and 81 

southwest.   82 

 83 
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 84 

Fig. 5 (a) Contour map of aquifer resistivity (b) A 3-D representation of Aquifer Resistivity (c) Contour map of aquifer 85 

thickness (d) A 3-D representation of aquifer thickness (e) Contour map of aquifer depth and (f) A 3-D representation 86 

of aquifer depth along with VES positions in the study area. 87 

 88 

 89 
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5. 2. Hydrogeochemical data 90 

5.2.1. Analysis of Geochemical data 91 

The analyzed values of Cl-, Na+, Ca2+, Mg2+, SO4
2-, NO3

- TDS, EC, and SiO2 other parameters are compared with 92 

WHO standards (Janardhana Raju et al., 2011). The pH of the groundwater in the study area ranges from 6.90 to 7.98, 93 

with an average value of 7.41. TDS of the water samples was found to be 41 to 422, with an average value of 232. 94 

The EC ranges from 65 to 659, with an average of 420. Table 3 summarizes the hydrochemical parameters for the 95 

investigated groundwater samples (N = 13) from the study area. Comparison of hydrochemical data with drinking 96 

water standards (WHO, 2020) showed that about 7.72% (N = 1), 23.38% (N = 3) and 15.38% (N = 2) of the samples 97 

exceeded the guideline values for Calcium (Ca+, 75 mg/l), Magnesium (Mg2+, 30 mg/l) and Total Hardness (CaCO3, 98 

300 mg/l), respectively. This showed an important water quality decline in the study area. The ranges of Ca+, Mg+, 99 

and TH ions are 2 to 86 mg/l (mean, 31.0 mg/l), 1 to 49 mg/l (mean, 17 mg/l), and 22 to 311 mg/l (mean, 143 mg/l), 100 

respectively. Such solute concentration ranges showed that a number of complicated hydrochemical processes 101 

produced the chemical composition of groundwater. The high Ca+ concentrations is observed at observation wells at 102 

SP3 (= 86 mg/l) nearby Ramgarh, Mg+ concentrations at SP1 (=37 mg/l) nearby Singhniwala, SP2 (=49 mg/l) nearby 103 

Badowala & SP13 (=35 mg/l) nearby Telpur and TH concentrations at SP2 (=311 mg/l) nearby Badowala & SP3 104 

(=310 mg/l) nearby Ramgarh. This also echoes significant groundwater degradation due to the intermixing of rock 105 

materials. The physical and chemical characteristics of groundwater analysis findings and the drinking water quality 106 

were compared to the standard guideline levels recommended by the WHO (2020) for consumption and community 107 

health standards.  108 

 109 

Table 3 Physico-chemical parameters of the study area 110 

Sample 

No. 

Location pH EC TDS Na+ K+ Ca2+ Mg2+ TH HCO3
− Cl− SO4

2−  F− NO3
−  SiO2 

SP1 Singhniwala 7.91 588 376.32 9 1.4 48 37 273 256 14 47 0.01 20 9.7 

SP2 Badowala  7.56 658 421.12 8 1.0 43 49 311 244 21 78 0.08 22 7.7 

SP3 Ramgarh 7.81 659 421.76 9 1.2 86 23 310 238 21 86 0.12 18 10.5 

SP4 Jhajra 7.98 325 208 9 1.2 43 9 143 146 21 6 0.08 7 9.3 

SP5 Nanda ki 

Chowki 

7.26 315 201.6 26 6.0 10 17 94 143 21 8 0.01 3 5.4 

SP6 Khandoli 7.52 65 41.6 5 0.1 2 4 22 31 4 3 0.09 0.01 13.0 

SP7 Selakui 7.2 188 120.32 12 1.0 20 4 66 57 14 18 0.01 11 12.2 

SP8 Sabhawala 7.12 360 230.4 16 10.1 24 17 133 122 21 23 0.09 34 7.9 

SP9 Rampura 7.43 190 121.6 10 1.0 19 6 73 73 7 22 0.01 2 10.1 

SP10 Shankarpur 6.91 143 91.52 10 0.8 10 6 50 63 7 9 0.07 2 12.4 

SP11 Redapur 7.06 107 68.48 11 0.7 10 1 29 44 7 3 0.08 5 17.3 

SP12 Chhorba 7.23 106 67.84 11 0.7 10 1 28 46 7 5 0.01 1 8.1 

SP13 Telpura  7.29 589 376.96 9 1.0 52 35 275 231 14 68 0.01 18 7.7 

 111 
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Table 4 shows the most required and maximum tolerable limits of various parameters. The groundwater classification 112 

based on total hardness (TH) shows that most groundwater samples fall in the soft water category, and the remaining 113 

samples fall in the moderately hard to very hard water category. The hardness of the analyzed samples ranges from 114 

22 to 311 mg/l with an average value of 143 mg/l, and the hardness values are given in Table 5. Six samples were 115 

found to be soft, and three water samples were moderately hard within the allowable hardness limit. 15.38% of water 116 

samples under the hard water category and 15.38% of the samples exceed the maximum permissible limit of 300 mg/l, 117 

which indicates that the groundwater from the study area is unsuitable for drinking. The presence of calcium and 118 

magnesium in abundance may contribute to groundwater hardness. Water hardness can hinder soap lather 119 

development and raise the boiling point of water, although it has no known long-term harmful effects on human health.  120 

 121 

Table 4 Summary statistics of the analytical data indicated by WHO (2020) and BIS (2020). 122 

S. 

No. 

Parameters Minimum Maximum Mean SD Permissible 

Limits 

mg/l (BIS 20202) 

and (WHO 2020) 

(mg/l) 

Numbers 

of samples 

exceeding 

allowable 

limits 

Percentage 

of samples 

exceeding 

allowable 

limits  

1 pH 6.91 7.98 7.44 0.76 6.5-8.5 Nil Nil 

2 EC 65 659 362 420.02 750 Nil Nil 

3 TDS 41.6 421.76 231.68 268.81 500 Nil Nil 

4 Na+ 5 26 15.495 14.84 200 Nil Nil 

5 K+ 0.1 10.1 5.095 7.06 25 Nil Nil 

6 Ca2+ 2 86 43.8 59.11 75 1 7.72 

7 Mg2+ 1 49 24.96 33.94 30 3 23.07 

8 TH 22 311 166.25 204.71 300 2 15.38 

9 HCO3
− 31 256 143.04 159.16 600 Nil Nil 

10 Cl− 4 21 12.40 12.53 250 Nil Nil 

11 SO4
2-  3 86 44.5 58.69 200 Nil Nil 

12 F− 0.01 0.12 0.065 0.08 1.5 Nil Nil 

13 NO3
-  0.01 34.46 17.23 24.36 45 Nil Nil 

14 SiO2 5.4 17.3 11.37 8.44 120 NIL Nil 

pH:-log10H+ at 25◦C; EC in μS/cm, All Ions inmg/l; samples were collected on September 2019; SD standard 123 

deviation; TH total hardness as CaCO3.  124 

 125 

Long-term intake of very hard water, on the other hand, may increase the frequency of health issues and induce 126 

encrustation in water supply distribution systems (Agrawal and Jagetia, 1997). 127 

 128 

 129 

 130 
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Table 5  Groundwater classification based on Total Hardness. 131 

Total 

Hardness 

(mg/l) 

Types 

 of  

water  

Sample numbers Number of 

samples  

Percent 

 of  

samples  

<75 Soft  SP6, 7, 9, 10, 11 and SP12 6 46.15 

75-150 Moderately Hard SP4, 5, and SP8 3 23.08 

150-300 Hard  SP1 and SP13 2 15.38 

>300 Very hard  SP2 and SP3 2 15.38 

Total    13 100 

 132 

From figures 6 (a), (b), and (c), a comparative representation of EC, TDS, and TH clearly shows the fluctuation in the 133 

study area. The EC, TDS, and hardness of the water gradually increased from the North part to the South part with a 134 

gentle sloping, and the maximum was found at SP3, which is near Badowala village, and the minimum was found at 135 

SP6, which is near Khandoli village. In the present study, 46.15% of water samples is soft type of SP6, 7, 9, 10, 11, 136 

and SP-12, about 23.08% of water samples is moderately hard of SP4, 5, SP8, around 15.38% of water samples is 137 

hard type water of SP1 & SP13, and 15.38% of water samples of SP2 & SP3 is very hard type water and beyond the 138 

permissible drinking limit in the study area. The classification of water samples based on electrical conductivity (EC) 139 

is given in Table 6. In the study area, 53.85% of water samples are in good water, and 46.15% are in excellent water.   140 

Table 6 Drinking water quality classification based on Electrical Conductivity (EC).  141 

EC (µS/cm) Types of 

water  

Sample numbers Number of 

samples 

Percent 

 of samples  

<250 Excellent  SP-3, 7, 9, 10, 11, 12  6 46.15 

250-750 Good SP1–5, 8, 13 7 53.85 

750-2250 Fair Nil Nil Nil 

>2250 Poor  Nil  Nil Nil 

Total    36 100 

 142 

5. 2. 2. Characterization of the hydro-geochemical facies 143 

The chemical analysis of groundwater samples is shown on a Piper trilinear diagram, allowing for easy classification 144 

and comparison of different kinds of water (Piper, 1944). The principal anions and cations concentrations are 145 

represented in two trilinear diagrams and a diamond-shaped field of a Piper diagram. Water is classified chemically 146 

into two types: Mg-type, Ca-type, Na+K-type, and no dominant type water in cation facies, and SO42-type, HCO3-147 

type, Cl-type, and no dominant type water in anion facies (Figure 6d) (Table 7). The observations infer that no 148 

dominant type facies dominate in the study area, and the percentage of samples categorized under the Mg-type, Ca-149 

type, and no dominant type water in cation facies, and SO4
2- type, HCO3

- type, and no dominant type water in anion 150 

facies is 23.08%, 23.08%, 53.85%, 92.31%, and 7.72% respectively. The Cationic (TDS versus Na+ / Na+ + Ca2+) 151 

and anionic (TDS versus Cl- / Cl- + HCO3-) plot in Gibbs's (1970) diagram shows that the bulk of the water samples 152 

is in the rock dominance zone. (Figure 6e).  153 

Table 7 Characterization of hydrochemical facies in groundwater. 154 

Water type Sample numbers  Numbers of 

samples  

Percentage of 

samples  
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(i) Cation Facies     

a) Mg type SP1, 2 and SP3 3 23.08 

b) Ca type SP3, 4 and SP7 3 23.08 

c) Na+K type Nil Nil Nil 

d) No dominant type   SP8, 9, 10, 11, 12 and SP13 7 53.85 

(ii) Anion Facies    

a) SO4
2- type Nil  Nil Nil 

b) HCO3
- type SP1–6, 8–13 12 92.31 

c) Cl- type Nil   Nil  Nil 

d) No dominant type   SP7 1 7.72 

 155 

 156 

Fig. 6 (a-c) Spatial map of EC, TDS, and TH; (d) Piper Tri-linear Diagram representing the chemical analysis of 157 

samples; and (e) Gibb’s plot. 158 

 159 

5. 3. Hydrogeochemical Characteristics and Statistical Relationships 160 

 161 

According to the physicochemical characteristics of the groundwater samples, the Sahaspur Block of Dehradun district 162 

groundwater is typically fresh and fit for household, drinking, and irrigation uses. The groundwater conditions are 163 

neutral to slightly alkaline, with pH values ranging from 6.91 to 7.98. TDS ranges from 41.6 to 421.8 mg/L, indicating 164 

mild to moderate mineralization, whereas electrical conductivity (EC) ranges from 65 to 659 μS/cm. Ramgarh (659 165 
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μS/cm), Badowala (658 μS/cm), Telpura (589 μS/cm), and Singhniwala (588 μS/cm) had the highest EC values, 166 

whereas Khandoli (65 μS/cm), Chhorba (106 μS/cm), and Redapur (107 μS/cm) had the lowest values. Groundwater 167 

is primarily fresh and has experienced little geochemical evolution, as indicated by the comparatively low EC and 168 

TDS values. Groundwater conductivity is predominantly controlled by dissolved ionic components, as demonstrated 169 

by the nearly perfect positive relationship between EC and TDS (R = 1.00) found in statistical analysis. EC and 170 

bicarbonate (R=0.985) and EC and total hardness (R=0.992) all showed strong positive associations. These 171 

correlations show that interactions with alluvial sediments and the dissolution of carbonate-bearing minerals are the 172 

primary factors controlling groundwater mineralization. The correlation matrix indicates the following relationships 173 

in Table 8. 174 

 175 

Table 8 correlation matrix relationship  176 

Parameters Correlation Coefficient (R) 

EC – TDS 1.000 

EC – Total Hardness 0.992 

EC – HCO₃⁻ 0.985 

Total Hardness – HCO₃⁻ 0.976 

  177 

The significant correlation between EC, hardness, and bicarbonate indicates that water-rock interaction processes in 178 

the Doon Valley's gravel, sand, pebble, and cobble aquifers play a major role in controlling groundwater chemistry. 179 

The predominance of bicarbonate ions and the modest quantities of calcium and magnesium show the impact of silicate 180 

weathering and carbonate dissolution. 181 

The PCA information is utilized to identify correlations, trends, and waters with risky chemical composition 182 

for further statistical modeling (Xu et al., 2019, Naskar, S., et al., 2025, Somvir Singh et. al., 2025). The three factors 183 

contribute 73.9% of the total variance of all parameters evaluated in factor analysis. Moreover, it is mainly attributed 184 

to higher loading of EC, TDS, Na+, K+, Mg2+, Ca2+, Cl-, and SO4
2- (Figure 7a), and are major contributors to the 185 

groundwater chemistry. The biplot of PC-1 and PC-2 in figure 7(b) shows the relationship between factor scores for 186 

the water sample locations and factor loading for the physicochemical parameters. PC-1 and PC-2 have positive 187 
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loadings of all physicochemical parameters except for the negative loading of TH, Mg2+, SO4
2-, Ca2+, and pH in PC-188 

2. 189 

 190 

 191 

Fig. 7(a) 3D Rotation plot of R-mode factor analysis showing ion association, (b) Biplot of principal component 192 

explaining the relationship of physicochemical parameters and sample locations. 193 

 194 

The hydrochemical findings corroborate the geophysical interpretation that the aquifer system is mostly composed of 195 

permeable sandy and gravelly strata that hold fresh groundwater. While comparatively greater EC values are linked 196 

to prolonged groundwater residence durations and increased mineral dissolution, areas with lower EC and TDS values 197 

are probably associated with more permeable recharge zones.  The groundwater-bearing formations found in the VES 198 

survey are therefore confirmed by the combined geophysical and hydrochemical investigation to be productive 199 

freshwater aquifers fit for household, agricultural, and drinking purposes. 200 

 201 

5. 4. Geophysical–Geochemical Statistical Integration 202 

Aquifer resistivity derived from VES interpretation was statistically combined with hydrochemical data, such as 203 

electrical conductivity (EC) and total dissolved solids (TDS), to examine the predictive potential of geophysical 204 

parameters for groundwater quality assessment. The association between groundwater quality indicators and aquifer 205 

resistivity was measured using regression analysis, Pearson correlation, and Spearman rank correlation. 206 

 207 

(a) Correlation Analysis 208 

The Pearson correlation coefficient between aquifer resistivity (ρa) and groundwater EC was found to be: 209 

                        ܴ௉௘௔௥௦௢௡(ߩ௔, (ܥܧ = −0.081                                     (4) 210 

 211 

Similarly, the Spearman rank correlation coefficient was: 212 

                        ܴௌ௣௘௔௥௠௔௡(ߩ௔, (ܥܧ = −0.137                                   (5) 213 

 214 
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Aquifer resistivity and groundwater EC have a weakly inverse connection, according to both coefficients. The low 215 

correlation indicates that bulk aquifer resistivity is significantly impacted by lithological changes, porosity, saturation 216 

conditions, and clay content in addition to groundwater chemistry, even though groundwater conductivity normally 217 

rises with increasing ionic concentration. 218 

(b) Power-Law Regression Model 219 

A non-linear regression model was developed between groundwater EC and aquifer resistivity using the commonly 220 

adopted power-law relationship: 221 

ܥܧ                           =  ௔−0.22                                                       (6)                                       222ߩ590

where: EC = Electrical conductivity (µS/cm) and ρa = Aquifer resistivity (Ω-m)  223 

The coefficient of determination obtained from the model was: 224 ܴ2 = 0.08 225 

Aquifer resistivity accounts for just around 8% of the variability in EC, according to the low R2 value. This shows that 226 

resistivity measurements alone cannot be used to accurately estimate groundwater quality in the Sahaspur Block, 227 

Dhradun district, Uttarakhand. 228 

 229 

5. 5. Hydrogeophysical Relationship Between Aquifer Resistivity and Groundwater Quality 230 

 231 

The quality of groundwater aquifers in the study area was investigated using a hydrochemical and geophysical 232 

approach. Attempts were made to gather as much data as possible to develop a more efficient formula (Abdelfattah, 233 

M., et. al., 2023, Hibbs, B. J., 2024). Aquifer resistivity values (ρₐ) obtained from VES interpretation were compared 234 

with groundwater quality parameters acquired from 13 water samples collected near selected VES locations in order 235 

to assess the relationship between aquifer electrical characteristics and groundwater quality (Table 9). Total dissolved 236 

solids (TDS), groundwater resistivity (ρw), and electrical conductivity (EC) were among the metrics examined. Aquifer 237 

resistivities ranged from 14.33 to 168.30 Ω-m, and groundwater EC values ranged from 65 to 659 μS/cm. The 238 

corresponding values of groundwater resistivity were between 15.17 to 153.85 Ω-m. According to Vouillamoz et al., 239 

2007, Lubang, J., Liu, H., & Chen, R., 2023, Kouadio K. J. O., et. al., 2024, the groundwater resistivity (ρw) was 240 

calculated from measured EC values using the inverse relationship: 241 

௪ߩ                                                   = 10000ா஼                                                      (7) 242 

where ρw is groundwater resistivity (Ω-m) and EC is electrical conductivity (μS/cm). From figure 8a, the relationship 243 

between groundwater resistivity and aquifer resistivity was examined through linear regression analysis, equation is: 244 ߩ௪ = ௔ߩ0.1622 + 41.673 (8) 245 

The regression produced a coefficient of determination of R² = 0.041, meaning that aquifer resistivity accounts for 246 

just 4.1% of the variation in groundwater resistivity. This incredibly poor link implies that groundwater conductivity 247 

is not the only factor directly controlling aquifer resistivity. Instead, the aquifer system's saturation conditions, 248 

porosity, clay content, grain-size distribution, and lithological heterogeneity all have a significant impact on the bulk 249 

resistivity reaction. A second regression analysis was conducted between groundwater electrical conductivity and 250 

aquifer resistivity to establish a direct hydrogeophysical relationship (Figure 8 b): 251 ܥܧ = ௔ߩ0.3464− + 351.64 (9) 252 
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The negative slope shows the anticipated inverse relationship between resistivity and electrical conductivity, with 253 

lower resistivity values often found in groundwater with larger dissolved ionic concentrations. The statistical 254 

association was still poor, though, which is indicative of significant data scatter and the limited ability of aquifer 255 

resistivity to predict groundwater salinity. To further assess the geophysical–geochemical relationship, TDS values 256 

were correlated with the inverse of aquifer resistivity (Figure 8 c). The resulting regression equation was: 257 ܶܵܦ = 179.68 + 1020.33 ( (௔ߩ1 (10) 266 

with R² = 0.03 as the coefficient of determination. Aquifer resistivity can only account for 3% of the variance in TDS, 258 

according to the extremely low R2 value, indicating a negligible link between the two variables. This finding implies 259 

that the observed resistivity changes are not primarily caused by groundwater mineralization.  The Doon Gravel 260 

Formation's heterogeneous composition of alternating layers of boulders, cobbles, pebbles, gravels, sand, and clay is 261 

responsible for the poor correlations seen in all regression models. The impacts of groundwater chemistry are 262 

frequently obscured by such lithological heterogeneity, which has a substantial impact on bulk formation resistivity. 263 

As a result, formations with identical resistivities may contain groundwater with diverse chemical compositions, 264 

whereas aquifers with equal groundwater quality may show differing resistivity values. 265 

Overall, the hydrogeophysical analysis shows that while VES-derived resistivity data is very useful for 267 

characterizing and delineating aquifers, groundwater quality indicators like EC and TDS in the study area cannot be 268 

accurately predicted by aquifer resistivity alone. Therefore, an integrated strategy that combines hydrochemical 269 

analysis and geophysical investigations should serve as the foundation for groundwater quality assessment. The 270 

combined interpretation demonstrates the significance of integrating geophysical and geochemical datasets for 271 

sustainable groundwater resource assessment and management and confirms that fresh groundwater primarily occurs 272 

within multilayered gravelly aquifers in the Sahaspur Block, Dehradun district, Uttarakhand. 273 

                Table 9 Summary of Correlation between EC, TDS and geoelectrical resistivity. 274 

Sl. No. VES No./SP 

No. 

Aquifer 

resistivity (ρa in 

Ω-m) from VES 

EC (µS/cm) 

from Water 

sample 

TDS 

(mg/L) 

Groundwater 

Resistivity  

(ρw in Ω-m) =1/EC 

૚𝝆ࢇ (Ω⁻¹-m⁻¹) 

1 VES1/SP11 31.456 107 68.48 93.46 0.03179 

2 VES2/SP12 102.07 106 67.84 94.34 0.009797 

3 VES8/SP2 168.3 658 421.12 15.2 0.005942 

4 VES10/SP4 50.87 325 208 30.77 0.019658 

5 VES13/SP7 72.427 188 120.32 53.19 0.013807 

6 VES16/SP3 20.569 659 421.76 15.17 0.048617 

7 VES17/SP1 19.895 588 376.32 17.01 0.050264 

8 VES22/SP6 98.22 65 41.6 153.85 0.010181 

9 VES26/SP8 16.266 360 230.4 27.78 0.061478 

10 VES32/SP9 146.5 190 121.6 52.63 0.006826 

11 VES33/SP13 43.398 589 376.96 16.98 0.023043 

12 VES53/SP10 14.334 143 91.52 69.93 0.069764 

13 VES54/SP5 19.123 315 201.6 31.75 0.052293 

 275 



27 

 

  276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

Fig. 8 (a) Correlation between aquifers resistivity (VES) and groundwater resistivity, (b) Correlation between aquifers' resistivity (VES) and electrical conductivity 295 

(EC), and (c) Correlation between TDS and    
1ఘೌ . 296 

 297 

(b)

EC = -0.3464ρa + 351.64  

R² = 0.0066
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6. Conclusions  298 

The Sahaspur Block, Dehradun District, Uttarakhand, India's groundwater potential and quality were assessed using 299 

a combination of geophysical, geochemical, and statistical methods. To describe the aquifer system and determine 300 

groundwater suitability, 58 Vertical Electrical Sounding (VES) measurements and 13 groundwater samples were 301 

examined.  A heterogeneous multilayered subsurface made of clay, sandy clay, gravel, pebbles, cobbles, and boulders 302 

was revealed by the geoelectrical interpretation. With an average resistivity of 79.7 Ω-m and aquifer resistivity values 303 

ranging from 12.7 to 262.6 Ω-m, the main groundwater-bearing formations were found in gravelly and sandy layers. 304 

Groundwater-bearing zones were found at depths between 18.2 and 178.8 m, indicating moderate to high groundwater 305 

potential across the majority of the research area. Aquifer thickness ranged from 11.0 to 79.6 m (average 33.2 m). 306 

According to hydrogeochemical study, groundwater is often fresh and appropriate for household, drinking, 307 

and irrigation uses. The measured pH, EC, and TDS ranged from 6.91 to 7.98, 65 to 659 μS/cm, and 41.6 to 421.8 308 

mg/L, respectively. All key physicochemical parameters were found to be within the acceptable limits of drinking 309 

water regulations. Aquifer resistivity and groundwater EC showed a weak inverse connection (Pearson R= −0.081; 310 

Spearman R = −0.137) according to the statistical integration of geophysical and geochemical information. The low 311 

coefficient of determination (R² = 0.08) obtained from the power-law regression model, EC = 590ߩ௔−0.22, indicates 312 

that aquifer resistivity has limited predictive capacity for groundwater quality assessment in the research area. The 313 

TDS–resistivity model also showed a weak correlation (R² = 0.03). These findings imply that groundwater 314 

mineralization alone is not the primary factor influencing bulk aquifer resistivity, but rather the lithological 315 

heterogeneity of the Doon Gravel Formation. 316 

Groundwater occurrence and quality are better understood when VES-derived aquifer characteristics are 317 

combined with hydrochemical measurements than when either method is used separately. The results show that the 318 

Sahaspur block aquifer system is primarily made up of freshwater-bearing gravelly deposits with acceptable water 319 

quality and positive groundwater potential. The study offers a scientific foundation for sustainable groundwater 320 

development and management in the Himalayan piedmont region and emphasizes the significance of integrated 321 

hydrogeophysical investigations for groundwater resource evaluation. 322 

Principle contribution of this study is to assess the hydrogeological importance of aquifer resistivity in a 323 

complicated alluvial setting by integrating geophysical, geochemical, and statistical analysis. The findings 324 

demonstrate that although VES is a useful tool for identifying groundwater-bearing formations, substantial lithological 325 

restrictions prevent aquifer resistivity from being a reliable indicator of groundwater quality. In heterogeneous 326 

piedmont aquifer systems, our discovery highlights the need to integrate geophysical and hydrochemical datasets for 327 

precise aquifer characterisation and groundwater-resource evaluation. 328 

 329 

7. Limitations of the Study 330 

 331 

The Sahaspur Block's groundwater potential and quality were revealed by the integrated geophysical, geochemical, 332 

and statistical technique; however, a number of restrictions should be noted. First, the multilayered alluvial aquifer 333 

system's complex lateral heterogeneities may not have been properly captured by the geophysical study's one-334 

dimensional (1D) VES interpretation. Second, the robustness of the geophysical–geochemical correlations may be 335 
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limited because there were only 13 groundwater samples available for hydrochemical and statistical analyses. Third, 336 

the weak correlation between groundwater quality parameters and aquifer resistivity indicates that bulk resistivity is 337 

more influenced by lithological variability than by groundwater mineralization, which lowers the predictive power of 338 

resistivity-based water-quality assessment. Additionally, because groundwater samples were gathered during a single 339 

sampling campaign, seasonal variations in groundwater chemistry and water-table fluctuations were not assessed. In 340 

order to enhance aquifer characterization and groundwater-quality prediction in the diverse piedmont aquifer systems 341 

of the Himalayan foothill region, future research should integrate high-resolution 2D/3D geophysical imaging, larger 342 

hydrochemical datasets, seasonal monitoring, and sophisticated statistical or machine-learning techniques. 343 
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