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Abstract 

 

The presence of complex ground soil structures limits the attempt for groundwater extraction for 

alternate water supply usage. Hydrologists and engineers have made many attempts to Model 3D 

groundwater flow and storage using digital elevation model (DEM) data structures but have 

resulted in limited success in terms of actual 3D subsurface geology representation. This study 

attempts to construct resistivity data in an actual 3D environment using volumetric geo-objects 

(VGOs) and 3D tetrahedron network (3D TEN) data structures. Subsurface data were collected 

using the vertical electrical sounding (VES) approach to analyse the geological structure of the 

study area. To determine the course and movement of groundwater, the 3D constant was applied 

from Darcy's law in the Lagrangian technique. A time frame of one hour, two hours, four hours 

and eight-hour intervals was tested to simulate the porosity and permeability of various soil types 

with complex geological structures. The findings validated the use of 3D visualisation to model 

resistivity data. The implemented volumetric geo-object (VGO) data model and the 3D TEN model 

show the volume of water over the topsoil to be 17,461,228.07 in an hour; clay soil was 

870,614.04; clayey sand was 435,307.02; and sandy clays was 348,245.61 per kilometre cube 

(km3). The use of 3D TEN and VGO for groundwater simulation in this research offers an 

improved perspective in groundwater visualisation that will promote sustainable groundwater 

exploration for societal developments. The findings of this study will be beneficial to stakeholders, 

water resource managers and government agencies such as Ministry of Water Resources.  

 

Keywords: Data model, Groundwater simulation, Three-dimensional tetrahedron network (3D 

TEN), Vertical electrical sounding (VES), Visualisation, Volumetric geo-objects (VGOs) 
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Introduction 

 

Groundwater extraction has become important due to the unpredictability of surface water sources. 

Many researchers and scholars, such as Omolaiye et al. (2020); Arowoogun and Osinowo (2022); 

and Gaikwad et al. (2022), have combined the geographical information system (GIS), remote 

sensing and vertical electrical sounding (VES) for groundwater prospecting with appealing results. 

The output of VES and GIS groundwater exploration models, on the other hand, are usually in two 

dimensions (2D), which has limited 3D representation of the subsurface that could provide more 

robust information that is critical to prospected well performances (Cedrick et al., 2021; Li et al., 

2022). Furthermore, as the population grows, policy-makers require a model that can visualise 3D 

hydrogeological processes geared towards meeting the water supply needs for a growing populace. 

The Transport of Unsaturated Groundwater and Heat (TOUGH 2) (Webb et al. 2018), 

Modular Three-Dimensional Finite-Difference Groundwater Flow Model (MODFLOW), 

(Langevin et al., 2017) and computer intelligence are examples of 3D modelling applications that 

can be used to investigate the groundwater yield potential of a specified region. Nonetheless, the 

current model ignores the characteristics of subsurface water flow, which includes geological 

material and permeability, in addition to a well-established structure of voids in distinct landforms 

(Omar et al., 2020). 

Despite advances in computer graphics and the introduction of computers with high 

processing power, 3D GIS researchers have been unable to study various phenomena in 3D, such 

as static and dynamic fields, utilising various 3D GIS data processing models (Li et al., 2022; 

Zavari et al., 2022). The absence of an analytical model for subsurface water study and 

development has hampered the depiction of geological structures in 3D (Di Salvo et al., 2020). 

Gong et al. (2004) defined 3D GIS models as volume, surface and octree-based data models, 

allowing 3D GIS users to capture and visualise objects and events in 3D. Excessive line flow and 

pollutant distribution were assessed and visualised in 3D by researchers such as Izham et al. 

(2011), Zaidi et al. (2015), and Morosini and Zucaro (2019). 

A key prerequisite for 3D groundwater modelling within geologic media is the knowledge 

and behaviour of the lithological units, as evident in the work of Di Salvo et al. (2020) and Zang 

(2022) using GoCAD in modelling strata, ores and faults. For GIS applications, Anh (2011) and 

Tuan (2013) provide a 3D GIS data model that includes 3D Format Data Structure (3D-FDS), 3D 

Tetrahedral Network (3D TEN), Object Oriented Model (OO 3D), 3D City Models (3D 

CityGML), Octree model, Simplify Spatial Model (SSM), Urban Data Model (UDM) and Solid 

Object Management System (SOMS) among many 3D GIS data models that are in practice today. 

Many of these 3D GIS models have found wide application in topology and smart urban city design 

with appealing results (Nasir et al., 2021). In terms of dynamic field visualisation as simulations, 

numerical, volumetric and other geo-objects have effectively been implemented in emergency 

planning, such as fire (Huang et al., 2019; Li et al., 2021), flood (Joy et al., 2020; Rydvanskiy & 

Hedley, 2020) and landslide modelling (Fanos et al., 2020; Havenith, 2021), using a volumetric 

data model with a unique speed and direction over time under different pressure conditions. 

Therefore, this research uses the 3D Tetrahedron Network (TEN) and volumetric geo-

object (VGO) data model to represent and visualise in situ data produced by VES into a 3D local 

visualisation of subsurface geological structures, specifying the issue of a specialised data structure 

compatible with 3D subsurface water simulation and modelling. The specific objectives of the 

research are to (i) identify and delineate the different lithological layers in the study area and (ii) 

https://doi.org/10.17576/geo-2022-1804-01
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produce a 3D model delineated using the 3D TEN data model and simulate groundwater flow over 

the 3D modelled layers over time.  

 

 

Literature review 

 

Groundwater theory, simulation modelling techniques and tools 

 

Groundwater hydrology is defined by part of the water from the stream, rainfall, and other recharge 

processes that have infiltrated the subsurface layer through the phreatic zone and confined to 

saturated voids and may be discharged into a well and seep over time. The subsurface layer water 

holding capacity is a function of porosity in water-bearing rock or soil voids defined by the ratio 

of water volume to the ratio of the lithological material void volume (Andriani et al., 2021; 

Akinyemi, 2022). 

The volumetric water in the saturated media is a function of the unsaturated zone, which 

serves as an initiating change factor in the moisture content during saturation. The water content 

in the unsaturated zone changes over time and space and becomes saturated fluid phases of air and 

water. This phenomenon becomes more pronounced during the groundwater recharge process 

either from infiltration from precipitation or from nearby streams and rivers. The literature has 

demonstrated the assessment of groundwater retention capacity using a water retention capacity 

curve approach with a high success rate (Ekanem, 2020; Zeitoun et al., 2021), demonstrating the 

possibility of assessing water performance in subsurface media. 

Therefore, in the process of simulating groundwater confined within geologic media, 

volumetric water content is critical. Lamontagne‐Hallé et al. (2020) and Li et al. (2020) 

implemented a numerical modelling approach to simulate groundwater under different conditions. 

These studies offer a useful conceptual framework in groundwater simulation; however, this 

approach may result in variations from real conditions, and the results from such studies are often 

difficult to implement due to the imaginary parameter estimation (Ahmad et al., 2020; Luo et al., 

2022). In overcoming this limitation, in 3D simulations, data models such as volumetric soft geo-

objects (Izham et al., 2011; Maiti & Chakravarty, 2021), MODFLOW (Jaxa-Rozen et al., 2019; 

Xiang et al., 2020), and TOUGH 2 (Xu et al., 2021), among several other 3D data models, have 

been used in the simulation of dynamic features characterised by rapid changes under different 

conditions. 

 

Three-dimensional tetrahedron network (3D TEN) 

 

The 3D TEN is a 2D triangular irregular network (TIN) extension (Abdul-Rahman & Pilouk, 

2007). Figure 1(a) depicts 3D TEN objects as a linked and nonoverlapping tetrahedral with six 

edges, four vertices and four faces. Because objects in the real world present as uneven and three-

dimensional, 3D TEN may effectively represent them (Lemmon, 2010). In addition to the TIN, the 

3D TEN may describe 3D objects characteristic of multifaceted spatial topological interactions 

and closely arrayed yet nonoverlapping tetrahedrons (Abdul-Rahman & Pilouk, 2007). The 

qualities of the 3D TEN data format justify its use for modelling an object with volume and rigid 

qualities. 

Due to its high computational efficiency and well-defined groupings of triangles, easy 

depiction, ease of maintenance for visualisation while employing a network of quasi-tetrahedra 

https://doi.org/10.17576/geo-2022-1804-01
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(Breunig et al., 2020) and adaptability in expressing complicated objects, 3D TEN was chosen as 

the internal data model for this study. According to (Abdul-Rahman & Pilouk, 2007), the easiest 

data model that can be summarised into point, line and volume depictions while creating and 

dividing real-world objects is 3D TEN. The capacity of 3D TEN to partition allows for the 

generation of models for volumes that do not overlap in a given space (Breunig et al., 2020). 

 

  

 
   Source: modified from Ciullo et al. 2020 

 

Figure 1. 3D TEN model and Delaunay triangulation. 

 

Figure 1(b) shows a 3D TEN made of a tetrahedron network that allows for a 3D 

representation of subsurface geology based on VES interpretation. In Figure 1(c) of the resulting 

3D TEN, a succession of meshes including numerous more geometric criteria relevant to 

interpolation accuracy are built using Delaunay triangulation. A limited Delaunay triangulation 

was created to reduce the Delaunay property while maintaining optimality features similar to those 

of a Delaunay triangulation. As a result, from the perspective of 3D modelling, the interpreted 

VES data may now be modelled in 3D, with groundwater movement within each of the modelled 

landforms simulated as a dynamic landscape. 

 

Darcy's law-based 3D groundwater flow model 

 

In Darcy’s groundwater flow model, the flow rate is expected to be equal to the nature and features 

of the subsurface formation that makes up the layer in any model explaining the visualisation of 

groundwater flow (Langevin, 2017). This allows for groundwater flow modelling and simulation 

inside constrained geological features. Although current 3D data models may be used in 

groundwater modelling, the existing theories, processes and nature that regulate subsurface water 

flow must be included in 3D modelling and data visualisation to enable realist depiction. 

Beni et al. (2011) established two approaches to defining alterations in the field: Eulerian 

methods, which allow the design in the field at a specific site using fixed points, and Lagrangian 

approaches, which allow the design in form, size, and volume that occur on a variable component 

restricted at multiple locations. A Lagrangian technique was used to depict the flow rate of water 

restricted in a subsurface stratum at multiple points for this study. 

The 3D flow of water over different geological media was developed by implementing two 

techniques: water as a dynamic object that changes shape and size over varying voids of the 

subsurface material and flow velocity in the media determined using Darcy’s law of groundwater 

(a) (b) (c) 

https://doi.org/10.17576/geo-2022-1804-01
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flow mechanism (Schwartz & Zhang, 2002) to create a unique distribution over distinct saturated 

formations based on Equations 1-6: 
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where 
𝜕ℎ

𝜕𝑥
 ,

𝜕ℎ

𝜕𝑦
 𝑎𝑛𝑑 

𝜕ℎ

𝜕𝑧
 represent fluctuations in the volume of groundwater flow along X, Y 

and Z, while k represents the permeability of the subsurface channel through which water flows. 

The following equation was used to enable visualisation of groundwater flow utilising the 

Lagrangian technique for simulation and 3D modelling of groundwater: 

 
𝑎𝑥 𝑎𝑦 𝑎𝑦

𝑏𝑥 𝑏𝑦 𝑏𝑧

𝑐𝑥 𝑐𝑦 𝑐𝑧

 

⋮ 
                                                       𝑛𝑥 𝑛𝑦 𝑛𝑦     (2) 

 

In Equation 2, a, b, c...n represent subsurface layers, and x, y, z are measurements of the 

layers. In 3D Delaunay triangulation, Equation (2) depicts the anticipated function of a dynamic 

point. The net outflow/inflow of water in a subsurface inside a specific layer. 

 

 

Materials and methods 

 

Research framework 

 

The research framework (Figure 2) is structured into 5 major stages: acquisition of subsurface 

information, delineation of the subsurface lithology, production of the layer thickness map, 3D 

TEN modelling of the subsurface lithology, and simulation of the groundwater using VGO over a 

time scale. The Niger State Geologic map was used to extract the Bida Basin Map on a scale of 

1:600,000. The subsurface porosity of the geological stratum was also deduced. In addition, a 

groundwater potential map and a thematic layer map with distinctive geological formations were 

generated from the Niger state Geologic map. 

To produce the subsurface thickness map of the study area, spatially referenced VES data 

were imported into the geodata base as Database File (.dbf). The computer iteration's demarcated 

layers were stored in a GIS database for geological mapping. The demarcated layer was 

interpolated using inverse distance weight (IDW) interpolation. The imported delineated data were 

then subjected to geostatistical analysis using IDW interpolation techniques, which, according to 

Liu et al. (2021) and Munyati and Sinthumule (2021), are more suitable in handling heterogeneous 

geological surfaces as tannable in the basin. Dynamic field simulation techniques involve the 

creation of a simulation of VGOs to represent water elements constrained within a 3D TEN 

depiction of the geological strata using 3D Studio Max software. This method was justified by the 

need to implement dynamic field simulation and real-time rendering in a particular location.  

A 3D equation of Darcy's law of groundwater flow was adapted from a 2D field to enable 

groundwater simulation. Next, a single-value function of a location in a two-dimensional position 

https://doi.org/10.17576/geo-2022-1804-01
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was defined as f(x,y) (Beni et al., 2011). The single-value function of a position in a 2D space was 

referred to as a 2D field (f). Value f (x,y,z) was generated because of the extension of a two-

dimensional field into a 3D field. Upon the integration of time into the field change at a particular 

point within a specific geological formation, the field function became f(x(t), y(t), z(t)). As a result, 

Equation 3-6 then defines the instantaneous dynamics in groundwater flow in a 3D field at a 

particular geological layer: 

 

𝑓(𝑎) = 𝑘(

𝜕ℎ
𝜕𝑥

+
𝜕ℎ
𝜕𝑦

+
𝜕ℎ
𝜕𝑧

𝜕𝑡
) =  0                            (3) 

𝑓(𝑏) =  𝑘(

𝜕ℎ
𝜕𝑥

+
𝜕ℎ
𝜕𝑦

+
𝜕ℎ
𝜕𝑧

𝜕𝑡
) =  0                            (4) 

𝑓(𝑐) =  𝑘(

𝜕ℎ
𝜕𝑥

+
𝜕ℎ
𝜕𝑦

+
𝜕ℎ
𝜕𝑧

𝜕𝑡
) =  0                            (5) 

(𝑑) = (

𝜕ℎ
𝜕𝑥

+
𝜕ℎ
𝜕𝑦

+
𝜕ℎ
𝜕𝑧

𝜕𝑡
) =  0                                  (6) 

 

The demarcated geological layers are a, b, c, and d. ∂x, ∂y, and ∂z are instant positions that occur 

in subsurface units, while ∂h represents the change in flow within a geological formation. The 

simulation time in hours is given by ∂t, while the porosity of the geological layer is given by k. 

 

 
Figure 2. Research methodology flow chart 

https://doi.org/10.17576/geo-2022-1804-01
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3D groundwater visualisation in VGOs 

 

The nature, characteristics and properties of a geological layer for groundwater visualisation are 

largely influenced by the layer's nature, characteristics, and attributes (Binda et al., 2022). As 

described in Equation (6), the volume of water visualised is dependent on the nature of the 

overburden material, which affects the amount and quality of groundwater available for 

exploration around a given well (Bhattacharya et al., 2021). In addition, time is considered an 

important parameter in determining the borehole water recovery period, which is necessary in 

sustainable groundwater harvest. As with volumetric geo-objects, the water element has attributes 

such as shape, size, colour, speed, duration, and direction. 

Water is modelled as a geo-object and is characteristic of a particle system with fundamental 

elements and a lifespan proportional to time. To answer the research questions of this study, water 

flow was simulated and designed with a mesh, as illustrated in Figure 3. The flow volume of 

ground water tends to rise in accordance with the particle dimensions of the geological parameters 

through which it flows. As time goes on and the fluid flow moves with the mesh, the mesh element 

locations vary constantly over time (Langevin et al., 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Simulation method implemented 

 

Groundwater Flow Modelling and Simulation in 3D using 3D TEN and VGO 

 

The approach used in this study for 3D modelling and groundwater simulation utilising volumetric 

data models and 3D TEN is as follows: (1) collecting subsurface data through the employment of 

VES while storing coordinates of each VES position; (2) analysing VES data through the 

confinement of the delimited VES strata into accessible drill records to determine the type of 

geology; (3) creating geographic information system maps of delimited layer width and the 

potential of groundwater; (4) converting the thickness of data in the Geographic Information 

System database to 3D using 3D TEN data arrangement; and (5) simulating groundwater flow in 

3D layer modelling using VGO to depict the layer of water. The 3D Darcy’s law will drive the 

modelled layer comprising water elements in motion. Dynamic field simulation was performed 

using Darcy’s law and equation (Omar et al., 2020), which drive the motion of the flow field with 

unique speed and direction proportional to the size of the tetrahedron network mesh that represents 

the delineated surfaces. The Lagrangian technique was used to design the flow field within the 

mesh to demonstrate changes in the size and volume of the water element constrained at a sequence 

b 

d 

c 

a 

t=t2 

t=t3 

t=t1 

y 

z 

y 

t=0 
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of points (Izham & Rindam, 2012). Three-dimensional modelling tools and ArcGIS that are viable 

and accessible will be used to store the generated data. 

 

Study area 

 

The study area is the Bida Basin located at latitudes 6° 15' 30"E to 7° 00' 40"E and longitudes 8° 

10' 00"N to 9° 31' 10"N in North Central Nigeria (Figure 4). Between longitudes, two large rivers 

drain the Bida Basin, namely, the Chanchaga and Gbako Rivers. Furthermore, there are also 

smaller channels that empty into the Niger River. This spans an area of 1.79 km2. Geologically, 

the basin consists mainly of sedimentary and igneous formations with many outcrops, especially 

in the southeastern part of the study area between Kutigi and Enagi. Because of its significance, 

such as water demand, growth due to an increase in the human population, and urbanisation of 

adjacent populations, the basin was chosen for 3D modelling and groundwater simulation. 

 

 
 

Figure 4. Location of the Bida River Basin, Northern Nigeria. 

 

 

Results and discussion 

 

Groundwater potential map and computation of layer thickness 

 

The initial step in calculating layer thickness is to utilise the res1d.exe software, which is 

commercially available, and to a incorporate user-defined starting model. The resistivity survey 

data were used to identify the best resistivity layer and thickness (Table 1). The thickness of the 

identified layers alongside their geographic distribution is depicted in Figure 5. The raster grid 

https://doi.org/10.17576/geo-2022-1804-01
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generated from the interpolation is placed over the 3D TEN at the same time varying the height 

segment to derive the 3D structure of the modelled layers. A groundwater potential map (GWP) is 

created (Figure 6) using the resistivity survey by applying weights to the geological formation that 

defined the delineated aquifer strata (Abijith et al., 2020) and estimated flow volume using Darcy's 

equation. 

  

  
Figure 5. Subsurface layer thickness involving the (a) top layer, (b) clay, (c) clayey sand and (d) sandy clay 

(a) (b) 

(c) (d) 
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Table 1. Results of the resistivity survey. 

 

VES ID Easting Northing Subsurface parameters 

LR=LAYER RESISTIVITY(ῼ)     LT=LAYER THICKNESS (M)     

LR 1 LT1 LR2 LT2 LR3 LT3 LR3 LT4 

VES 1 5.47293 10.4031 1091.23 1.00 388.31 9.09 165.31 11.78 829.09 22.03 

VES 2 6.73793 7.80871 1832.38 0.53 194.08 1.14 564.32 12.17 209.91 16.72 

VES 3 6.30906 9.01081 1140.01 0.50 168.07 1.90 65.10 11.24 34.22 37.23 

VES 4 6.31679 9.00608 1157.62 0.08 1092.29 2.34 202.54 14.79 565.58 8.45 

VES 5 6.3226 9.00131 1731.93 0.05 766.42 2.41 101.66 17.56 408.19 28.35 

VES 6 6.57461 9.06956 1369.39 0.36 910.21 1.44 280.63 13.66 75.92 54.73 

VES 7 6.63328 9.43645 1169.16 0.40 225.84 2.25 868.44 4.18 94.29 62.44 

VES 8 6.56937 9.04867 1369.04 0.81 909.92 2.44 910.21 13.66 75.91 54.73 

VES 9 7.09263 8.93816 1146.92 1.00 590.70 8.59 1087.02 11.86 498.76 27.56 

VES 10 6.56759 9.03734 2637.37 1.13 683.86 0.70 646.85 9.84 137.35 19.17 

VES 11 5.06117 9.28963 1131.32 0.54 403.9 2.66 54.28 10.76 339.81 13.52 

VES 12 5.06826 9.29931 1473.78 0.54 623.44 2.87 146.41 7.71 35.54 16.77 

VES 13 5.06996 9.29434 1212.99 2.12 327.07 2.11 347.84 3.99 602.58 20.74 

VES 14 5.05471 9.29434 193.87 2.17 35.01 6.49 29.96 23.02 157.31 13.30 

VES 15 5.05448 9.28552 1308.77 1.56 284.03 4.16 502.51 22.17 543.55 20.30 

VES 16 6.13867 9.05756 1308.39 0.52 126.50 3.75 33.18 8.69 334.34 16.95 

VES 17 6.03333 9.10065 1156.37 2.55 348.24 1.32 412.45 22.87 256.32 35.00 

VES 18 6.20944 8.30323 1341.26 2.45 243.65 3.74 365.56 34.89 345.50 45.89 

VES 19 5.99226 9.08782 1289.68 0.67 367.07 2.67 301.34 23.89 156.67 22.56 

VES 20 5.76230 8.72456 1124.32 0.54 253.11 4.50 48.28 12.84 46.78 18.45 

 

The computed GWP map is used to identify areas with low and high groundwater volumes. The 

GWP map serves as a foundation for determining low and high-potential areas using 3D 

simulations of groundwater flow. 

 
Figure 6. Bida Basin GWP map 

https://doi.org/10.17576/geo-2022-1804-01
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Volumetric Geo-Object (VGO) and 3D Tetrahedron Network (3D TEN) data structures for 3D 

groundwater simulation 

 

The simulated results from the VGO with the 3D TEN data model reviled distinct information 

withing each of the lithological units. The behaviour in the topsoil exhibits a rapid rate of 

movement in response to the surface topography. As the simulation time increases, the VGO 

objects begin to accumulate more within the relatively thinner layer compared to the thicker 

topsoil. This result demonstrated the high potentiality of a fast rate of infiltration of the surface 

soil along the low land as opposed to the relatively thicker region that might take a longer time to 

saturate the soil void for exploration. This, by implication, translates to high groundwater potential 

in the low-thickness aquifer due to a high rate of infiltration. However, such aquifers are often 

vulnerable to pollution and extreme weather events, such as the prevalent dry season, where the 

rate of recharge from both the surface and precipitation is lacking (Ahmed et al., 2021). This 

implication at the study area indicates a high potential of borehole failure when drilled within the 

first 5-10 m because of the tropical climate nature and predominantly igneous formation in some 

parts of the area. 

VGO, which represents water in the saturated zones (Figure 7b-c), behaves in an opposite 

manner. VGO over the clayey zone demonstrated a low rate of saturation in the particle voids with 

increasing time. However, it was observed that water transmission from the layer to other layers 

is extremely slow despite an increase in simulation time and is thus delineated as a poor aquifer 

that will likely yield low groundwater for exploration. Clayey soil is generally known to have poor 

water transmission and percolation but has been known to yield excellent quality groundwater 

where it overlays and aquifers. This characteristic is due to the absence of a well interconnected 

network of voids for water transmission and storage during recharge. The simulation results of the 

sandy clay layer (Figure 7c) show an increase in the saturation rate of the VGO particles, which 

shows a high water retention capacity and transmission within the layer. Thus, this layer denotes 

the most reliable aquifer for groundwater exploration due to the high rate of infiltration and 

transmission exhibited by the properties of this layer. The fourth layer (Figure 7d), delineated as 

sandy clayey, is most confined within the very weak weather rock material. The layer is 

characterised by a higher depth and high saturation potential and is more likely to offer 

groundwater of excellent quality due to the depth, overburden material thickness, high infiltration 

rates and low transmissivity advantage. 

 

Modelling resistivity data and ground surface visualisation: validation, accuracy and contribution 

 

Based on Equations (3), (4), (5) and (6), the absolute water volume created inside the topsoil for 1 

hour, 2 hours, 4 hours and 8 hours produces 17,461,228.07, 870,614.04, 435,307.02, and 

348,245.61 per kilometre cube (km3), respectively. The least water flow was observed in the clay 

layer due to the complexity of its pores, so the volume yield tends to be slow and low, with values 

recorded as follows over the same period: 330,833; 82,708.33; 41,354.17; and 33,083.33 km3. 

Water volumes of 2,369.52, 29,586.91, 590,773.81, and 2,363,095.24 km3 in the clayey sand layer 

indicate an increased porosity resulting from shifting from clay to sand. Due to varying sand and 

sandy clayey emergence, the sandy clay layer has the maximum potential water yield and potential 

and average flow rate, with flow volumes of 249,685.53, 312,106.91, 624,213.84 and 2,496,855.35 

per km2 respectively. 
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Figure 7. Three-dimensional dynamic simulation showing the combined 3D TEN and VGO data model visualised at 

1 hour, 2 hours, 4 hours and 8 hours over (a) topsoil, (b) clay, (c) clay clayey sand, and (d) sandy clay 

 

Simulations were carried out to visualise water flow at 1-hour, 2-hour, 4-hour, and 8-hour 

intervals due to the computed volume (i.e., resulting porosity of the subsurface layer and the 

geological composition). The simulation results have a significant impact on the time frame. 

Nevertheless, in this study, the identified prevalent geology during the ground water exploration 

survey was an aquifer. Despite the importance of the nature and geology of an aquifer, with regard 

to potential water yield, scholars such as Zaidi et al. (2017) and Abijith et al. (2020) believe that 

the geology of the vadose zone has an impact on the aquifer because it determines the quantity of 

water supplied to the aquifer via hydrogeological circulation and permeation. 

The simulated result in Figure 6 continues to increase in the capacity of water (shown in 

blue) as the geological layer particle sizes increase. By implication, despite surface elevation, 

topsoils with hydrogeological movement retained very little water in response to surface slope 

over time. A higher water retention capacity with a corresponding low water transmission was 

observed in clay soil, as they possess a tighter void between its particles and low water diffusion, 

indicating the possibility of poor water yield potential over the clay aquitard. In comparison to the 

clay layer, the clay‒clayey sand lithology, which contains a mix of sand and clay, appears to have 

a relatively high-water prospect. 

(a) 

(b) 

(c) (d) 
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Even so, clay appears to have created a spot of undulating compacted material within this 

layer, forming an aquitard and leaving little or no trace of water after the simulation. As a result of 

the large pore spaces that permit easy water movement within this layer, the sandy clay layer 

simulation possesses a larger volume of water compared to other geological formations, and by 

implication, it may result in a high water yield potential. This simulation's implications and 

application to groundwater investigation are as follows: the flow direction is likely to be changed 

in reaction to compact materials, and the nature, kind, and amount of compressed material have an 

impact on the potential water yield for any credible groundwater research operation. 

 

Modelling resistivity data and ground surface visualisation: validation, accuracy and contribution 

 

To validate and assess the modelled resistivity data along with surface visualisation, the simulated 

groundwater yield over time in different geological media was used to statistically evaluate the 

accuracy level of the implemented technique. The statistical validation will demonstrate the 

success rate of the 3D visualisation of groundwater flow as a VGO. The statistically validated 

results show a poor accuracy rate of 0.38 (38%) over the topsoil layer (Figure 8a) after an hour. In 

clay soil, on the other hand, the accuracy rate improves significantly to a success rate of 0.89 (89%) 

when the time increases to 2 hours (Figure 8b). When the time frame was doubled to 4 hours over 

clayey sandy soil, the accuracy of the simulated results declined slightly to a value of 0.81 (81%) 

(Figure 8c). Furthermore, doubling the time over sandy clayey soil maintained the same accuracy 

as the clayey sand layer with a value of 0.81 (81%) (Figure 8d). 

Inferences into the poor accuracy over the top surface could be due to the presence of 

impervious surfaces of rock outcrops and clayey-like soil in many parts of the study area. Rock 

outcrops and clayey areas are predominantly known to have poor infiltration rates compared to the 

other forms of aquifers. Thus, they are often delineated as not suitable for groundwater exploration. 

Sandy soil has a well-established network of voids that allow for infiltration of water from the 

overburden material and transmission of water to the underlaying layer. This factor is likely 

responsible for the highest accuracy of the techniques applied in the study area. The sandy clayey 

and clayey sand produced the same accuracy with an increase in the simulation time rate, which 

was largely due to the similar behaviour of the material compositions. Although slight variation 

exists in the saturation rate of the layers and influence of depth, the layer produced the same 

accuracy indicating the aquifer marked at these formations has a high potential for producing 

reliable and most durable borewell the meet population demands. 

However, it is critical to note that the implemented 3D TEN for the modelling of resistivity 

data and groundwater visualisation in a subsurface medium offers a new perspective for the 3D 

evaluation of groundwater prospective zones in the study area, which is an improvement over the 

existing VES and GIS technique that is devoid of data representation in the near real world. The 

developed 3D model using 3D TEN and VGO provides a new frontier in groundwater exploration 

research for the visualisation of subsurface layers and the behaviour of saturated zones, which are 

critical in the evaluation of drilling performance and reduce the high rate of borehole failure in the 

study area and other areas of similar geology and climate. 
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Figure 8. Accurancy assessment over (a) topsoil; (b) clay, (c) clay clayey sand; and (d) sandy clay. 

 

 

Conclusions 

 

This study utilises a 3D TEN data model in modelling VES data obtained using geophysical 

techniques in the Bida Basin in Nigeria to enhance the reliability of groundwater wells, which are 

often characterised by poor production and failure in the study area. Groundwater was then 

visualised and simulated within the subsurface layers using a VGO. The groundwater flow velocity 

and direction over the saturated zone were simulated according to Darcy's law of groundwater 

movement. 

The results show that the VES technique was able to delineate four major aquifer layers of 

varying thicknesses in the study area with different water-bearing conditions that are critical for 

the productivity and sustainable water ned of the people. The 3D model of the VES data in 3D 

TEN was able to effectively model the subsurface layer in near real time. Evaluation of the 

simulation performance reveals reliable information about the nature, attributes and geological 
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composition that make up the saturated zones, which are critical for decision-making on 

sustainable groundwater harvesting in near real time, as opposed to the existing prospection 

method, which mainly focuses on the subsurface particles without recourse to the behaviour of the 

saturated layer behaviour, which to a large extent determines the borehole reliability. In addition, 

the groundwater quality, which is opaque in the existing groundwater exploration model, is 

adequately handled in the designed and implemented VGO within the 3D TEN mesh. Furthermore, 

the simulated result using VGO demonstrated that sandy clayey and clayey sand are the best 

saturated zones in the study area that are capable of yielding excellent groundwater that meets the 

community needs irrespective of the time and season of the year. 

As a result, the findings of this study will be extremely useful to water practitioners and 

other stakeholders, such as the Ministry of Water Resources, the River Basin Development 

Authority, and the government, in developing policies and carrying out groundwater exploration 

in the basin economically. 
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