Spatial Distribution and Predictive Modeling of Aquifer Protective Capacity via Dar
Zarrouk Parameter Analysis in the Lower Orashi River Area, South Eastern Nigeria
	
ABSTRACT
Aquifer protective capacity refers to the ability of overlying geological materials to protect groundwater resources from surface-derived contamination. This study illustrates the geo-electrical characterisation of lithology and investigates the correlation between resistivity and Dar-Zarrouk parameters (transverse unit resistance and longitudinal unit conductance), aiming to assess the aquifer's protective capability. This is achieved by examining the thickness, lithology, and hydraulic characteristics of subsurface layers that influence the movement and attenuation of contaminants. Parameters such as clay content, resistivity, permeability, and depth to aquifer were considered in assessing the effectiveness of natural protective barriers. Geophysical and hydrogeological data were integrated to classify the study area into zones of poor, moderate, and good protective capacity. Areas characterized by thick, low-permeability clay or shale layers exhibit high protective capacity, while zones dominated by sandy or fractured materials with shallow aquifers show reduced protection and increased susceptibility to contamination. A glance how well the aquifers in the lower Orashi River could protect themselves was done by using the Dar Zurrouk parameter, which measures longitudinal conductance and transverse resistance. The Schlumberger Electrode Configuration was used to collect eighty-eight Vertical Electrical Sounding (VES) data points. The most space between the electrodes (AB/2) was 350 meters Win resist software was used to look at the VES data we got. The Alluvium, Benin, Ogwashi, and Ameki Formations make up the geological layers below the area. The study found seven to ten geo-electric layers of different rock types, such as topsoil, clay/sandy clay, and sand. The area is mostly made up of sandy formations and has a lot of aquifers, most of which are not restricted. This means that the study area have great groundwater potential and a little amount of aquifer protection. This is confirmed by drastic index map produced since most of the region we looked at is unsafe. The results demonstrate that aquifer protective capacity is strongly controlled by subsurface lithology and layer thickness, emphasizing the importance of geological conditions in groundwater protection. The findings provide valuable information for groundwater resource management, land-use planning, and the siting of potentially contaminating activities, thereby supporting sustainable use and protection of groundwater resources.
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1.0 INTRODUCTION
Resistivity techniques give us a lot of information about the potential of groundwater (Senthilkumar et al., 2017). Geoelectrical resistivity soundings successfully address numerous issues faced in hydrological investigations in sedimentary settings, as demonstrated by this study (Oyeyemi et al., 2018). A geoelectrical survey is a good technique to find out more about the layers and structures underneath the surface and map out the geology (Mohamaden, 2016). When hunting for groundwater, the major function of VES is to find aquifers (Benson et al., 1997). The vertical electrical sounding method using a Schlumberger array is the best choice since it is easy, affordable, and can determine the difference between saturated and unsaturated strata (Ankidawa, 2014). Maillet (1947) introduced the concept of Dar-Zarrouk parameters, encompassing transverse unit resistance and longitudinal conductance. These traits were used to figure out how safe an aquifer was. This theory says that you can easily find out the transverse resistance (R) and longitudinal conductance (S) of a lithologic subsurface layer by looking at how thick it is and how much it resists. It was found that their resistivities were connected. The transverse resistance (T) is a Dar Zarrouk statistic that tells you how good the groundwater is. Transmissivity is intimately related to this, which means that the highest transverse values are presumably the same as the maximum transmissivity values for the aquifers or aquiferous zones. Transmissivity is how fast groundwater travels through an aquifer with a unit width and a unit hydraulic gradient. It indicates how successfully the aquifer can carry water through its whole saturated thickness. The aquifer is in good shape if the geological formation has high transverse resistance values. This means that it has high resistivity or thickness. Longitudinal conductance (S) is a number that tells you where groundwater might be. It might tell us how well the research area aquifer is protected by looking at all of the longitudinal unit conductance data. The geo electric property that suggests where groundwater might reside is the longitudinal conductance (S). When S values are high, it usually means that there is a lot of succession, hence these areas should be given greater thought when it comes to groundwater potential. Finding regions where groundwater is expected to be good can be done with the transverse resistance (T). It is closely linked to transmissivity, and the highest T values likely indicate that the aquifers or aquiferous zones exhibit the greatest transmissivity. People have been using the Dar-Zarrouk parametre to learn how aquifers operate with water. Onuoha and Mbazi (1988) used the idea of Dar–zarrouk characteristics to measure how easily water may flow through the Ajali Sandstone aquifers in southeastern Nigeria. Ezeh (2011) used the idea of Dar-Zarrouk criteria to look into how aquifers in Enugu State work with water. Okonkwo and Ezeh (2013) used the method to look at how aquifers work and to mark off areas with different levels of groundwater quality. Ekwe et al. (2010) used the same method to look at aquifer hydraulic characteristics in a deposit with poor permeability. Okonkwo et al. (2014) used the idea to find out how far the lithological layer goes below the surface. This study uses the idea to predict how well the Lower Orashi  area is protected. 

2.0 LOCATION AND GEOLOGY OF STUDY AREA
The area is bounded by the coordinates 50°39'N to 50°57'N and 60°45'E to 70°08'E. Parts of Nigeria's Imo and Anambra states have it. The main rivers that flow through the area where the research was done are the Njaba, Orashi, and Ogidi Rivers. The Imo River receives all of them. It is in the Benin Formation. Some of the people that have studied the geology of the Benin Formation include Short and Stauble (1967), Reyment (1965), and Hospers (1965). The Benin Formation is made up of loose sands that are combined with clay layers. The sand units are primarily coarse, pebbly, and not well sorted, but they do feature some fine-grained sand lenses (Short and Stauble, 1967; Onyeagocha, 1980). Today, the Benin Formation is one of three known subsurface stratigraphic formations in the Niger Delta. It is clear water with a lot of sand and gravel that came from the land and settled in a higher deltaic location. It used to be named coastal plain sands (Reyment, 1965). In most places, the component that was looked at takes up more than 90% of the layer sequence. This makes the permeability, transmissivity, and storage coefficient higher. In the north, where it joins the Ogwashi/Asaba Formation, the Formation begins off as a thin strip. As it goes near the sea, it grows thicker. The Ogwashi/Asaba Formation is right under the Benin Formation. The Ogwashi/Asaba Formation (Lignite series) is largely comprised of sand, with only a few layers of clay. There are lignite seams at different depths all over the formation. The lignite deposit is around 300 meters deep. Below this comes the Ameki Formation, which is 1460 meters thick. The Imo Formation is below the Ameki group, which is made up of green-grey clayey sandstone and sandy-clay stone. The Ameki has two types of rocks: the lower Ameki and the upper Ameki. The top layers are formed of rough sandstones, and the bottom layers are made of thick, dark grey to brown sandy mudstones. The formation is mostly made up of sands, although it also has shales, lignites, and calcareous shales in it. This layer holds several aquifers, although not as many as the sands on the coast. The transmissivity coefficient goes down when there is more shale. 
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FIG 1: GEOLOGY MAP OF THE STUDY AREA
3.0 Materials and Methods

 Resistivity surveying meter and its accessories, which included a self-recharging battery, a measuring tape, crocodile clips, a hammer, cables and four electrodes, for the field survey. We used the Schlumberger array for vertical electrical sounding to gather the information. The geophysical data tells us what the buildings in this area are like. Eighty eight(88) vertical electrical sounding stations with the Schlumberger setup and the ABEM SAS 4000 Terrameter was used. The resistivity method's main purpose is to find out how much the surface potential changes when current travels through the earth. Hydraulic and electric conductivities are related because they are both controlled by the same physical factors and lithological features that control the flow of fluids and electricity. The Schlumberger setup had the longest distance between the electrodes (AB), which was 400 meters. Schlumberger Equation was used to find the distance between the electrodes (AB/2). This meant putting in crossover points or loops in a few places to decrease the effects of current and voltage supply attenuation. This made sure that the ohm readings were always correct and consistent. 
[image: ]
Figure 2: Typical Schlumberger Array. M and N; potential electrodes, A and B; current   electrodes.
People often use the data they have to produce a graph that illustrates apparent resistivity against half-electrode spacing. The distance between the electrodes at the point of inflection tells you how deep the interface is. A good guess is that the interface depth is two-thirds (2/3) of the distance between the electrodes at the point where the curve bends (Vingoe, 1972). When using iterations in computer modelling, this estimate has worked successfully. For computer iterative modelling, apparent resistivity and thickness were used as input parameters (Zohdy, 1976; Koefoed, 1977). We used curve-matching methods, including multilayer master curves and auxiliary point diagrams (Orellana and Mooney, 1966; Koefoed, 1979; Keller and Frischknecht, 1966), to process and evaluate the raw data from vertical electrical sounding with the Schlumberger array.These serves as preliminary estimates of the layers' resistivities and thicknesses for computer-assisted interpretation. A complete quantitative investigation with computer iterative modelling utilising the IP 2win 1D Computer Program. The VES data is now shown as a sounding- curve, and the findings can be used with the correct GIS software (Surfer 12) to create geo-electric sections.
AQUIFER PROTECTIVE CAPACITY EVALUATION
We used the geo-electric layer properties (Table 1) to figure out the Dar-Zarrouk parameters, which are transverse resistance (T) and longitudinal conductance (S). Then, these were used to see how much weight the Agbani Sandstone aquifer in the research area could support. We used the longitudinal conductance map (Figure 3), which was created with equation 4 for all VES locations, to find out how well the overburden protected the research area. This is because the earth's subsoil works as a natural filter for fluids that are coming in. So, its ability to stop and clean up contaminants that come from the surface shows how well it works as a preventive measure (Olorunfemi et al., 1999). The substantial clay overburden, which has a lot of longitudinal conductivity, keeps the aquifer below safe (Abiola et al., 2009). The longitudinal conductance (S) values for the study area were between 0.0073 and 3.142 Ω⁻¹and were used to generate the longitudinal conductance map (Figure 3) using SURFER 9 Contouring Toolkits. Aquifer overburden protective capacity could be zoned
Table1. Longitudinal Conductance/Protective capacity rating (Oladapo and Akintorinwa, 2007)

Longitudinal Conductance (Ω-1)	Protective Capacity Rating

>10	Excellent
5 – 10	Very good
0.7 – 4.9	Good
0.2 – 0.69	Moderate
0.1 – 0.19	Weak
<0.1	Poor
(Table1) into excellent, good, moderate, weak and poor protective capacity (Oladapo and Akintorinwa, 2007). 
4.0 RESULTS AND DISCUSSION
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Figure 3: Aquifer resistivity                                                           Figure 4: Aquifer conductivity
[image: ][image: ]
Figure 5: Transverse resistance                                        Figure 6: Longitudinal conductance
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Figure 7: 2D TRANSMISSIVITY
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Figure 8: 3D MAP OF TRANSMISSIVITY
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 Figure 9: HYDRAULIC CONDUCTIVITY
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[bookmark: _GoBack]Figure 10: 3D VIEW OF  HYDRAULIC CONDUCTIVITY
We used the VES data to find the longitudinal conductance and transverse resistance, as well as their maps. The transverse resistance range goes from 10,182,548 to 10,090 Ωm². Transverse resistance is employed to delineate groundwater zones (Toto et al., 2008; Nejad, 2009). A high transverse resistance suggests that the aquifer in the area being researched has a lot of water. Ankidawa and Seli (2018). Ezeh (2012) says that low transverse resistance suggests that the aquifer isn't thick enough or that the formation has finer material in it. According to Bouwers (1978), the hydraulic conductivity standards for soil materials are as follows: surface clay soils range from 0.01 to 0.2 m/day, deep clay beds from 10⁻⁸ to 10⁻² m/day, loam soils from 0.1 to 1 m/day, fine sand from 1 to 5 m/day, medium sand from 5 to 20 m/day, coarse sand from 20 to 100 m/day, and gravel from 100 to 1,000 m/day. Longitudinal conductance (Ohm) is utilised to figure out how well an aquifer can protect itself (Okonkwo and Ugwu, 2015; Ankidawa and Seli, 2018). Braga et al. (2006) assert that a longitudinal conductance S>1.0 indicates effective aquifer protection, whereas a longitudinal conductance S<1.0 suggests a likelihood of pollution. Longitudinal conductance values stay below S<1.0 and vary from 0.00116 to 0.12. These findings indicate that the aquifers in the study area are potentially vulnerable to pollution. When there is a unit hydraulic gradient, hydraulic conductivity is the speed at which water flows through a unit cross-sectional area of an aquifer. In other words, it's a means to tell how quickly fluid can pass through a medium and its cracks. Transmissivity is the rate at which fluid flows through a unit width of aquifer with a thickness of h and a unit hydraulic gradient. You can discuss about how quickly groundwater flows through an aquifer. The thickness of the aquifer and how quickly water can flow through it are important. When hunting for groundwater and digging boreholes, locations with higher hydraulic conductivity and transmissivity ratings are usually better than those with lower values. This is because they are more likely to have aquifers that work well and make it easier to collect water. The maps demonstrate that places like Ogboko, Otulu, Amiri, Umuma Isiaku, Amike, and Eziachi have high values, between 3000 and 5000 m²/day and 60 and 100 m/day, respectively. Ugwu City, Umuhu Okabia, Orsu Ihiteukwa, Amaebu, Asaa Ubirielem, Amannachi, Mbosi, Ukpor, Abaja, and Nwangele are among localities that have lost significance. The numbers go from 20 to 500 m²/day and from 10 to 25 m/day. The resistivity of an aquifer tells you how much water it can contain. There are a lot of good aquifers in areas with high resistivity ratings. Aquifer conductivity, on the other hand, is the reverse of aquifer resistance. This indicates that places with high conductivity are not the same as places with high resistance. In my area of research, places like Ntueke, Dikenafai, Ogboza, Umuojishi, Amike, Owerre Nkwoji, Umuozu, Abaja, Amurie Omanaze, Umudugba, Ekwe, Okwudor Njaba, Umuakah, Amaiyi Akah, Ihittenansa, Ihitte Owerre, Obibi Ochsi, Ogberuru, Otulu, Ibiasoegbe, Isseke, Azia, Orsumoghu, Mbosi, Osunmenyi, Ezinfite, Lilu, Unubi, and Umuchu have low resistivity (5,000 Ωm to 20,000 Ωm) and high conductivity (0.0012 (Ωm⁻¹) to 0.0019 (Ωm⁻¹)). On the other side, places like Osina, Ameabu, Akuma, and Ngbele have medium resistivity, between 25,000 Ωm and 45,000 Ωm, and their colour indicators are lemon green, green, and yellow. They have low aquifer conductivity levels, between 0.0001 (Ωm⁻¹) and 0.0005 (Ωm⁻¹), and they are represented in colours like lilac, sky blue, blue, and royal blue. Ogboko (red) is the only spot in the research area where the resistivity value is exceptionally high, between 50,000 Ωm and 75,000 Ωm. Most of the other areas have high aquifer resistivity, but some places have even higher levels of resistivity. So, Ntueke, Dikenafai, Amike, and Owerre Nkwoji, which have high aquifer conductivity values, also have low aquifer resistivity values. This suggests that these sites could be formed of clay, mud, shale, silt, and silty clay, which are not good for aquiferous units in my study area. Because of this, drilling boreholes in these regions may not work until the driller travels deeper to reach the aquiferous zone or unit. Places like Ogboko, on the other hand, have low groundwater conductivity and high aquifer resistivity values. The sites that were mentioned are most likely the aquiferous zones in the research region because they include a lot of sandstone and sand. These are the greatest places to drill a hole. 
CONCLUSION
We were able to determine out how successfully the Lower Orashi aquifer defends itself by using the Dar–Zarrouk parameters. The aquifer can be protected in three ways: poorly, moderately, or well. The chosen sites are the greatest for developing groundwater since they will give the most benefits. This analysis should help with future groundwater development and finding the optimum areas in the area to build lucrative boreholes.
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