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ABSTRACT

Hydrogeophysical Studies of Enugu and environs were carried out using geophysical and
hydrogeological method. This study was designed to evaluate the aquifer system of the study area as
well its protective capacity and vulnerability by applying the models (Lc and IEC, GOD and
DRASTIC), and also to evaluate soil corrosivity of the area by utilizing the topsoil (first layer)
resistivity values obtained from the interpreted VES results. A total of eighty-five (85) vertical
electrical sounding points were made in the study area that has three to nine geo-electric layers using
the digital ABEM SAS 4000 model Terrameter with its accessories. The Schlumberger electrode
configuration was adopted for data acquisition with half current electrode separation (AB/2) of 500m
and half potential electrode separation (MN/2) of 55m. Nineteen (19) parametric soundings were
carried out near existing boreholes where pumping data was available for correlative purposes and to
constrain model predicting parameters. The aquifer resistivity of the area ranged from a value of 2.8
Ωm to 88745.0 Ωm, with a mean value of 5434.6 Ωm. The estimation of the characteristics of the
aquifer hydraulic using the new set of model equations showed that hydraulic conductivity values
varied between 1.05m/day and 34.06m/day with a mean value of 5.59m/day, while transmissivity
values varied between 25.70 m2/day and 2767.81 m2/day with a mean value of 500.05 m2/day.
Generally, the groundwater potentials of the area are classified into three categories: moderate, high,
and very high potential zones. The multiple geophysical models were used together to develop maps
of hydraulic parameters. The obtained GOD, and DRASTIC models were together used for the
production of the vulnerability map. Results based on the GOD model clearly show that about 60% of
the study area is within the class of extremely low groundwater vulnerability zones, 33% is within the
class of low vulnerability zones, and 7% of the area is within the class of moderate vulnerability zone.
Also, results based on the DRASTIC model revealed that about 31% of the study area is within the
low class of vulnerability zones, 67% is within the class of moderate zones, while 2% is within the
high class of vulnerability zones. The evaluated soil corrossivity of the area showed that 78% of the
area is practically non-corrosive (PNC) and can be rated as moderately competent to highly competent
strata; 13% of the area is said to be slightly corrosive, which is rated as moderately competent to
incompent strata; and the remaining 9% is moderately and very strongly corrosive, which is rated as an
incompenet material to construct on. The aquifer protective capacity of the study area were determined
using longitudinal conductance technique. The protective capacity of the area classified into zone of
excellent, very good, good, moderate, weak and poor protective capacity rating. Similarly, Integrated
Electrical Conductivity technique was also used to determine the protective capacity of the area, the
result indicates that the aquifer system in the study area has low protective capacity and the areas are
susceptible to contamination based on the IEC technique.

Keywords: Vertical Electrical Sounding, Pumping Test, Aquifer Hydraulics, Vulnerability, Soil
Corrossivity.



CHAPTER ONE

INTRODUCTION

1.1 Background of the Study

In the world today, water is a universal solvent whose main sources include springs, rivers, wells and

other numerous freshwater bodies. These sources provide water for drinking, industrial, domestic and

agricultural purposes. The geophysical surveys provide a comprehensive knowledge of geology and

structure of the subsurface. Electrical resistivity method has been successfully used to delineate and

exploit groundwater. It is also provides extensive details on the groundwater reservoirs and

hydrogeological settings (George, Emah, and Ekong (2015); Ibuot, Akpabio and George (2013);

Obiora, Ajala, and Ibuot (2015)). Hydrogeology includes the interrelationships between geological

materials and water processes, it is a branch of geology that deals with the distribution and movement

of groundwater generally in aquifers in the soil and rocks of the Earth's crust. Hydrogeology can be

defined as the study of groundwater at a particular importance given to each geological formation for

its evaluation. Groundwater is water located beneath the ground surface on the cracks and spaces of

soil, sand, and rocks where it is stored and moves gradually through geologic formations (Nwosu and

Iwuoha, 2018). Groundwater is a renewable source, with over 90% of the liquid freshwater supplies

underground as groundwater deposit (Balsubramanian, 2017). It is of major importance to humanity in

the world today, because it is the largest drinkable water reservoir and major supply sources in regions

where humans live. Water is found underground in fractured and porous rock strata which is aquifers,

and soil. On the surface it appears as springs and streams. The upper level of the surface of saturated



zone is called the water table, between the water table and the land surface is called unsaturated zone

or vadose zone. In unsaturated zone, moisture descends to the water table to recharge the groundwater.

Groundwater said to be Meteoric in origin, this implies is originating from the surface and atmosphere

(Offodile, 2014). A small percentage from underground source is known to enter the hydrologic cycle

and is describe as Juvenile. A Juvenile water includes water of magmatic and volcanic sources, which

is water from the interior of the earth. In the Hydrological cycle, groundwater occurs when surface

water from rainfall flows into the earth and fills the pores of the soil and rock fragments (Offodile,

2014; Harter, 2003; Okoli, Johnson and Ejikeme (2017)). Hydrological cycle is the continuous

movement of water below and on the earth's surface and between the atmosphere and the earth. The

hydrological cycle is governed by the processes of evaporation, transpiration, and condensation of

water vapor in the atmosphere, which leads to precipitation and the subsequent movement of surface

water and groundwater on earth.

Groundwater occurs in sub-surface geological formations as aquifers and aquitard. An aquifer is a

geological formation that is capable of yielding economic quantities of water to man through wells. It

must be porous, permeable, and saturated. An aquitard is a saturated geological unit that is not

permeable enough to transmit water to Productive well, occur in when unfractured. (Ward and

Robinson, 2000., Freeze and Cherry, 1979).

Groundwater exploration is the investigation of underground formations to understand the hydrologic

cycle, know the groundwater quality, and identify the nature, number and type of aquifers.

Groundwater exploration is placing increasing consideration as supply demand increases, and different

geological factors influence the occurrence, storage and distribution of the groundwater. Chukwuma,

Orakwe, Anizoba, Amaefule, Odoh and Nzediegwu (2015) Stated that exploration and stratigraphy



analysis are a few reliable ways of determining the location and characteristics of an aquifer. The

failure in most groundwater development projects has been tied to insufficient information of the

groundwater characteristics of any given area; therefore, the use of geophysical surveys as a

determinant of success development of groundwater resources was reaffirmed. In groundwater

exploration, vertical electrical sounding (VES) adopting Schlumberger electrode configuration is a

common geophysical technique (Ezeh and Ugwu, 2010; Olawuyi and Abolarin, 2013; George,

Obianwu and Udofia (2011); Ibuot, et al. (2013); Obiora, et al. (2015); Onyekuru, Akiang, Ohenhen

and Ibeneme (2019); Oli, Ahairakwem, Opara, Ekwe, Osi-Okeke, Urom, Udeh, and Ezennubia (2020)).

The resistivity method is designed to measure the potential surface differences due to the current flow

inside the ground. Given that the mechanisms that control fluid flow and electrical current and

conduction are generally controlled by the same physical parameters and lithological attributes, the

hydraulic and electrical conductivities are interdependent (George et al . (2015). Using this resistivity

method, which is also aided by a modern algorithm, is a very useful tool for identifying areas of

maximum aquifer thickness and serves as a good predictive tool for estimating the depth of a borehole

(Mogaji, et al. 2011; Draskovic, Mayar, and Pattantyus, (1995; Lashkarripour, 2003; Omosuyi, Ojo

and Olorunfemi (2008); Lenkey, Hamori and Mihalffy (2005)).

Hydraulic conductivity and depth of the aquifer are fundamental features which characterize

hydrology of the subsurface. As a consequence, many research techniques are widely used to estimate

the spatial distribution of hydraulic parameters such as hydraulic conductivity, transmissivity and

depth of the aquifer (Amos-Uhegbu, 2013). According to Opara, Inyang, Onyekuru, Emberga, Ekwe

and Eke (2015); Ekwe, Onuoha and Onu (2006); Mbazi and Onuoha, (1998); Igbokwe, Okwueze and

Okereke (2006); Ekwe and Opara, (2012); and Opara, Onu and Okereafor (2012), over the years many

scholars have successfully estimated aquifer hydraulic characteristics from Dar-Zarrouk parameters



from surface electrical resistivity sounding data in many parts of Southeastern Nigeria. Therefore, the

aquifer hydraulic characteristics are best determined on the basis of data obtained from the pumping

test, and these characteristics are very important in predicting the natural flow of water through an

aquifer and its reaction to the extraction of fluids (Opara, et al. (2015). Pumping test is a veritable

scientific means of determining the immediate and perennial yield or capacity of a drilled well. The

principle of pumping test involves applying stress to an aquifer by extracting groundwater from a

pumping well and measuring the response of the aquifer to that stress by monitoring the drain as a

function of time. These measurements above are integrated into an appropriate well-flow equation for

estimating the hydraulic parameters of the aquifer (Venkatarao, Kalpana and Srinivasa Rao (2015).

Groundwater is the main source of water supply in the study area, and the hydrological conditions

supporting groundwater supply in the area are mainly rainfall and thick aquifer formation underlying

the region (Onwe, Akudinobi, and Aghamelu (2016). The groundwater supply is primarily from

precipitating ambient moisture, which has percolated down into the layers of soil and subsoil. This is

only possible when the rocks in the saturation zone are sufficiently permeable to convey enough water

to wells, and streams (Daniel, Adeolu and Johnson (2015). Groundwater has been identified as a

major source of water supply due to its extensive storage capacity and relatively low susceptibility to

pollution compared to surface water (USEPA, 1985). Nevertheless, there are significant sources of

diffuse and point source pollution of groundwater from land use activities especially mining and

agricultural practices, and Intrusion of these pollutants into groundwater modifies the quality of the

water and reduces its portability. Hence, the need to evaluate the aquifer vulnerability of the study area

is thus extremely valuable.

The vulnerability studies are seen as good approaches to developing good knowledge to avoid

environmental degradation (Mendoza and Barmen 2006; Al-Mallah and Al-Qurnawi, 2018). The term



vulnerability is used to explain the degree to which human or environmental systems are susceptible to

harm due to disruption or stress and may be recognized for a particular system, hazard or group of

hazards (Popescu, Gardin, Brouye're and Dassargues (2008; Oroji, 2018). An aquifer vulnerability

defines as sensitivity of groundwater quality to an imposed contaminant load, which is defined by the

intrinsic characteristics of the aquifer (Duijvenbooden and Waegeningh, 1987). The parameters

affecting vulnerability are mostly permeability and thickness of each protective layer. For

unconsolidated sediments, the permeability is strongly linked to the content of clay which can be

indirectly deduced from resistivity methods (Mogaji, Adiat and Oladapo (2011). According to Oroji

(2018), groundwater vulnerability is considered an intrinsic property of groundwater and can be

characterized as the possibility of percolating and spreading contaminants from the ground surface into

the groundwater system. An assessment of an aquifer's vulnerability to pollution is an important

element of any groundwater quality protection plan and can help to develop practical guidelines and

policies to minimize groundwater pollution and thus enable sustainable management of the resource

(Hashimoto, Stedinger and Loucks (1982). The principle of vulnerability assessment is based on the

assumption that the system, which includes soil, rock and groundwater, may provide a level of defense

against groundwater contamination through 'natural attenuation (Opara, et al. (2015); Inyang and

Opara, 2017). Groundwater vulnerability assessment is carried out on the idea that the aquifer does not

have the same characteristics at all locations and that certain specific land areas are more vulnerable to

quality and quantity deterioration (Gogu and Dassargeus, 2000). Hence, it also delineates the areas that

are more vulnerable or prone to pollution and can enable scientists to remediate (if contaminated),

protect and avoid (if highly sensitive) and policy makers to manage the resource in a sustainable

manner in order to ensure that this precious resource is used sustainably, thereby contributing to

sustainability, which is now the central goal of all of the resources economy of the world (Gupta,



2014). The concept was first introduced in France to raise public awareness of groundwater

contamination by the late 1960's (Vrba and Zaporozec, 1994). The aquifer vulnerability is of two

forms. The first is intrinsic vulnerability which is due to the geology of the aquifer like that of the clay

layer thickness, overlaying media, thickness of lateritic layer (Gupta, 2014). And second one is,

specific vulnerability, acquired for a particular contaminant (Madl-Szonyi and Fu¨ le, 1998) or some

other integrated sources coupled with the integrated vulnerability (Vrba and Zoporozec, 1994).

Aquifer vulnerability provides a detailed understanding of environmental assessment of the waste's

economic impacts in highly vulnerable areas. They also provide valuable information for decision-

making and water resource management, monitoring and protecting the quality of groundwater

(Hamamin, (2011); Al Mallah and Al Qurnawi, 2018). The vulnerability maps have been considered

important for groundwater safety and a valuable tool in environmental management resources (Daly

and Warren 1998).

Many criteria for assessing groundwater vulnerability have been enhanced and are divided into three

main categories; a. overly and index methods, b. Methods using process-based simulation models, c.

Statistical methods (Tesoriero, Inkpen and Voss 1998). These methods have been used by different

scientists until now, but the decision of the technique depends to a large extent on the data available

and also on the type of aquifer being studied and one of the most significant and frequently used

methods for assessing aquifer vulnerability is IEC, DRASTIC and GOD. DRASTIC is a relatively

simple indexing method developed in the USA (Aller, Bennet, Lehr and Petty (1985 and 1987) as a

convenient way of identifying the risk of aquifer contamination due to surface polluta1nt sources

(Abbasi, Mohammadi, Kholghi, and Howard (2013)). It is an Index model designed and considers

seven physical characteristics of the system and integrates them to provide a measure of an aquifer’s

vulnerability for different locations. The DRASTIC model rates the susceptibility of land units by



combining information on depth to groundwater, impact of vadose zone, soils, recharge, hydraulic

conductivity, topography (slope), and aquifer media to determine a groundwater sensitivity ranking

( Inyang and Opara, 2017; Abbasi, et al. (2013); Opara, et al. (2015)). The GOD method is an

analytical model that established to assess the vulnerability of aquifer pollution in Great Britain (Oroji,

2018). It was established by Foster in 1987 for evaluation of aquifer vulnerability, and centered on

three parameters, (G - Groundwater Confinement, O - Overlying Lithology, D - Depth to groundwater)

across wide regions. The GOD index is divided into five classes; negligible (0-0.1), Low (0-0.3),

moderate (0.3-0.5), high (0.5-0.7), and very high (0.7-1) (Foster, Hirata, Gomes, D'Elia, and Paris

(2002); Akpan, Ebong, and Emeka (2015)).

Many researchers have looked into the significance of soil potential as a corrosive environment over

the years. For soil, corrosivity can be described as the ability of a soil to corrode a material buried in it.

Agunloye, (1984), states that the corrosivity of soil can be influenced by its mineralogy and/or

structure. Soil corrosive potential may modify by the geology of the area where the soil is formed, as

well as anthropogenic activities.

This present study is designed to evaluate the aquifer system of Enugu and Environs using Surface

Resistivity Method. It assesses the nature of the aquifers, their distribution, characteristics and thus,

provides data to assess the productivity of the aquifers. This study is also geared towards the assessing

the vulnerability indices of these aquifers in order to identify areas prone to pollution by applying

DRASTIC and GOD Models and to evaluate the soil corrossivity of the area using resistivity data to

map the zones that were non-corrosive to bury utilities/pipes.

1.2 Statement of Problem



Groundwater constitutes the only reliable water supply in the study area, it is very necessary for all

basic human needs, including food, potable water, sanitation, health, energy and shelter. Some of the

wells drilled in parts of the area have become unproductive this is due to lack of improper geophysical

investigation and lack of appropriate expertise. In addition, pumping test have proved to be very

expensive and time consuming, therefore there is a need to introduce alternative and dependable

methods; less invasive and less expensive way of determining aquifer hydraulic parameters.

Furthermore, because of the growing population in the area, more wastes, which are potential

contaminants are being generated by the increasing population, these waste being deposited into

landfills and surface dumps. The location of these dumps was chosen for ease and accessibility to

sources of waste rather than for environmental and hydrogeological considerations, posed a serious

uncertainty to the safety of the groundwater resource in the area and resulting in potential groundwater

pollution and contamination. Intrusion of these pollutants into groundwater modifies the quality of the

water and reduces its portability, and this polluted when consumed by humans most times result into

illness. Given the above, it has become necessary to conduct a thorough geophysical and

hydrogeological assessment of the region to enhance understanding of the hydraulic characteristics of

the aquifer as well as its vulnerability. This is to reduce the risks associated with management of the

groundwater in the area.

1.3 Aim and Objectives

The aim of this research work is to assess the aquifer system of Enugu and environs and recognized

the sensitive area against pollution using DRASTIC and GOD Models. In achieving this aim, the

following objectives are set out;



1. To determine the aquifer geometric parameters such as resistivity, conductivity, thickness,

depth and Transverse resistance across the study area using vertical electrical sounding method.

2. To establish Iso-resistivity model of the area.

3. To estimate the Hydraulic conductivity of the area using Pumping test and geophysical data.

4. To estimate aquifer vulnerability of the study area using DRASTIC and GOD Models.

5. To estimate the soil corrossivity of the study area from vertical electrical sounding data.

6. To estimate the aquifer protective capacity of the area using Longitudinal conductance (Lc)

and Integrated Electrical Conductivity (IEC).

1.4 Justification of the Study

A deep understanding of the complexity of its processes is absolutely essential for a proper

assessment and management of groundwater resources. This study will only showcase how effective

geoelectric methods can be, when applied in the estimation of aquifer hydraulic parameters and also

provide useful information on the potential sites for groundwater development in the study area. This

will help to assess the geoelectric parameters of the near-surface aquifers to near-surface contaminants

and helps to provide much needed information that will help relevant authorities in effective water

resource management strategies.

1.5 Scope of the Study

The scope of the study is to establish model used in estimating aquifer hydraulic parameters, to

recognize the sensitive areas against pollution and identify the zones that were non-corrosive to bury

utilities/pipes in Enugu and environs, Southeastern Nigeria.



CHAPTER TWO

LITERATURE REVIEW

2.1 Previous Work

Sedimentary basin of Nigeria comprises a Central and Eastern Southern portions stretching from the

Atlantic to the River Benue, a middle portions in the basin of the River Niger and River Benue and the

Northern Portions, one in the northwest the other in in the northeast (NWRI, 2012). The rocks are

stratified formations of late Cretaceous to Recent and consist of siltstones, sandstone, shale, limestones,

mudstones etc). Sedimentary basin is a low area in the earth crust of tectonic origin, where sediments

accumulate. Generally, sedimentary basins have been shown to have a huge hydrological and

hydrogeological prospects due to its unique porosity, permeability and hydraulic conductivity (Opara,

et al. (2015); Ugada, Ibe, Akaolisa and Opara (2013); Okereke and Edet, (2002)

Vrba and Zaporozec, (1994) described groundwater vulnerability study has proved to be a veritable

tool to delineating areas that are vulnerable to groundwater contamination and the concept was first

introduce in France to raise public awareness of groundwater contamination in the late 1960's.



Tesoriero, Inkpen and Voss (1998) reviewed many criteria to conduct aquifer vulnerability studies,

they include Overlay and index methods, Process based methods, and Statistical methods.

Adelana, Olasehinde, Bale, Vrbka, Edet and Goni (2008) generally described that Southeastern

Nigeria falls in three broad Hydrogeological Groups which are; Lower, Middle and Upper

Hydrogeological Groups.

Rahman, (2008) described DRASTIC is an index model designed to generate vulnerability ratings for

different regions by combining several thematic layers.

Adeniji, Omonona, Obiora and Chukudebelu (2012) made use of resistivity method to conducted

vulnerability studies combined with soil corrosivity and aquifer-protective capacity assessments with

the aimed to delineate areas which are very susceptible to groundwater contamination from surface

contaminants and subsurface soils which are corrosive to underground utility pipes.

Ezeh, Ugwu, Okonkwo and Okamkpa (2013), Made use of geoelectrical sounding and

hydrogeological parameters to assess the aquifer productivity within Udi region, Southeastern Nigeria

with the aim to correlate surface resistivity with hydrogeological parameter in order to reveal the

groundwater potential of the area. Results revealed a strong correlation between borehole yield and

aquifer resistivity (r 2 = 0.8).

Aweto and Akpoborie (2014) were able to estimate the transmissivity and hydraulic conductivity of

Orerokpe, Western Niger Delta, Nigeria, using borehole and geolectric data.

Bayowa and Olayiwola, (2015) made use of Electrical Resistivity method to evaluate soil corrosivity

and determined its Competence in Ladoke Akintola University.



Opara et al (2015) made use of geophysical sounding for the determination of aquifer hydraulic

parameters and its Vulnerability in Ugep and Environs Southeastern Nigeria.

Okonkwo, Ezeh and Amoke (2016) Evaluated Groundwater Potential Status in Nkanu, Enugu State,

Nigeria.

Onwe, et al (2016) made of hydrogeological data for estimation of Hydraulic Conductivity of the Ajali

Sandstone in the Udi Area of South Eastern Nigeria.

Okeke, Ezeh and Okonkwo (2017) made use of geophysical sounding for the determination of

Groundwater Prospect in Awgu and Environs, Enugu State, Southeastern Nigeria.

Okoli, et al. (2017), Delineated Groundwater Potential Zones in Enugu State using Remote Sensing

and GIS Techniques.

Inyang, Opara, Ibechu, Nwachukwu, Eluwa, Amadi, Emberga, and Eke (2017), Evaluate the

Vulnerability Indices of Aquifer in Ugep and Environs, Southeastern Nigeria. Using Resistivity Data

Oroji, (2018) made use of DRASTIC and GOD Models to assess the groundwater vulnerability of

Asadabad plain, Balal Oroji.

Ejiogu, Opara, Nwosu, Nwofor, Onyema and Chinaka (2019), Estimated Aquifer Hydraulic

Characteristics and its Vulnerability in Imo State and Environs, Southeasthern Nigeria using Electrical

Conductivity Data

Ekwe, Opara, Okeugo, Azuoko, Nkitnam, Abraham, Chukwu and Mbaeyi (2020), established a

graphical linear relationship between a set of pumping test data and vertical electrical sounding data



and subsequently applied the relationship in determining aquifer parameters in areas where pumping

test data were not available in parts of Afikpo Sub Basin, Southeastern Nigeria

Oli, et al. (2020), delineated water-bearing zones of Ezza and Ikwo areas and also assess its Protective

Capacity.

Osi-Okeke, Opara, Oli, Udeh and Abiahu (2021), made use of Geo-sounding data for estimation of

Aquifer Protective Capacity in Abakaliki/ Afikpo area and Environs, Southeastern Nigeria.

CHAPTER THREE

MATERIALS AND METHODS

3.1 Hydrogeological Studies

3.1.1 Pumping Test Analysis

A total of nineteen (19) pumping test data were used in this study. The pumping test data used in this

study were carried out by self and some were obtained during the yearly appropriation of water

projects embarked on by the Federal Ministry of Water Resources (FMWA) through its executing

agency; Anambra-Imo River Basin Development Authority (AIRBDA) in which I was part of the

team. AIRBDA is a Federal Government Parastatal covering Southeastern region of Nigeria. Two (2)

of the pumping test data were carried out at Comm. Sec Sch Olo and Akpugo-Eze, penetrating the Imo

Shale, two (2) at Umuna-ndiagu and Iwollo penetrating the Nsukka Formation, six (6) in Amokwe,

Abor, Obioma, Ihuonayia, Oghe and Nachi penetrating the Ajali Formation, two (2) at Winners Estate

Trans-Ekulu and Phase 6 Winners Estate Trans-Ekulu, penetrating the Mamu Formation, two (2) at

Obeagu Enugu and Ozalla, penetrating the Nkporo Shale Group, three (3 in Agbani, Nara and Ndiuno



Akpugo, penetrating the Awgu Shale Group, while the remaining two (2) at Umuoika Enuogu and

Obodo-ebunabo, penetrating the Ezeaku Shale. Materials used for the work were; 2HP Submersible

Pump, Water level Indicator (dip meter), Risers, Marine rope, Stop watch, Power source (Generator),

Calibrated bucket and GPS Device.The pumping test data were evalutated using constant pumping rate

discharge method. The pumping test rates were within 10 l/min – 91 l/min, and the time of pumping

varies from 1 - 4 hrs. The principle of pumping test involves applying stress to an aquifer by extracting

groundwater from a pumping well and measuring the response of the aquifer to that stress by

monitoring the drain as a function of time. These measurements above are integrated into an

appropriate well-flow equation for estimating the hydraulic parameters of the aquifer by employing

procedures such as Cooper-Jacob’s method (Venkatarao et al. 2015). Samples field pictures of

pumping test at the study area are shown below in figure 3.1a and 3.1b.

3.1.2 Data Analysis of Pumping Test

Thereafter, the Cooper and Jacob solution model was utilized to estimate the aquifer-derived

parameters (transmissivity and hydraulic conductivity). This was done by using a computer software

(Aquifer Win32) plotting drawdown against their respective time data obtained in semi-log format

during the pumping test exercise. The average pumping rate (Q) in meter cube per day (m³/day) for the

duration of the test and the slope (which is the change in drawdown over one logarithmic cycle(Δs)

were estimated and then integrated into Cooper and Jacob well flow equation (for single well) (Freeze

and cherry 1979; Cooper and Jacob, 1946) as described below for the computation of the

transmissivity (Diloha 2018), while the hydraulic conductivity was calculated from the transmissivity

and aquifer depth value, which is in this case assumed to be the length of the screen.

� = 2.3 �
4�∆�

(3.1)



T = Transmissivity in m²/day

Q = Discharge Rate in m³/day

ΔS = Change in drawdown over one logarithmic cycle

�� = �
∆�

(3.2)

Where Sc = Specific capacity in m²/day

Q = Discharge Rate in m³/day

ΔS = Change in drawdown over one logarithmic cycle

� = �
�

(Freeze and cherry, 1979) (3.3)

Where K = Hydraulic conductivity in m/day, b = Aquifer thickness in m

T = Transmissivity in m²/day



Figure 3.1a: Field Picture of Pumping test at the area by Constant Rate Tests

Figure 3.1b: Field Pictures of Pumping test in the study area by Constant Rate Tests

3.2 Geophysical Studies

3.2.1 Data Acquisition

The electrical reistivity sounding was carried out using vertical electrical sounding by deploying the

Schlumberger array technique. The locations of the sounding stations are shown in Figure 3.5a. During

the field exercise the following materials and field equipment were used to gather the data; ABEM

4000 model Terrameter. This equipment displays apparent resistivity values digitally as computed by

Ohm’s law, this were used to acquire the resistivity readings alongside with battery (12V.5 DC, 60Ah

Battery) used to boost the current supply by the terrameter. Other accessories to this equipment

include one Garmin 12 Global Positioning System (GPS) used in acquiring the VES point coordinates;



measuring tape used in acquiring accurate electrode spacings; four metal electrodes used in

transmitting the current supplied to the ground; four reel of cables used in transmitting the currents to

the electrodes; four pieces of hammer for driving down of the electrodes to the ground were used for

resistivity measurements.

A total of Eighty-Five (85) Vertical Electrical Sounding points were made in the study area with one

parametric sounding performed at each of the wells where the pumping test had already been

completed. The Schlumberger electrode configuration was adopted with a maximum current electrode

separation (AB) of 1000m, the sounding points being geo-referenced using a GPS held by hand. The

current and potential pairs of electrodes have a similar midpoint in the Schlumberger array but the

distances between adjacent electrodes vary greatly. Theoretically, the resistivity (ρ) of a material is

directly proportionally to the resistance (R) of the material to current flow. Thus;

ρ = KR (3.4)

Where K is the Geometric factor and is obtained using the formular in equation (3.5) below:

(3.5)

The profiles were taken for the purpose of regional correlation across the study area. The field data

were converted to apparent resistivity values by multiplying with the Schlumberger geometric factor K

(Keller and Frischnechk, 1979) as shown in equation (3.6) below;

(3.6)



Recall ρ = KR

Where R is the resistance

Moreover, the geometric factor K lies on the electrode separation. R responds to the resistance of the

volume of ground between the potential electrodes. If V and I are measured in millivolts and

milliamperes respectively and the distance of separations in meters, then the resistivity ρ is expressed

in ohm-meter. Samples of field pictures of geophysical study at the study area are shown in figure 3.2a

and 3.2b.



Figure 3.2b: Field Picture of Geophysical Study of the area using direct current resistivity Method.

Figure 3.2a: Field Picture of Geophysical Study of the area using direct current resistivity Method.



3.2.2 Data Processing and Interpretation of Geoelectric Sounding

All raw field data were processed by using the appropriate constants and analyzed using the iterative /

inversion method of IPI2Win computer software to generate the layer parameters. The apparent

resistivity field values were then plotted against the half current electrode separation to generate geo-

electric curves. An initially created field curve was compared with adjustable theoretical curve until a

good match was obtained that yielded true apparent resistivity, depth, and thickness values. All the

sounding curves are displayed on the appendix

3.2.3 Qualitative and Quantitative Analyses

Figure 3.2b: Field Picture of Geophysical Study of the area using direct current resistivity Method.



The qualitative interpretation of the depth sounding curves was carried out based on distinctive geo-

electric characteristics on the number of layers represented by the four types of the auxiliary curves

(H, K, A, and Q). The quantitative evaluation of the depth sounding curves was conducted by

employing the partial curve matching technique (Bhattacharya and Patra, 1968). To achieve this, the

data from the VES is plotted on a transparent overlay. A standard two (2) layer master curve and four

(4) auxiliary type curves (H, K, A, and Q) were used for the partial curve matching technique. The

interpretation of the apparent resistivity curve began by the entering of a model represented by the

apparent resistivity and thickness of each layer of the cure. Using iteration software known as

WINRESIST, the results of the VES curves obtained from partial curve matching were then used to

constrain computer interpretation. Invariably this reduces depth overestimation. The computer

iteration results demonstrates the quantitative analysis for knowing the resistivity, thickness and depth.

Generally, the apparent resistivity curve for a three-layer structure has one or four typical shapes

determined by the vertical sequences of the resistivity of the layers. Theoretically, these curves (type

A, type H, type K and type Q curves) are described below (Figure 3.3a-d).

a. K-type curve: this curve type rises to a maximum and then decreases, indicating that the

intermediate layer has higher resistivity than the top and bottom layers.

ρ3

ρ2

ρ1

ρa

AB/2

ρ1
ρ2> ρ1

ρ3 > ρ2



Fig 3.3a: K Type curve for a three-layered horizontal structure

b. H-type curve: this curve shows the opposite effect of the K-type curve; it falls to a minimum,

then increases again, due to an intermediate layer that is a better conductor than the top and bottom

layers (Lowrie, 1997).

Fig 3.3b: H-type curve for a three- layered horizontal structure

c. A-type curve: In this curve type the apparent resistivity generally increases continuously with

increasing electrode separation, indicating that the true resistivity increases with depth from layer to

layer.

Fig 3.3c: A-type curve for a three-layered horizontal structure
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d. Q-type curve: this curve type exhibit the opposite effect to A-type. It decreases continuously

along with a progressive decrease of resistivity with depth.

Fig 3.3d: Q-type curve for a three-layered horizontal structure.

e. Others: these include curves obtained from the combination of the types listed above. They

include: AK, AQ, KQ, HQ, KH, QH,AH, etc

3.3 Estimation of Aquifer Hydraulic Parameters

The aquifer parameters (transmissivity and hydraulic conductivity) will be estimated from the

interpreted vertical electrical sounding data, for all sounding points including those points without

existing pumping test data. Therefore different methods can be used to achieve this, and they include;

a) Estimation from Niwas and Singhal. 1981
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ρ1> ρ2
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ρ3



The estimation of aquifer hydraulic characteristics can be achieved by using parameters of transverse

resistance and longitudinal conductance from Dar-Zarrock. Niwas and Singhal (1981) identified, on

the one hand, an analytical relation between transmissivity and transverse resistance and, on the other,

transmissivity and longitudinal conductance.

From Darcy’s law, the fluid discharge Q is given by

Q =KIA (3.7)

And from ohm’s law

J =δE (3.8)

Where K = hydraulic conductivity,

I = hydraulic gradient,

A= cross sectional area perpendicular to the direction of flow,

J = current density,

E = electric field intensity and δ =electrical conductivity (inverse of resistivity),

Considering a prism of aquifer material having a unit cross-sectional area and thickness h, Niwas and

Singhal (1981) combined equations (3.7) and (3.8) to get

T = (3.9)

Where T = aquifer transmissivity,



R= Transverse resistance

L= longitudinal conductance

The quantitative interpretations of vertical electrical sounding data often result in geoelectric layers

being generated. The information from these geoelectric layers helps improve the identification of

aquifer depth and thickness layer parameters. The Dar-Zarrock parameters will be evaluated using

these layer parameters thus obtained. . The transverse resistance (R) is the product of the aquifer

apparent resistivity (ρ) and the aquifer thickness (h) while the longitudinal conductance is obtained by

dividing the aquifer thickness (h) by the apparent resistivity (ρ) of the aquifer.

(3.10)

L (3.11)

In areas of similar geologic setting and water quality the product Kδ remains fairly constant (Niwas

and Singhal, 1981). This allows the determination of transmissivity and its differences from place to

place, including those areas without boreholes, to be made possible by using K values determined

from boreholes where pumping test was conducted and δ values derived from the sounding

interpretation for the aquifer at borehole locations.

b) Estimation from Heigold, Gilkeson, Cartwright and Reed (1979)

The Heigold et al model utilizes the relationship between hydraulic conductivity (K) obtained from

other methods and aquifer resistance to generate an equation that enables us to estimate hydraulic

conductivity using aquifer resistance. The equation is expressed as;



K=386.40Rw-0.93283

(3.12)

Where K = hydraulic conductivity and Rw = the resistivity of the water saturated aquifer.

The aquifer transmissivity (Tr) can now be determined using the relation (Niwas and Singhal 1981):

Tt = kδT = ks/δ = kh (3.13)

Where;

δ = the electrical conductivity (inverse of resistivity),

S = the longitudinal conductance

T = the transverse resistance.

c) Estimation using new generated model from the study area

Methodology of Estimation of New Generated Model

Enugu and environs which is the study area falls within the geological formation of Ezeaku Shale,

Awgu Formation, Nkporo Shale Group, Mamu Formation, Ajali Formation, Nsukka Formation and

Imo Shale Group respectively. It has an aquifer thickness which ranges approximately from 10m to

224m. This technique of estimating the new generated model targets on the understanding the ideas

of Heigold model which is centered on the relation between hydraulic conductivity and aquifer

resistivity, makes it feasible to create a new model that is more relevant to the geology of the study



area. Therefore, the hydraulic conductivities acquired from the pumping tests data was plotted against

aquifer resistivity values obtained from parametric soundings on the well locations in the different

Formations.

Location
Aquifer
Resistivity
(Ohm-m)

Hydraulic
Conductivity k
(m/day) from
pumping test

Geologic
Formation

Comm. Sec Sch Olo 27.3 2.6396
Imo Shale

Akpugo-Eze 1250.0 2.7000

Umuna-ndiagu, 326.0 6.4622 Nsukka

Table 3.1: Hydraulic conductivity from pumping test and corresponding Aquifer resistivity from
VES in different geologic Formations



Iwollo 107.2 4.1242
Amokwe 105.3 4.1099

Ajali

Abor 37.5 3.4953
Obioma 9000.0 6.4617
Ihuonayia 47.9 4.0194
Oghe 192.6 4.4105
Nachi 60.0 3.8461
Winners Estate Trans-
Ekulu 2.8 2.7486

Mamu
Phase 6 Trans-Ekulu 23.4 2.3418

Obeagu Enugu 9.6 2.5696 Nkporo ShaleOzalla 22.0 2.5479
Ojiagu Agbani 42.0 1.6114

AwguNara 60.0 1.5671
Ndiuno Akpugo 733.0 1.1538
Umuoika Enuogu 792.0 1.5796 EzeakuObodo-ebunabo 498.0 1.5895

Similarly, Heigold et al. (1979) used an equation given in equation (3.12) above to determine the

hydraulic from resistivity data. However, due to complex nature of the geology of the study area, the

above models under-predicted in most of the formations within the study area. By using the method

adopted by Heigold et al. (1979), an equation of the type as shown in equation 3.14 was derived;

K=cρwd (3.14)

Where c and d are constants that depend on the geologic formations overlying the aquifer unit, ρw is

the aquifer resistivity in ohm meter and K is the aquifer hydraulic conductivity in meter per day. These

constants were integrated from the plots of aquifer hydraulic conductivity K from existing wells versus

aquifer resistivity ρw from geo-electric soundings close to the existing wells. For the seven geologic

formations, specific equations were therefore generated for each of the formation as shown in equation

3.15a – g. Analysis of the bivariate regression models gave a set of power equations (each for the



seven different formations). From the seven geologic formations the following formation specific

model equations were therefore generated as shown in Eq. 3.15a – g;

Kimsh. = 2.5885Rw0.0059 (3.15a)

Knskfm. = 0.6245Rw0.4035 (3.15b)

Kajafm. = 2.545Rw0.1028 (3.15c)

Kmafm. = 2.9645Rw-0.073 (3.15d)

Knkpsh. = 2.6297Rw-0.01 (3.15e)

Kawfm. = 2.4939Rw-0.117 \

(3.15f)

Kezesh. = 1.7282Rw-0.013 (3.15g)

The correlation coefficient was 1 in all cases which showed a positive relationship between the two

parameters.

(b)(a)



3.4 Assessment of Aquifer vulnerability from DRASTIC and GOD Models

Groundwater has been identified as a major source of water supply due to its extensive storage

capacity and relatively low susceptibility to pollution compared to surface water (USEPA, 1985).

Nevertheless, there are significant sources of diffuse and point source pollution of groundwater from

land use activities especially mining and agricultural practices, and Intrusion of these pollutants into

(g)

(e)

(d)(c)

(f)

Fig. 3.4 Bivariate regression plots of aquifer hydraulic conductivity K derived from well data vs aquifer
resistivity (ρw) for; (a) Imo SH (b) Nsukka Fm (c) Ajali Fm (d) Mamu Fm (e) Nkporo SH (f) Awgu and
(g) Ezeaku SH



groundwater modifies the quality of the water and reduces its portability. Hence, the need to assess the

aquifer vulnerability of the area is thus extremely valuable.

The quantitative expressions of aquifer protection against contaminants is known as vulnerability. An

aquifer vulnerability defines as sensitivity of groundwater quality to an imposed contaminant load,

which is defined by the intrinsic characteristics of the aquifer.

3.4.1 DRASTIC Model

Many criteria for assessing groundwater vulnerability have been enhanced and DRASTIC is one of the

most commonly applied and well-known qualitative assessment model. DRASTIC is a relatively

simple indexing method developed in the USA (Aller et al. 1985, 1987) as a convenient way of

identifying the risk of aquifer contamination due to surface pollutant sources (Abbasi, et al. 2013). It is

an Index model designed and considers seven physical characteristics of the system and integrates

them to provide a measure of an aquifer’s vulnerability for different locations. The model was

designed by the US Environmental Protection Agency (EPA) to assess groundwater pollution potential

for the entire United States. This model is based on the concept of the hydrogeological setting that is

described as a composite description of all the major geologic and hydrogeologic factors that affect

and control groundwater movement into, through and out of an area (Aller et al, 1987). The DRASTIC

model rates the susceptibility of land units by consolidating information on depth to groundwater,

impact of vadose zone, soils, recharge, hydraulic conductivity, topography (slope), and aquifer media

to determine a groundwater sensitivity ranking (Abbasi, et al. 2013; Opara, et al. 2015; Inyang and

Opara, 2017).



The name DRASTIC represents the use of the first letter of each hydrological component in

calculating the vulnerability index, (D) depth to water, (R) net recharge, (A) aquifer media, (S) soil

media, (T) topography, (I) impact of vadose zone media, and (C) hydraulic conductivity of the aquifer.

These parameters control the groundwater contamination potential. The DRASTIC ranking system

consists of three major parts: Range, Rating, and Weight: (Aller et al. 1987).

 Range: Each factor in DRASTIC assigned in ranges or significant media type which have an

impact on pollution potential.

 Rates: Each range for each DRASTIC factor is assessed with respect to each other to estimate the

relative significance of each range with respect to the impact on pollution potential. The rating for

each DRASTIC factor is assigned a value between 1 and 10. The higher rating is the more significant

on pollution potential.

 Weights: Each DRASTIC factor is assessed with respect to each other to estimate the relative

importance of each factor. Each factor is assigned a relative weight ranging from 1 to 5. DRASTIC

comprises of two weight classifications, one for normal (standard) conditions and the other for

conditions with intense agricultural activity which represent as Pesticide Index (See Table 3.2). The

weighted ratings are merged to obtain the DRASTIC index DI (AL-Qurnawi 2014), thus, it is

expressed as:

DI = DrDw + RrRw + ArAw + SrSw + TrTw + IrIw + CrCw (3.16)

Table 3.2: Weights

of the factors in the

DRASTIC Scenarios

(Aller et al. 1987).
Factors

DRASTIC

Normal Pesticides



D: depth to groundwater 5 5

R: net recharge 4 4

A: aquifer media 3 3

S: soil media 2 5

T: topography 1 3

I: impact of Vadose zone 5 5

C: hydraulic conductivity of the Aquife 3 2

where DI DRASTIC index, Dr rating for the depth to water table, Dw weights assigned to the depth to

water table, Rr rating for ranges of aquifer recharge, Rw weight for the aquifer recharge, Ar ratings

assigned to aquifer media, Aw weights assigned to aquifer media, Sr ratings for the soil media, Sw

weights for soil media, Tr ranges for topographic (slop), Tw weights assigned to topography, Ir ratings

assigned to vadose zone, Iw weights assigned to vadose zone, Cr ratings for hydraulic conductivity,

Cw weights given to hydraulic conductivity.

Therefore, the Index is calculated according to the equation below

Where; V = the calculated index value,

Wi = the weighting coefficient for parameter i, and

(Abbasi, et al. 2013) (3.17)



Ri = the rating value for parameter i.

The weighting coefficients range from 1 to 5 (Table 3.2 above), depending on their relative importance,

and D (depth to water) has a high weighting coefficient of 5. The estimated index provides a relative

measure of possible vulnerability of the aquifer to contamination with higher index values showing

greater vulnerability than lower values (Javadi and Mohammadi 2008; Abbasi, et al. 2013)

3.4.1.1 DRASTIC Model Parameters

Depth to water table (D)

This is the distance from the ground to the water table. It represents the material thickness through

which water that infiltrates must travel before reaching the aquifer-saturated zone. The water table

depth helps to control the degree of interactivity between the contaminants percolating and the

materials (minerals, water) on the subsurface. Therefore, there is a greater probability to occur as the

depth of water increases Areas with high water tables are vulnerable, this due to pollutants have short

distances to travel before contacting the groundwater. That means the smaller the assigned rating the

deeper the groundwater. The potential protection of aquifers generally increases with depth. Table 3.3a

below present the assigned range of the Depth to water and the DRASTIC rating (Oroji, 2018).

Table 3.3a: Assigned rating for Depth to water table (m).

Range 0 -1.5 1.5-4.5 4.5-9 9-15 15-22 22-30 >30.4

Rating 10 9 7 5 3 2 1

Net Recharge(R)



This is the amount of water per unit area that penetrates the ground surface and enters the water table.

The net recharge is the device which carries pollutants into the ground water. In particular during the

rainy seasons, greater transport of contaminants is possible during periods of extreme rainfall. Areas

with a high rate of recharge run a high risk of being polluted. The Net Recharge was taken as 12% of

the average annual rainfall (Al Hallaq and Abu Elaish 2008). The annual rainfall in the study area is

2500mm per year and net recharge assumed for the entire locations is put at 300mm Table 3.3b below

present the assigned rating for Net Recharge (Oroji, 2018).

Net Recharge can also be estimated using the formula:

Net Recharge = (Rainfall- Evaporation) x Recharge Rate.

Table 3.3b: Assigned rating for Net Recharge (mm)

Range

0-50 50-100 100-175 175-225 >225

Rating 1 3 6 8 9

Aquifer Media (A)

This refers to the potential area for water storage. The contaminant attenuation of aquifer depends on

the amount and sorting of fine grains. In general, the greater the size of grain, the higher the

permeability and lower the attenuation capacity; hence the greater the pollution potential. So a high



rating score was given to coarse media as comparison to fine media. Table 3.3c below indicates the

assigned DRASTIC rating for aquifer media parameter (Oroji, 2018).

Table 3.3c: assigned rating for aquifer media

Rating 2 3 4 5 6 6 8 8 9 10

Soil Media (S)

This factor represents the highest and most weathered part of the ground. Soil characteristics affect the

amount of recharge that infiltrates the ground surface, the amount of potential dispersion, contaminant

purification cycle etc. Soil cover containing materials of fine grain size such as clay and silt, as well as

a higher percentage of organic matter will retard the migration of contaminants. Coarse soil media rate

high compared with fine soil media. Table 3.3d below indicates the assigned DRASTIC rating for soil

media (Oroji, 2018).

Table 3.3d: assigned rating for soil media



Range

Thin or

Absent,

Gravel
Sand Peat

Shrinking

Clay

Sandy

Loam Loam

Silt

Loam

Clay

Loam

Rating 10 9 8 7 6 5 4 3

Topography (T)

This refers to the slope or steepness of the land surface. It specifies whether the runoff will remain on

the surface to allow percolation of contaminants into the saturated zone. Area with low slope tends to

retain water for longer periods and thus allows a greater infiltration of recharge of water and greater

potential for contaminant migration. Flat areas have been given high rates, as run-off tends to be lower.

Table 3.3e below present the assigned DRASTIC rating for Topographic parameter (Oroji, 2018).

Table 3.3e: Assigned rating for Topography (%)

Range 0-2 2-6 6-12 12-18 >18

Rating 10 9 5 3 1

Impact of Vadose Zone (I)



This refers to the ground portion found between the aquifer and the soil cover whereby the pores and

joints are unsaturated. The effect of the vadose zone on the potential for aquifer contamination

depends on its permeability and on media attenuation characteristics. Table 3.3f below present the

assigned DRASTIC rating for Impact of vadose zone (Oroji, 2018).

Table 3.3f: Assigned rating for Impact of Vadose zone

Rating 1 3 3 3 6 6 6 8 9

Hydraulic Conductivity (C)

Aquifer hydraulic conductivity is the ability of the aquifer to transmit water. It relies on the material’s

intrinsic permeability, and the degree of saturation. Hydraulic conductivity controls the rate at which

groundwater flows under a given gradient, and thus the migration and dispersion of contaminants. A

highly conductive aquifer is vulnerable to contamination as a contamination plume can easily move

through the aquifer. Table 3.3g below present the assigned DRASTIC rating for Hydraulic

Conductivity (Oroji, 2018).

Table 3.3g: Assigned rating for Hydraulic Conductivity (m/day)



Range

0.04-4.1 4.1-12.3 12.3-28.7 28.7-41 41-82 >82

Rating 1 2 4 6 8 10

Table 3.4: Aquifer vulnerability rating based on the final DRASTIC index (Oroji, 2018).

DRASTIC Index (Di) 1-

100

101-

140

141-

200

>200

Vulnerability category Low Moderate High Very high

3.4.2 GOD Model

The GOD method is an analytical model that established to assess the vulnerability of aquifer

pollution in Great Britain (Oroji, 2018). This model is characterized by a rapid evaluation of the

aquifer vulnerability; it was established by Foster in 1987 for evaluating the vulnerability of the

aquifer against the vertical infiltration of pollutants through the unsaturated zone, without considering

their lateral migration in the saturated zone (Foster, et al. 2002). As DRASTIC, GOD is an overlay

and index system built to map groundwater vulnerability centered on three parameters, across wide

regions. The lowest level for aquifer vulnerability is linked to values <0.1 (negligible), while the

highest level is attributed to values >0.7 (extreme), (Ghazavi and Ebrahimi, 2015). Values are

assigned to each of the grades and then multiplied to give the final result. The assigned weight of each

of the GOD parameters is 1 (Ghazavi and Ebrahimi, 2015). The parameters are;

1. G - Groundwater Confinement



2. O - Overlying Strata (Lithology)

3. D - Depth to groundwater table.

The letter G expresses the level of groundwater confinement and it measures the water circulating

within the aquifers, the letter O describe the character of the materials overlying the aquifers with

respect to the capacity to impede the flow of contaminants, while the letter D represent the depth to

water table (Akpan, et al. 2015)

The GOD index which is used to evaluate and map the aquifer vulnerability caused by the pollution, it

was estimated by multiplication of the influence of the three parameters using the equation (3.18)

below.

GOD Index = Ci × Ca × Cd (3.18)

Where, Ca = the type of aquifer,

Ci = the Overlying strata and

Cd = the depth to water.

The GOD index can be divided into five classes; negligible (0-0.1), Low (0.1-0.3), moderate (0.3-0.5),

high (0.5-0.7), and Extreme (0.7-1) (Foster et al. 2002). The higher number shows the greater relative

pollution potential risk to another one. (See Table 3.5)



Table 3.5: The GOD vulnerability index for various geologic material (Adapted from Fosteri et al.,
2002).

3.5 Evaluation of Soil Corrossivity of the study area.

Corrosivity described as the ability of a soil to corrode a material buried in it. Akintorinwa and Abiola

(2011), stated that if the host soil medium is corrosive and aggressive, subterranean pipes are subject

to corrosion and subsequent failure. Topsoil constitutes the layer within which normal civil

engineering foundations and utility pipes are buried. To evaluate the corrosivity of the subsoils in the

study area, the topsoil (first layer) resistitvity values obtained from the interpreted VES results were



utilized. Topsoil resistivity values were classified in terms of soil corrosion based on (Baeckmann and

Schwenk 1975; Agunloye 1984; Bayowa and Olayiwola, 2015) soil resistivity classification model and

competent rating (See table 3.6 and 3.7).

Table 3.6: Soil Resistivity and its Corresponding Corrosivity based on Baeckmann and
Schenwenk, 1975

S/N Soil resistivity (Ωm) Soil corrosivity
1 < 10 Very strongly corrosive (VSC)

2 10–60 Moderately corrosive (MC)

3 60–180 Slightly corrosive (SC)
4 >180 Practically non corrosive (PNC)

Table 3.7: Soil Competence Rating based on Bayowa and Olayiwola, 2015

S/N
Apparent Resistivity
(Ωm) Lithology Competence Rating

1 ˂100 Clay Incompetent
2 100-350 Sandy clay Moderately Competent
3 350-750 Clayey sand Competent
4 >750 Sand/Laterite/Bedrock Highly Competent

3.6 Assessment of Aquifer Protective Capacity

Aquifer protective capacity is the capability of the overburden zone to decelerate and filter percolating

ground surface polluting fluid into the aquiferous unit. The protective capacity of the overburden may

therefore be regarded as being proportional to the ratio of thickness to resistivity. The combination of

thickness and resistivity into single variables, other words known as the Dar Zarrouk parameters



(Mailet, 1974) are usuaally used as a basis for assessing aquifer properties such as aquifer

transmissivity and protection of ground- water resources (Henriet, 1976).

3.6.1 Assessment of Aquifer Capacity from Dar Zarrouk parameters

The Dar Zarrouk parameters comprises of the transverse resistance (RT) and longitudinal conductance

(Lc). Kirsch et al. (2003) showed that the protection degree of an aquifer may be regarded as directly

proportional to the longitudinal conductance (S) of the overburden materials. This implies that the

higher the longitudinal conductance of overburden, the higher the degree of aquifer protection and vice

vasa. For a horizontal, homogeneous, and isotropic layer, the transverse resistance RT (Ωm2) is defined

as:

RT = ρh (3.19)

and the longitudinal conductance Lc (mho) is defined as:

Lc= h/ρ (3.20)

Where h = the thickness of the layer (in metres) and ρ is the electrical resistivity of the layer in ohm-

metres. But aquifer transmissivity (T) is expressed as:

T = Kh (3.21)

Where K = the hydraulic conductivity (m/day).

Since the hydraulic conductivity is directly proportional to the resistivity (Kelly, 1977), on a merely

theoretical basis, it can be accepted that the transmissivity of an aquifer is directly proportional to its

transverse resistance (Henriet, 1976; Ward, 1990). The hydraulic conductivity of clayey sediment



could be linked to electrical resistivity through the concept of clay content. High clay content

generally correlates with lower resistivities and lower hydraulic conductivities, and vice versa. The

protective capacity of the overburden may therefore be regarded as being proportional to the ratio of

thickness to resistivity, or in other words to the longitudinal conductance. Therefore, Equation (3.20)

were used to assess the aquifer protective capacity of the aquifer overburden. The second order geo-

electric parameter, longitudinal conductance (Dar Zarrouk parameter) is estimated from the first order

parameters (thickness and resistivity) of the geo-electric subsurface layers which were used in the

classification of the Aquifer Protective Capacity. The illustration of the longitudinal

conductance/protective capacity ratings are present below (See table 3.8). This longitudinal unit

conductance/protective capacity rating illustration after (Henriet, 1975; Oladapo and Akintoriwa, 2007)

enables the classification of ratings into poor, weak, moderate and good protective capacity zones.

Areas that are classified poor and weak are susceptible to contamination.

3.6.2 Assessing Aquifer Capacity by Integrated Electrical Conductivity (IEC)

Table 3.8: Longitudinal conductance/protective capacity rating (after Henriet, 1975)



Integrated Electrical Conductivity (IEC) method quantifies groundwater vulnerability by hydraulic

resistance to vertical flow of wastewater through the unsaturated layers. The IEC is usually determined

using Eq. 10 (Rottger et al. 2005).

IEC = ∑ἱσἱhἱ (3.22)

Where σἱ and hἱ are the electrical conductivities and equivalent thickness of each layer above the

aquifer layer.

The unit of IEC is given as siemens (S). A similar technique previously used by earlier scholars in

evaluating aquifer vulnerability (Obiora, Alhassan, Ibuot and Okeke. (2016a); Obiora, Ibuot and

Geroge (2016b); Madi, Meddi, Boutoutaou and Pulido-Bosch (2016)). Madi, et al. (2016) established

a vulnerability assessment criteria vary from extremely high (less than 500 mS) to extremely low

aquifer vulnerability (greater than 4000 mS) using IEC method as shown in Table 3.9.

The above expression means that the bigger the thickness of the layer, the larger the penetration time

of the contaminants (implying large filter) and the lower the resistivity, the more clayey and less

permeable the material will be (Braga, Filho, and Dourado 2006).

Table 3.9 Intrinsic aquifer vulnerability classification based on integrated electrical conductivity
(IEC) showing aquifer protective capacity (Madi et al. 2016)

S/N Vulnerability index Degree of vulnerability Percolation time
1 Extremely high < 500 Several months
2 High 500–1000 Several months–3 years
3 Moderate 1000–2000 3–10 years
4 Low 2000–4000 10–25 years
5 Extremely low > 40,000 > 25 years

3.7 Location and Physiography of the Study Area



The study area is situated within latitudes 6˚ 13’ 04.97’’N and 6˚ 31’ 26.4’’N of the equator and

longitudes 7˚ 08’ 51.05’’E and 7˚ 41’ 29.84’’E of the Greenwich Meridian (Fig. 3.5a) in the

Southeastern part of Nigeria encompassing an area of 0.16Km2, with an elevation ranging from 58m

t0 550m above mean sea level.

The topography in the study area shows two major types of landforms which consists of a high relief

central zone with undulating hills and ridges and the lowland, which may be due to weathering and

erosion of the rocks in the area, (Figure 3.5b). These features are related to the geology of the area.

The high relief zone is geologically associated with the outcrops of Ajali Sandstone and Nsukka

Formation, while the lowland zone is associated with outcrops of Awgu/Ndeabor Shale group.

Generally, the Ajali Sandstone usually underlies areas of height above 300m while the Nsukka

Formation is characterized by abundant residual hills area (Ezeh, 2012).



Fig 3.5a Location map of the Study area

Fig 3.5b 3-D Digital Elevation Model of the Study Area

3.8 Drainage, Climate and Vegetation

The study area is well drained. The drainage pattern of the area is typically dendritic. The area is

drained mainly by the Anambra River and its main tributaries and Atavu, Nyaba, Uham and its

tributaries flow in general direction of Southeast to the Cross River Plain, and empties into the

southeast corner of the Atlantic Ocean (Offodile, 2014; Okoli and Ejikeme, 2017). Rainfall is seasonal

with a wet rainy season and a dry harmattan season controlled by the north-east and south-west wind

(Nwobodo, et al. 2015). Most of the streams are seasonal, the streams originate from the highland

areas and flows downward to the lowlands. During the rainy season, the stream banks are flooded,

while in the dry season most of the stream dry up. Offodile, (2014) and Iloeje, (1981) reported that the

area is characterized by a subequatorial climate with a moderately hot temperature of 75°F (21°C) is

October to November to 80°F (27°C) in March. The climate of the area is hot and humid with mean

annual rainfall of about 1875 and 2500mm (Moanu and Inyang, 1975). The maximum temperature is



34°C, while towards the end of rains, is 18°C - 21°C. Vegetation is characterized with abundant palm

trees. The vegetation is tropical rain forest alternated with substantial overgrowth of shrubs, stunted

trees and grasses of elephants.

3.9 Geology Setting of the Study Area

The study area is underlain by the following geological Formations (Figure 3.6), the Eze Aku

Formation, Awgu/Ndeabor Shale group, Nkporo Shale, Mamu Formation, Ajali Formation, Nsukka

Formation and Imo Shale Group respectively (Okonkwo, Ezeh and Akaerue 2017; Ezeh, 2012).

The Eze-Aku formation sediments consists of fossil limestone and shale. The thickness varies but in

places can exceed 1000 m.

Awgu Formation is about 900meters thick and gently folded, the lithology consists of bluish and gray,

well-bedded shales which are occasionally intercalated with fine yellow calcareous sandstones and

shelly limestone (Reyment, 1965,. Kogbe, 1981). Also, fine to coarse grained, massive sandstone,

locally cross-bedded with some pebble beds and subordinate bands of siltstone and carbonaceous shale

are present. The Awgu Shale units is a lateral equivalent of Agbani Sandstone unit, it has two

Lithostrategraphic units characterized by sequence of shale and sand (Okeke, et al. 2017). The

sandstone is laterally not extensive, as it outcrops only around Agbani. It consist of medium to coarse

grained, white to reddish brown, moderately consolidated at depth and highly consolidated at outcrop

areas. The thickness variation and lateral gradation is predominant in areas (towns) far from Agbani

town center (Okonkwo, et al. 2016).

The Nkporo Formation is overlain by Mamu Formation (Figure. 1.4), and composed dark shales and

mudstones, with occasional thin beds of sandy shale and sandstone and thickness of about 150m (Ezeh,



2012). It was deposited in Early Maastrichtian (Kogbe, 1989 and Obi, 2000). It comprises succession

of siltstone, shale, coal seam and sandstone Kogbe, (1989); Adeigbe and Salufu, (2009); Ezeh, (2012)

reported that the Owelli sandstone, Enugu Shale and Asata shales are lateral equivalents of the Nkporo

Shale. The Owelli sandstone consists of medium to coarse-grained sandstones with pebble bands while

the Enugu/Asata shales consists of soft dark grey shales and mudstones with often thick beds of white

sandstones and sandy shales.

The Mamu Formation is the coal-bearing stratigraphic unit of the Anambra Basin. The Formation has

a thickness of about 450m, (Lower Maastrichtian) previously known as, the Lower Coal Measures

(Odunzeakasiugwu, Obi and Yuan (2013), Tattam, 1944; Simpson, 1954; Reyment, 1948; and Barber,

1956) overlies the Nkporo/Enugu Shales without evidence of a break in sedimentation. The Formation

consists of a heterolithic succession of wave ripple laminated and fine grained sandstone, alternating

with thin beds of shale, mud laminated sandstone, mudstone and coal beds.

The Ajali Formation is generally characteristically friable white coloured sandstone and

unconsolidated (Reyment, 1965). The Formation, also known as False Bedded Sandstone, and

estimated of about 450 m in thickness (Reyment, 1965). The Ajali Sandstone covers about 80 % of the

study area (Figure 3). The sandstone consists of thick friable, poorly sorted arkosic sandstones usually

white in colour but sometimes stained with iron with reddish brown or yellow colour in the zone of

aeration (Nwobodo, et al. 2015; Onwe, et al. 2016). The Ajali Sandstone outcrops on the crestal and

towards the dip-slopes of the Enugu – Awgu – Okigwe Escarpment (Cuesta), it is overlain by

diachronous Nsukka Formation (Maastrichtian-Danian) which is also known as the Upper Coal

Measure (Reyment, 1965 and Obi, 2000). The Ajali Sandstone within this area is characterized by

good groundwater potentials. The top of the lateritic sand and the weathered top of the Ajali Sandstone



provide the suitable conditions for water storage which allow high infiltration rate and high

permeability (Onwe, et al. 2016).

The Nsukka Formation, originally known as the upper coal measures (Tattam, 1944; Reyment and

Barber, 1956) conformably overlies the Ajali Sandstone. The Nsukka Formation is the youngest Upper

Cretaceous sediment in the Anambra Basin in Southeastern Nigeria. The Formation lies conformably

on the Ajali sandstone. They exist as reddish ironstone covers of Ajali Sandstone and as outliers

marked undulating hills (Ezeh, et al. 2013). The lithology is very equivalent to that of Mamu

Formation and composed of an alternating succession of sandstone, dark shale and sandy shale, with

thin coal seams at various horizons. Simpson (1954) and Reyment (1965) classified the formation as a

paralic sequence, and they also described the formation consist of 15 m thick basal sandstone,

overlain by 10 m thick, well bedded blue clays, and fine grained dark clayey sandstones and

carbonaceous shales with lenses of impure coal (Odunzeakasiugwu, et al. (2013).

The Imo Formation conformably rests on Nsukka Formation with a thickness of about 500m. The

Formation consists dominantly of blue to dark grey shales with occational bands of clay – ironstone

and subordinate thin sandstone (Ezeh, 2012). The Formation includes thick sandstone units at several

horizons.



Figure 3.6. Geology map of the Study Area

3.10 Hydrogeology of the Study Area

The study area consists of the following Hydrogeologic units; these include confined, semi-confined,

unconfined, and fractured shale aquifers (Offodile, 2002; Ezeh, 2012). Confined conditions occur over

the Ajali Sandstone in areas overlain by the Nsukka Formation and Imo Formation, and in the Mamu

Formation where the overlying Ajali Sandstone and Nsukka Formation are substantially reduced in

thickness or eroded. Semi-confined situation occur in places and generally consist interbedded thick

sequence of sand (aquifer) and sandy clay or clayey-sand aquicludes. The various aquifers in this

category occur in the upper to middle horizons of Ajali Sandstone and in the upper section of the

Mamu Formation and form the partial recharge zones for the deeper – seated confined aquifers.

(Egboka and Onyebueke, 1990; Akudinobi and Egboka, 1996). Unconfined aquifer situations in the



area usually occur in the Ajali Sandstone, and represent parts of the formation where the semi-

permeable or impermeable cap beds were either eroded or absent. These aquifer units vary in thickness

from shallow to deep in places. The conditions of fractured and fissured shale aquifers occur mostly in

the shale groups, Ezeaku, Awgu and Nkporo shale, where repeated fractures and weathering result in

economic water yield in the upper units of the shales (Ezeh, 2012).

Southeastern Nigeria generally falls in three broad Hydrogeological Group namely; Lower, Middle

and Upper Hydrogeological Group (Adelana, et al. 2008). The first group which is Lower

Hydrogeological Group occurs within the area underlain by the predominantly shaley formations.

These include the Asu River Group, Mfamosing Limestone Formation, Ekenkpon Shale, New Ntetim

Marl, the Eze-Aku Shale, the Awgu Shale, Nkporo Shale, and Enugu Shale. The second group

(Middle Hydrogeological Group) develops in the formations of Mamu, Ajali and Nsukka with

prominent sandy horizons. And the third group occur in Imo Shale, Bendi-Ameki, Ogwashi-Asaba and

the Benin Formations forms the Upper Hydrogeological Group (See Table 3.10).



Table 3.10: Lithostratigraphic and hydrostratigraphic Sequence of southern part of Nigeria,
Modified from Murat (1972)



CHAPTER FOUR

RESULTS INTERPRETATION AND DISCUSSION

4.1. Results of Pumping Test

The summary of interpreted aquifer parameters obtained from the nineteen wells are presented in

Table 4.1 below. The pumping test data were carefully examined and plotted using the method;

Copper-Jacob straight line curve with the aid of AquiferWin32 software as shown in Fig. 4.1a, 4.1b,

4.1c, and 4.1d below.

Fig 4.1a Jacob straight line on drawdown versus log (time) graph for Ojiagu Agbani Nkanu West



Fig 4.1b Jacob straight line on drawdown versus log (time) graph for Amokwe Udi

Fig 4.1c Jacob straight line on drawdown versus log (time) graph for Afor Primary Sch. Abor Udi



Fig 4.1d Jacob straight line on drawdown versus log (time) graph for Umuaji Aguobu-owa Ezeagu



4.2 Quantitative Results of VES

The result of the field estimate were carefully interpreted. The summary of layer parameter interpreted

Vertical Electrical Sounding data and geoelectric curve types obtained from the study area are

presented in table (4.2). A qualitative estimate of the relationship between electrode spacing and the

depth of penetration was made using curve matching technique to obtain initial model parameters

which were used as input for computer iterative modelling using the OFFIX 3.1 software. Results of

the curve matching was studied in details, the shape of the curve for each sounding gave an insight on

the character of the beds or layers between the surface and the maximum depth of penetration. This is

Table 4.1 Summary of Hydraulic Parameters Obtained from Pumping Test Data in the study area



due to the shape of a VES curve lies on the number of layers in the subsurface, the thickness of each

layer, and ratio of the resistivity of the layers (Osemeikhian, and Asokhia, 1982; Opara, et al. 2015).

Figure 4.2(a-f) shows a typical geoelectric curve types generated in the study area.

However, twenty-two (25) geoelectric curve types were encountered in the study area with the QH-

type being prevalent which occurred fifteen times, which was followed by KHA-type which occurred

twelve times, AAK-type occurred eight times, HAK, KHK types occurred six times, HK-type occurred

four times, AKH, KQH, QQ, QHK, HAA types occurred three times, KH, AK, HKA, KQQ, QHA

types occurred twice, and HA, Q, HKQ, KQA QKA, QKH, QQH, AAA, AKQ types occurred once.

The percentage of occurrence of these respective geo-electric curve types are presented in figure 4.3.

The results of the study revealed the presence of 3 to 9 geoelectric layer models. The four-layer model

were the most prevalent, occurring twenty-seven times; it was trailed by the six-layer model which

occurred eighteen times, five-layer model which occurred seventeen times, seven-layer model

occurred thirteen times, eight-layer model occurred five times, nine-layer model occurred four times

and the three-layer model which occurred once respectively as presented in figure 4.4 below.



Fig 4.2a. Typical geoelectric curve type in the study area at VES 1 (Ojiagu Agbani Nkanu West)

Fig 4.2b. Typical geoelectric curve type in the study area at VES 6 (Amankpume Nkerefi Nkanu East)



Fig 4.2c. Typical geoelectric curve type in the study area at VES 24 (Amaokwe, Udi)

Fig 4.2d. Typical geoelectric curve type in the study area at VES 38 (Umuaga Udi)



Fig 4.2e. Typical geoelectric curve type in the study area at VES 51 (Iwollo town, Ezeagu)

Fig 4.2f. Typical geoelectric curve type in the study area at VES 73 (Coal Camp Enugu)



Table 4.2 Summary of Layer Parameters Interpreted from the study area







Fig 4.3 Frequency Distribution of Observed Curve-types in the study area

Fig 4.4 Distribution of different layer-models in the study area



4.3 Iso-Resistivity Modelling of the Study Area

Iso-resistivity indicates variance in apparent resistivity at a given depth for different locations within a

specified setting. The differences can be a good indication of low or high resistivity areas that can help

determine places with or without aquifers. The apparent resistivity values at specified spread of AB/2

= 5m, 8m, 10m, 15m, 20m, 50m, 80m, 100m, 150m and 200m of all the locations were collated as

shown in (table 4.3).



Table 4.3 Iso-Resistivity Parameters Integrated from the study area





The iso- resistivity models were generated at depth intervals of 10m, 50m, 100m, and 200m (See

figure 4.5a-d).

Fig 4.5 2D Spatial Distribution Maps of Iso-Resistivity across the study area: (a) AB/=10m (b) AB/2=50m
(c) AB/2=100m (d) AB/2=200m

ssss

(a) (b)

(c) (d)



4.3.1 Explanation of the Iso-Resistivity model of the study area

The iso-resistivity map for AB/2 = 10m, AB/2 = 50m, AB/2 = 100m and AB/2 = 200m in Fig. 5a-d

shows that most parts of the study region have relatively low resistivity, except for some sections in

the northern and northwestern regions. These low resistive areas with deep blue color codes in Fig. 5a

have resistivity values ranging between 0 and 2000Ωm. The iso-resistivity model of the study area at

this half current electrode spacing with an effective depth of penetration of 3.33 m generally revealed

that across the study area, the resistivity values increased from about 2000Ωm (blue) to 32,000 Ωm

(purple). The low resistivity areas may indicate silt/shale/clay units with the deep blue color indicators,

while the high resistivity areas other colors of the map may reflect areas underlain by

sand/sandstone/siltstone.





4.4 Spatial Variation of Aquifer Geometric Properties of the Study Area

4.4.1 Resistivity of the Aquiferous Layer

The resistivity of an aquifer serves as a basis for the assessment of any locations water bearing unit or

aquifer unit. The aquifer resistivity of the study area was evaluated from the Vertical Electrical

Sounding (VES) data and it ranges from a value of 2.8 Ωm at Winner estate Trans-Ekulu (VES 74) to

88745.0 Ωm at Ngwo,Udi (VES 63), with a mean value of 5434.61 Ωm. The resistivity map of the

study area in Fig. 4.6 below shows that most parts have high aquifer resistivity value, but there are

some areas that have higher resistivity value than others. The resistivity value is higher towards the

northern and southwestern Part of the study area when compared to north eastern and south-eastern

parts which has low resistivity. Generally, the reasons some areas have higher resistivity than the other

is because areas with a higher resistivity have more alternation of sandstones when compare to the

areas with a low resistivity which are predominantly shales.



4.4.2 Aquifer Conductivity

Aquifer conductivity is the inverse of aquifer resistivity, and it ranged between a value of 1.12682E-05

mhos at Ngwo (VES 63) and 0.357142857 mhos at Winners Estate Trans-Ekulu (VES 74) (see Table

4.4), with a mean value of 0.02019914 mhos. The aquifer conductivity map of the study area in Fig 4.7

below reveals that conductivity is increasing towards the northeastern part of the study area and

decreasing towards the northwestern and southwestern parts of the area. However, what that implies is

that areas with high conductivity, on the contrary have a low resistivity; and this is an indication that

Fig 4.6 Spatial Distribution Map of Aquifer Resistivity (Ωm) of the study area



those places are overlain by clay, mud, shale and silt while areas with low conductivity have a high

resistivity, and this is because it contains a thick volume of sand and sandstone lithologies.

4.4.3 Aquifer Depth

The depth to water table across the study area varies between 23.4 m at Nsude (VES 35) and 375.0 m

at Umuoika Nkerefi Nkanu (VES 4) obtained from the Table 4.4 above with a mean value of 132.5 m.

The distribution map of depth to water table in Fig. 4.8(a) and Fig. 4.8(b) shows different aquifer

depth in various parts of the area. The area that is indicated with dark blue colour has a shallow aquifer

Fig 4.7 Spatial Distribution Map of Aquifer Conductivity (mhos) of the study area



towards the central, northeastern and Southeastern parts of the study area, area that is represented with

a light blue, sky blue, green, and white colour has a moderately deep aquifer towards the Northern,

Eastern, Southern Western and Central parts of the study area. Hence, the area that has a relatively

deeper aquifer is represented with an orange and dark purple colour towards the northern, north-

western and south-eastern parts of the study area.

Fig 4.8(a) 2D Spatial Distribution Map of Aquifer Depth (m) of the study area



4.4.4 Aquifer Thickness

The result of the study shows a strong spatial distribution of aquifer thickness across the study area

with values varies between 10.0 m at Nike lake road (VES 82) and 224.0 m at Umuoika Nkerefi

Nkanu (VES 4) with a mean value of 86.96 m. The distribution map of aquifer thickness of the study

area in Fig. 4.9(a) and Fig. 4.9(b) reveals how various aquifers in the area vary in thickness. The area

marked with purple colour have a thicker aquifer towards the southeastern and northwestern parts of

the study area whereas area marked with a blue colour have a relatively thinner aquifer towards the

southeastern, southwestern, northwestern and central parts of the study area.

Fig 4.8(b) 3D Topography of the Aquifer Surface Depth (m) of the study area



Z

Fig 4.9(b) 3D Topography of the Aquifer Surface Thickness (m) of the study area

Fig 4.9(a) Spatial Distribution Map of Aquifer Thickness (m) of the study area



4.4.5 Transverse Resistance

The transverse resistance (R) is one of the parameters employed to describe target areas of desirable

groundwater potential. It has a direct relationship with transmissivity such that highest transverse

resistance values reflect most likely the highest transmissivity values of aquirous zones and vice versa

(Opara, et al. 2015). The transverse resistance which is the product of aquifer resistance and thickness

was estimated from the Vertical Electrical Sounding across the study area and was varies between 42.0

Ωm2 at Umughokene Iji-Nike Enugu 2 (VES 81) to 8, 4430,775.00 Ωm2 at Ngwo Udi (VES 63) with a

mean value of 560,402.77 Ωm2 (Table 4.4). Spartial distribution map of transverse resistance in Figure

(4.10) reveals that transverse resistance increases from the northwestern region to the northern region

of the study area (areas with sky blue, white, Orange, Green, and purple colours). By implication, high

values of transverse resistance is associated with high transmissivity which in turn pictures high

groundwater potential (Oli, et al. 2020). However, transverse resistance decreases towards the central,

eastern, and southwestern region of the study area (areas with a dark blue colour).



Fig 4.10 Spatial Distribution Map of Transverse Resistance (Ωm2) of the study area



Table 4.4 Summary of Aquifer Parameters Integrated from the study area







4.5 Estimation of Aquifer Hydraulic Parameters across the study area Using Geophysical Data

Aquifer hydraulic parameters (Hydraulic conductivity and Transmissivity) across the study area was

generated as shown in Table 4.5 below. Hydraulic conductivity (K) is employed to describe the ability

of a material to conduct fluids under a unit hydraulic gradient (Fetter, 1994). It is a constant of

proportionality that defines fluid flow through a porous media. Hydraulic conductivity which is the

measure of the ease with which a fluid will pass through a medium (Heigold, et al. 1979) was assessed

by employing Niwas and Singhal, Heigold and the newly generated geophysical model as presented in

Table (4.5) below. The average mean hydraulic conductivity values of the areas measured by Niwas

and Singhal model 1982 (ranges from 0.24m/day to 4494.67m/day with a mean value of 260.94m/day),

Heigold model 1979 (ranges from 0.01m/day to 147.88m/day with a mean value of 9.22m/day), and

the newly generated geophysical model (ranges from 1.05m/day to 34.06m/day with a mean value of

5.59m/day) for the different respective Geologic Formations are shown in Table (4.11) respectively.

Consequently, there is a very higher level of understanding between hydraulic conductivity integrated

from pumping test and that from the newly generated model when compared with Niwas and Singhal

model and Heigold model (See Table 4.5). This reveals that the newly generated model is more

efficacious in estimating aquifer hydraulic parameters across the study area. The estimated hydraulic

conductivity values across the study area (from newly generated model) varies between 1.05m/day at

VES (13) and 34.06 m/day at VES (69) with a mean value of 5.59 m/day. Therefore, the hydraulic

conductivity values for the different geologic Formations are presented in Table (4.5). The highest

hydraulic conductivity value was recorded within Nsukka Formation while the least value of aquifer

hydraulic conductivity were identified within the Awgu Formation (See Table 4.5). The spatial

distribution map of hydraulic conductivity in Fig. (4.11) revealed that areas marked with a dark blue

colour have a low value of hydraulic conductivity occurring towards the northeastern, southeastern



and western parts of the study area. However, the areas marked with green, yellow, light and dark red,

and purple colors have a very high hydraulic conductivity occurring towards the northwestern part of

the study area. A comprehensive analysis of the studied showed four major group; low hydraulic

conductivity varies between 1.04 and 3.9 m/day, covering about 48% of the study area, moderate

values varying between 4.0 and 5.9 m/day representing 20%, high values range of 6.0 and 13.9 m/day,

representing 24% and extremely high aquifer hydraulic conductivity values ranged from 14.0 m/day to

34.06 m/day representing 8% of the area (Figure 4.11).



Table 4.5 Summary of Aquifer Hydraulic Parameters Integrated from the Geo-electric Sections in the Study area





Similarly, the aquifer transmissivity which is an importance hydraulic parameter to determine the

amount of water that flows horizontally across a unit hydraulic gradient through a unit width of aquifer

of a given saturated thickness (Freeze and Cherry, 1979; Paulo, et al. 2017). It is often expressed as the

product of the hydraulic conductivity and the full saturated thickness of the aquifer. The estimated

aquifer transmissivity values of the study area (from newly generated model) varies between 25.70

m2/day and 2767.81 m2/day with a mean value of 500.05 m2/day (Table 4.5). The highest aquifer

Fig 4.11 Spatial Distribution Map of Hydraulic Conductivity (m/day) of the study area



transmissivity value was identified in the Nsukka Formation whereas the minimum value were

recorded within the Nkporo Formation (See Table 4.5). The eaquifer transmissivity values of the area

(from Niwas and Singhal model 1982, varies from 5.65 m2/day to 426993.46m2/day with a mean value

of 27017.54m2/day) while (from Heigold model 1979, ranges from 0.89m2/day to 12303.76m2/day

with a mean value of 502.33m2/day), The spatial distribution map of transmissivity across the study

area (from newly generated model) is shown in (Fig. 4.12). Based on the Krasny, (1993) classification,

the generated values of transmissivity across the area shows that the groundwater potential of the area

ranged from very high, high to moderate potential zones with the northern and north-western parts of

the study area lies within the class of very high groundwater potential (See fig. 4.12). The study's

findings are similar to those of previous research conducted worldwide (Fatoba, Omolayo and Adigun

(2014); Ebong, Akpan and Onwuegbuche (2014); Kazakis, Vargemezis and Voudouris (2016); Joel,

Olasehinde, De, Omeje and Adewoyin (2016); Ibout, Obiora, Ekpa and Okoroh (2017); Hassan, Shang,

Akhter and Jin (2018); Oyeyemi, Aizebeokhai, Ndambuki, Sanuade, Olofinnade, Adagunodo, Olaojo

and Adeyemi (2018); Rabeh, Ali, Bedar, Sadik and Ismail (2019); Ejiogu, et al. (2019); Oli, et al.

2020)). Therefore, low hydraulic conductivity and transmissivity values are often indicative of

clay/shale aquifer materials, according to Akhter and Hassan (2016). High values are commonly as a

result of presence of sand/gravel materials.



Fig 4.12 Spatial Distribution Map of Transmissivity (m/2day) of the study area



4.6 Statistical Analysis between k-Values from different Models and Pumping Test

Statistical analysis was carried out to determine the dependability of the different models in estimating

hydraulic conductivity in relation to pumping tests. This was achieved by applying the following

methods; Paired t Test, Analysis of Variance (ANOVA) and Multiple Regression Analysis

4.6.1 Paired t Test

The Paired t Test between the New Model and Pumping Test results showed a t Stat value lower than

the t Critical and a P > 0.05, (Table 4.6a), which therefore accepts the Null Hypothesis (There is no

difference in the mean) and rejects the Alternative Hypothesis (There is a difference in the mean).

The same Paired Test was conducted between the Niwas and Singhal models and the pumping test.

The t Stat value is lower than the t Critical and the P > 0.05, (Table 4.6b), which therefore accepts the

Null Hypothesis (there is no difference in the mean) and rejects the Alternative Hypothesis (there is a

difference in the mean).

Finally, the Heigold model and pumping test results were analyzed with the Paired t Test. The t Stat

value is higher than the t Critical and the P > 0.05, (Table 4.6c), which therefore rejects the Null

Hypothesis (there is no difference in the mean) and accepts the Alternative Hypothesis (there is a

difference in the mean).



Table 4.6a: t-Test: Paired Two Sample for Means (New Model and Pumping test)

K-Value (m/day) from New
model

k (m/day) from pumping
test

Mean 3.155974195 3.156747368
Variance 2.359170895 2.360657635
Observations 19 19
Pearson Correlation 0.998858574
Hypothesized Mean
Difference 0
Df 18
t Stat -0.045915283
P(T<=t) one-tail 0.481941673
t Critical one-tail 1.734063607
P(T<=t) two-tail 0.963883346
t Critical two-tail 2.10092204

Table 4.6b: t-Test: Paired Two Sample for Means (Niwas and Singhal model and Pumping test)

K-Value from Niwas and
Singhal

k (m/day) from pumping
test

Mean 31.36815091 3.156747368
Variance 10755.39195 2.360657635
Observations 19 19
Pearson Correlation 0.515468918
Hypothesized Mean
Difference 0
Df 18
t Stat 1.194764045
P(T<=t) one-tail 0.123842579
t Critical one-tail 1.734063607
P(T<=t) two-tail 0.247685158
t Critical two-tail 2.10092204



Table 4.6c: t-Test: Paired Two Sample for Means (Heigold model and Pumping test)

K- Value from Heigold
(m/day) k (m/day) from pumping test

Mean 17.09054935 3.156747368
Variance 1130.013516 2.360657635
Observations 19 19
Pearson Correlation -0.134431101
Hypothesized Mean
Difference 0
Df 18
t Stat 1.793927002
P(T<=t) one-tail 0.044820507
t Critical one-tail 1.734063607
P(T<=t) two-tail 0.089641014
t Critical two-tail 2.10092204

4.6.2 ANOVA

The ANOVA test was conducted on the various models with the Pumping Test. For the ANOVA

analysis between the Pumping test and the new model, the F stat < F critical, which shows that there is

no significant difference, while the P > 0.05 (Table 4.7a), therefore, accepting the null hypothesis that

there is no difference in the variance and rejecting the alternative hypothesis that there is a difference

in the variance. For the ANOVA between the Niwas and Singhal model and the Pumping test, the F

stat < F critical, which shows that there is no significant difference, while the P > 0.05 (Table 4.7b),

therefore, accepts the null hypothesis and rejects the alternative hypothesis. Finally, the ANOVA

between the Heigold model and pumping test result shows that the F stat < F critical, which shows that

there is no significant difference, while the P > 0.05 (Table 4.7c), therefore, accepting the null

hypothesis.



Table 4.7a: ANOVA (Pumping test and New model)

Anova: Single
Factor

SUMMARY
Groups Count Sum Average Variance
k (m/day) from
pumping test

19 59.9782 3.156747 2.360657635

K-Value (m/day)
from New model

19 59.96351 3.155974 2.359170895

ANOVA
Source of
Variation

SS df MS F P-value F crit

Between Groups 5.67907E-06 1 5.68E-06 2.40647E-06 0.998770822 4.113165
Within Groups 84.95691353 36 2.359914

Total 84.95691921 37

Table 4.7b: ANOVA (Pumping test and Niwas & Singhal)

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance

k (m/day) from
pumping test 19 59.9782 3.156747 2.360657635
K-Value from Niwas
and Singhal 19 595.9949 31.36815 10755.39195

ANOVA
Source of Variation SS Df MS F P-value F crit

Between Groups 7560.891 1 7560.891 1.405663717 0.243545 4.113165
Within Groups 193639.5 36 5378.876

Total 201200.4 37



Table 4.7c: ANOVA (Pumping test and Heigold)

Anova: Single
Factor

SUMMARY
Groups Count Sum Average Variance

k (m/day) from
pumping test 19 59.9782 3.15674737 2.360657635
K- Value from
Heigold (m/day) 19 324.72044 17.0905493 1130.013516

ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 1844.433 1 1844.43296 3.257638685 0.079462 4.113165
Within Groups 20382.74 36 566.187087

Total 22227.17 37

4.6.3 Multiple Regression Analysis

A multiple regression analysis was carried out on the various models, with the pumping test results

serving as the independent factor, while the different models became the dependent factors. The R2

value, which determines how accurate and reliable the model is, shows a value of 0.99 (Table 4.8),

which means that 99% of the variability of pumping test results can be explained by the different

models. The significance F value was shown to be 4.60E-20, which is less than 0.05. This shows that

the analysis is reliable. Therefore, rejecting the null hypothesis and accepting the alternative

hypothesis. The Null Hypothesis is that there is no useful relationship between the independent and

dependent factors, while the alternative hypothesis is that there is at least one useful relationship

between the independent and dependent factors.



The coefficients of the various models were shown in Table 4.8 to be 1.00, -8.28E-05, and -7.24E-05

for the New model, the Niwas and Singhal model, and the Heigold model, respectively. The positive

value depicted by the new model shows that there is a positive relationship between the model and the

pumping test results, while the negative values presented by the Niwas and Singhal models and the

Heigold models show a downward negative relationship between the models and pumping test results.

The P value plays an important role in assessing the predictive ability of the models. When P < 0.05,

the coefficients predict the outcome of the pumping test results, rejecting the null hypothesis and

accepting the alternative hypothesis. The P values of the new model, the Niwas and Singhal model,

and the Heigold model are shown to be 3.028E-20, 0.704, and 0.900, respectively, with only the new

model meeting the requirements of rejecting the null hypothesis and accepting the alternative

hypothesis.

In general, from the different statistical analysis of the models, the New model is found to more

reliable and accurate in predicting hydraulic conductivity in the study area, followed by the Niwas and

Singhal model and lastly the Heigold model.



Table 4.8: Multiple Regression Analysis of the Models

Regression
Statistics
Multiple R 0.998870538
R Square 0.997742352
Adjusted R
Square

0.997290823

Standard Error 0.079971496
Observations 19

ANOVA
Df SS MS F Significance

F
Regression 3 42.39590583 14.13196861 2209.694463 4.60E-20
Residual 15 0.095931602 0.00639544
Total 18 42.49183743

Coefficients Standard
Error

t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept -0.001295528 0.047976025 -0.02700365 0.978812811 -0.103554005 0.100962949 -0.103554005 0.100962949

K-Value
(m/day) from
New model

1.001870839 0.014400296 69.57293445 3.0287E-20 0.971177335 1.032564343 0.971177335 1.032564343

K-Value from
Niwas and
Singhal

-8.28485E-05 0.000213692 -0.38770001 0.703684187 -0.000538323 0.000372626 -0.000538323 0.000372626

K- Value from
Heigold (m/day)

-7.23683E-05 0.000568198 -0.12736458 0.90034359 -0.001283453 0.001138717 -0.001283453 0.001138717



4.7 Estimation of Aquifer Vulnerability of the study area Using DRASTIC and GOD Model

4.7.1 DRASTIC Model

The aquifer vulnerability study using the DRASTIC model clearly showed that the study area is

characterized by three vulnerability zones; low, moderate and high zones (Table 4.9 and Figure 4.13).

The estimated DRASTIC Index of the study area ranged between 80 and 144 with a mean value of

109.3. About 31% of the study area are within the low class of groundwater vulnerability to

contamination, with DRASTIC Index (Di) values ranging from 80 to 100, 67% are within the class of

moderate zones with DRASTIC Index (Di) values ranged between 101 and 140 while 2 % of the study

area are within the high class of vulnerability zones with DRASTIC Index (Di) values ranging from

141 to 144 (See Figure 4.13). In the high zones, aquifer is less protected from pollution because of its

shallow depth from the surface. Therefore, the low vulnerability index in these areas may be attributed

to deep water table. The class of classification of DRASTIC Index was based on Oroji, 2018 (See

table 3.4 above).



Table 4.9 Summary of Aquifer Vulnerability of the study area Based on DRASTIC Model







4.7.2 GOD Model

Similarly, overlapping of groundwater confinement, overlying strata, and depth to groundwater was

used to generate an intrinsic aquifer vulnerability analysis utilizing the GOD Index vulnerability model.

Table 4.10 indicates the summary of GOD Indices for the various hydrogeological settings generated

across the study area. The interpreted result of the vulnerability based on the GOD Index clearly

revealed that the study area is characterized by three vulnerability zones; extremely low (Negligible),

low zones and moderate zones vary from 0.06 in the extremely low vulnerable areas to 0.42 in the

Fig 4.13 Spatial Distribution Map of Aquifer Vulnerability of the study area based on
DRASTIC Index



moderate vulnerable areas (Table 4.10 and Figure 4.14). The interpreted results revealed that about

60% of the study area are within the class of extremely low groundwater vulnerability to

contamination, 33% are within the class of low vulnerability zones while the 7% of the area are within

the class of moderate vulnerability. The extremely low vulnerability is essentially due to the deep

groundwater, the vadose zone sediments and low permeability and also to add to that the low hydraulic

conductivity. The vulnerability pattern is mainly dictated by the variation of the permeability and the

vadose zone (Philes, 2004). The two indicators that influencing on vulnerability degrees to pollution

are the depth of groundwater and the recharge. The degrees of vulnerability of the contaminant were

determined from the GOD Index was based on the classification, Fosteri et al. 2002 (See table 3.5

above).



Table 4.10 Summary of Aquifer Vulnerability of the study area Based on GOD Model







Fig 4.14 Spatial Distribution Map of Aquifer Vulnerability of the study area based on
GOD Index



Table 4.11 Description statistics of aquifer geometric and hydraulic characteristics of the study area



4.8 Evaluation of Soil Corrossivity

Corrosivity described as the ability of a soil to corrode a material buried in it. The investigated area’s

topsoil resistivity ranged betwween3.0 Ωm and 31001.7 Ωm with mean value of 3189.5 Ωm. The

thickness of the layer across the study area ranges between 0.2m and 20.3 m with a mean value of

1.6m (See table 4.12). About 78% of the study area has relatively high topsoil resistivity values with

low tendency for corrosivity. The spatial distribution corrossivity map of the study area is shown in

(figure 4.15). Based on on Baeckmann and Schenwenk, (1975); Bayowa and Olayiwola,( 2015)

corrossivity classification rating and competent, the result revealed that 78% of the area are

Practically non corrosive (PNC) and it is characteristically sandy-clay, clayey-sand to sand materials

which can be rated as moderately competent to highly competent strata; 13% of the area are said to be

slightly corrosive and composed of clay to sandy-clay materials which rated as moderately competent

to Incompent strata while the 9% are moderately and very strongly corrosive and it composed of

sandy-clay and clay material which is an incompenet material to construct on. Consequently, using

resistivity data to evaluate soil corrossivity worldwide have previously developed by several authors

(Adeniji, et al. 2014; Daku, et al. 2019; Kennedy, 2019).



Table 4.12. Summary of Resistivity values and Corrossivity Rating





Fig 4.15. Corrossivty Map of the study area



4.9 Estimation of Aquifer Protective Capacity of the study area Using Longitudinal Conductance
(Lc) and IEC

4.9.1 Longitudinal Conductance (Lc)

The longitudinal conductance was integrated by dividing the aquifer thickness and by the aquifer

apparent resistance (See equation 3.16). However, the longitudinal conductance values across the

study area varies between 0.001 mhos/m at Amokwe by Nachi road Udi (VES 63) and 29.714

mhos/m at Obuohia Nkanu (VES 74) with a mean value of 1.073 mhos/m (See Table 4.13), these were

used to estimate the overburden protective capacity of the aquifer units in the study area. The values of

longitudinal conductance generated from the study area were used to model the spatial distribution

map of longitudinal conductance using GIS SURFER 16 Toolkits (See figure 4.16). According to

Oladapo and Akintoriwa, 2007; Henriet, 1975, aquifer overburden protective capacity could be zoned

into excellent, very good, good, moderate, weak and poor protective capacity. Zones where the

conductance is greater than 10 mhos are considered zones of excellence protective capacity, zones

where the conductance values varying from 5 to 10 mhos are classified as the zones of very good

protective capacity. The area having conductance values varying from 0.7 to 4.9 mhos are considered

zones of good protective capacity. Therefore, the region ranging from 0.2 to 0.69 mhos was classified

as zone of moderate protective capacity; the area having conductance values ranging from 0.1 to 0.19

mhos are considered as the zones of weak protective capacity and the zone where the conductance

value is less 0.1 mhos are considered as zone of poor protective capacity. Therefore, across the study

area, the protective capacity is zoned into excellent, very good, good, moderate, weak and poor

protective capacity rating (Figure 4.16). Areas marked with purple green coloours is identified as the

zone of excellent and very good protective capacity. Moreover, areas marked with a blue colour fall

within the zone of good protective capacity occurring towards the eastern western and central parts of



the study area. Also, areas marked with a brown colour fall within the zone of moderate protective

capacity, areas marked with yellow colour fall within the zone of weak protective capacity and the

areas marked with a red colour fall within the zone of poor protective capacity respectively.

Fig 4.16 Spatial Distribution Map Aquifer Protective Capacity of the study area by
Longitudinal Conductance (mhos/m)



Table 4.13 Summary of Aquifer Protective Capacity of the study area by Longitudinal Conductance







4.9.2 Integrated Electrical Conductivity

The Integrated Electrical Conductivity (IEC) of the study area was integrated and generate from

the resistivity parameters of the vadose zone by applying equation (3.19) above as shown in table

(4.14) and is expressed in (S) and milli- siemens (mS). The IEC values ranged between 0.04 mS

and 15993 mS with a mean value of 514 mS. Extremely high vulnerability zones was recorded

with IEC values ranging from 0.04 mS to 500 mS. Similarly, high vulnerability zones was

recorded with IEC values varies between 500 mS and 1ooo mS, Moderate zones were identified

with IEC ranging from 1000 mS to 2000 mS, low vulnerability zones with IEC values ranging

between 2000 mS and 4000 mS and extremely low zones were detected with IEC ranging from

4000 mS to 15993 mS were delineated in parts of the study area covering of about 88%, 5%, 5%,

1% and 1% of the areas respectively. The IEC technique that was used to evaluate the degrees of

vulnerability and percolation time of the contamination from anthropogenic sources, based on the

method used by Madi et al. (2016) (See table 3.3). In most areas of the study area, extremely high

vulnerability index values of less than 500 mS with a percolation period of several months were

discovered, as illustrated in figure (4.17). Because 88% of the area falls within the category of

extremely high vulnerability, this implies it will take months for surface effluent or any other

liquid waste to reach the groundwater in the research area



Table 4.15 Summary of Aquifer Protective Capacity of the study area by IEC







Fig 4.17 Spatial Distribution Map of Aquifer Protective Capacity of the study area by
Integrated Electrical Conductivity (S)



CHAPTER FIVE

CONCLUSION, RECOMMENDATIONS AND CONTRIBUTION TO KNOWLEDGE

5.4 Conclusion

The focus of this research was designed to use hydrogeophysical data to assess the aquifer system's

vulnerability as well as the soil corrosivity of Enugu and environs. This study has showcased how

effective geo-electric methods can be when applied to the prediction of parameters for areas where

there are no existing wells. It has been shown that a dependable method of pumping test results can

be used with the surface geo-electric method to estimate aquifer parameters in areas where there

are no existing wells. This will give a less expensive method of carrying out pumping tests. This

research has also shown that the geophysical method is not only important in the delineation of

aquifer zones but also useful in evaluating the soil corrosivity of an area. This will help to map the

zones that are non-corrosive for burying utilities and pipes. The characteristics of aquifer layer

parameters were interpreted from the results of the 85 vertical electrical soundings (VES) data

which showed the presence of three to nine geo-electrical layers model with the aquifer zone lying

mainly between the fourth and sixth layers. Twenty-five geo-electric curve types were encountered

in the study area, with the QH-type being the most prevalent, which occurred fifteen times. The

aquifer resistivity ranges from a value of 2.8 Ωm to 88745.0 Ωm with a mean value of 5434.61

Ωm. Aquifer conductivity ranged between a value of 1.12682E-05 mhos and 0.357142857 mhos

with a mean value of 0.02019914 mhos. The aquifer depth of the area varies between 23.4 m to

375.0 m with a mean value of 132.53 m. Similarly, the aquifer thickness in the area is highly

variable with values varies between 10.0 m to 224.0 m with a mean value of 86.96m while the



transverse resistance vary between 42.0 Ωm2 and 8,430,775.0 Ωm2with a mean value of 560,402.8

Ωm2.

The aquifer hydraulic characteristics of the area were determined from the newly generated

geophysical model. The result shows hydraulic conductivity of the area varied between 1.05m/day

and 34.06 m/day with a mean value of 5.59 m/day while transmissivity values ranged from 25.70

m2/day to 2767.81 m2/day with a mean value of 500.05 m2/day. Generally, based on the Krasny,

(1993) classification, the groundwater potentials of the study area are classified into three category,

from moderate, high and very high potential zones.

From the different statistical analysis of the models, the New model is found to more reliable and

accurate in predicting hydraulic conductivity in the study area, followed by the Niwas and Singhal

model and lastly the Heigold model.

The aquifer vulnerability of the study area were determined using DRASTIC and GOD models.

The obtained DRASTIC and GOD models were used together to develop vulnerability map.

Results based on the DRASTIC model revealed that the study area ranges from zone of low class

of vulnerability zone, moderate zones and high class of vulnerability zones whereas GOD model

clearly showed that the study area are within the class of extremely low, class of low vulnerability

zones and class of moderate vulnerability zones.

The evaluated soil corrossivity of the study area were determined and the result showed that 78%

of the area are Practically non corrosive (PNC) and can be rated as moderately competent to highly

competent strata; 13% of the area are said to be slightly corrosive which rated as moderately

competent to Incompent strata while the 9% are moderately and very strongly corrosive which



rated as an incompenet material to construct on. The aquifer protective capacity of the study area

were determined using longitudinal conductance technique.

The longitudinal conductance in the study area varies from 0.001 mhos/m to 29.714 mhos/m with a

mean value of 1.073 mhos/m. According to Henriet, (1975) classification, the protective capacity

of the area is zoned into excellent, very good, good, moderate, weak and poor protective capacity

rating. Similarly, Integrated Electrical Conductivity technique was also used to determine the

protective capacity of the area, the result indicates that the aquifer system in the study area has low

protective capacity and the areas are susceptible to contamination based on the IEC technique

5.5 Recommendations

The followings recommendations are made based on the results obtained from the studies.

i. A thorough hydro-chemical evaluation should be carried out to determine the water quality

of the aquifer system in the areas with a susceptibility risk

ii. The relevant authorities should monitor the manner in which industrial and domestic

wastes are disposed in the areas that has high vulnerability.

iii. Areas with a susceptibility risk should be carefully handled by implementing current

garage disposal techniques in that particular location.

iv. Areas with low resistivity values, corrosion-resistant materials such as polyvinyl chloride

(PVC) pipes and galvanized metals should be used to prevent rapid corrosion.

5.6 Contribution to Knowledge

The research work carried out in the study area has offered the following contribution to

knowledge;



i. New model equations controlled by geology was established and used in this study.

ii. This study successfully generated a Aquifer protective capacity, Vulnerability and

Corrosivity maps of the study area.

iii. The sensitive areas against pollution were recognized and delineated in the study area

iv. This study also created a data repository for government and water sectors, as well as a

framework for the study area's groundwater management strategy.
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