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ABSTRACT 

Detailed hydro -geophysical and hydro-geochemical studies were carried out in part of the 

Niger Delta Basin Nigeria. The objectives were to map and provide evidences that the coastal 

aquifers in the study area have been intruded by saltwater and to establish 

analytical/empirical relationships between resistivity and geochemical parameters. Twenty 

three vertical electrical sounding (VES) data employing the Schlumberger electrode 

configuration were acquired in different parts of the study area, with a maximum electrode 

separation of 500m. The VES data were modelled with the OFFIX 3.1 software. The interpreted 

VES curves revealed mainly the QH, KH, KHKH, AK, QQ, KHK, HKH, QQH and HK curve types. 

Aquifer resistivity across the study area ranges from 39.7Ωm to 19033.9 Ωm while aquifer 

depth varies between4.5m and 83.9m. Aquifer thickness is variable in the study area with 

values ranging between2.4m and 78.1m.  The Dar-zarrock parameters revealed that the 

longitudinal conductance(S) and transverse resistance(R) have mean values of 0.319 Sm and 

55311.74Ωm2respectively. The mean concentrations of the cations including chloride (Cl-), 

bicarbonate, nitrate (NO3-),and sulphate are given as 90.73 mg/l,22.33 mg/l,0.90 mg/l, and 

14.70 mg/l respectively. Similarly, analysis of the mean concentrations of the anions revealed 

that iron (Fe2+), potassium (K+),magnesium (Mg2+),calcium,  and sodium of 0.24 meg/l, 

0.899348 mg/l,, 8.126783mg/l, 8.528 mg/l, and 3.848783mg/l respectively. Hydrogeochemical 

facies identified in the study area includes Ca-Mg-Cl, Mg-Ca-Cl, Ca-Mg-Cl,and Ca-Na+K-Cl facies 

type. The low resistivity values revealed in different parts of the study area is indicative of 

areas contaminated by saltwater intrusion. In addition, since the average chloride 

concentration across the study area (which is a major component of saltwater) is greater than 

40mg/l, and the Cl- /HCO3- ratio is greater than two, it is therefore believed that there is serious 

salt water encroachment within the study area. 

 

 

Keywords: Salt water intrusion, coastal aquifers, hydrogeophysical, hydrogeochemical,  

vertical electrical sounding, Niger delta 



1 
 

 

CHAPTER ONE 

INTRODUCTION 

1.1 Background   Information  

Saltwater intrusion can pose serious problems to freshwater aquifers along the coastal 

areas having marine aquifer hydraulic interaction. Coastal aquifers are contaminated with 

saltwater intrusion particularly in and around the Niger Delta region, mainly because of the 

growing demand for seafood, this has lead many farmers to take up aquaculture as a more 

profitable source of income. The water quality in these aquaculture tanks is usually saline, 

which slowly infiltrates and reaches the water table thereby contaminating the aquifers in 

this region. The natural balance between freshwater and saltwater in coastal aquifers is 

disturbed by groundwater withdrawals and other human activities that lower groundwater 

levels, reducing fresh groundwater flow to coastal waters, and ultimately causing saltwater 

to intrude coastal aquifers (Adepelumi et-al., 2009). Hence people living in the lake area are 

getting drinking water from far places, which indicate the available groundwater in the lake 

area is not potable. Understanding of saline intrusion into the coastal aquifers is essential 

for efficient planning and management of coastal aquifers. It is also essential to delineate 

and predict the extent of saline water intrusion into the aquifers in response to variations in 

the components of the freshwater mass-balance (Papadopoulou et-al., 2005). 

A systematic integration of these data with follow up of hydro geological investigation 

provides rapid and cost-effective delineation of fresh and salt water zones. 

Geophysical methods measure physical properties of the Earth that can be related to 

hydrologic or geologic aspects of an aquifer, such as pore-water conductivity (Stewart, 

1999). Although there are a variety of geophysical techniques that commonly are 

applied in ground-water investigations, two types of techniques—electrical methods 

and seismic methods—are particularly useful in coastal environments. 
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Electrical methods have been widely applied in coastal and island environments 

because of their ability to detect increases in the conductivity of an aquifer that result 

from increases in pore-water conductivity (Stewart, 1999). The electrical conductivity of 

an aquifer is controlled primarily by the amount of pore space of the aquifer (that is, the 

aquifer porosity) and by the salinity of the water in the pore space; increases in either 

the porosity or the concentration of dissolved ions result in increases in the conductivity 

of the ground water. Because seawater has a high concentration of dissolved ions, its 

presence in a coastal aquifer can be inferred from measurements of the spatial 

distribution of electrical conductivity. Seismic methods, on the other hand, do not detect 

saltwater, but can be used to delineate the distribution of geologic units within an 

aquifer that affect the distribution and movement of saltwater (Stewart, 1999). Three 

examples of the use of geophysical techniques to determine the distribution and 

movement of saltwater and to delineate paleochannels in aquifers along the Atlantic 

coast are described in the following section. 

Resistivity survey is one of the surface geophysical methods to delineate the sub-surface 

layers, which includes aquifers and to certain extent the quality of groundwater 

(Batayneh, 2006). Resistivity survey has been carried out to delineate sea water-fresh 

water interface and the extent of aquifer zones. Surface electrical resistivity surveys 

provide valuable information on the hydrogeological system of the aquifer, and 

delineate the salinity of groundwater and its subsurface configuration. However, 

Electrical resistivity methods have been widely applied in coastal and island 

environments because of their ability to detect increases in the conductivity of an 

aquifer that result from increases in pore-water conductivity (Albouy et-al., 2001). 

1.2  Statement of Problem 

Owing to massive influx of people from other parts of Nigeria and rapid industrialization and 

overwhelming number of failed boreholes in the coastal areas of Rivers State, there is a 
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concomitant acute water shortage to meet the daily demand of the people. However most of the 

boreholes drilled in the coastal areas of Rivers State were abandoned due to saltwater 

intrusion to the aquifers. But, most of the residents depend on borehole water both for 

domestic and industrial usage. According to the estimate of Longe et al.,  (1987), over 10 

million gallons of water are extracted from the multi-layer aquifer existing in the area per day. 

 

1.3 Aim and Objectives of the Study  

This work aims at, demarcating areas of groundwater development that is not 

susceptible to saline-water intrusion risk. This will be achieved based on the following 

objectives 

I. To delineate the possible saline-water contaminated zones; 

II. To delineate the saline-water/freshwater interface; 

III. To determine the location and extent of salt-water intrusion, 

IV. To determine the suitability of drilling a productive borehole at the points, 

V. To proffer solution to failed water project in the study area. 

VI. To determine if the water is good for irrigational purpose. 

VII. To determine the chemical content of the ground water.  

VIII. To establish a modeled relationship between earth resistivity and saltwater 

(TDS, EC and Salinity).  

1.4   Justification of Study 

However most of the boreholes drilled in the coastal areas of Rivers State were abandoned due 

to saltwater intrusion to the aquifers, and water supply to inhabitants in some of the 

communities in the coastal belt, and has been a major problem.   It is in this background that 

the use of geophysical electrical resistivity sounding study is conceived to help in delineating 
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the saline-water/freshwater interface and in determining the estimated drill depth as well as 

the type of geological formations (subsurface materials) to be encountered etc. 

1.5    Scope of the Study 

The study falls within the hydro-geological basin of Niger Delta, part of sedimentary basin of 

Coastal Nigeria. The study area incorporates six Local Government Areas in Coastal part of 

Rivers State; Opobo/Nkono, Andoni, Okrika, Port Harcourt, Obio-Akpor And Emohua (see fig. 1, 

2, 3 and 4). 

1.6 Location and Physiograph of the Study Area 

1.6.1 Location of the Study Area 

 The project area lies on the Eastern Niger Delta Area of Nigeria, its geographical 

location is between latitudes 6o 50’ to 7o 30’N and longitudes 40 30’ to 4o 50’E (fig. 

1). The Niger Delta is a coastal arcuate delta of the River Niger covering an area of 

about 75,000km. The subaerial Niger Delta has an extensive saline/brackish 

mangrove swamp belt separated from the sea by sand beach ridges for most of 

the coastline. Water supply problems relating to salinity are confined to the 

saline mangrove swamp with associated sandy islands and barrier ridges at the 

coast. 

Accessibility seems to be highest in the dry season because by that time almost 

all streams are dried up, and seasonal streams are converted into temporary 

passable route to villages and farmlands. 

1.6.3 Vegetation  

The "upland" area was originally occupied by rainforest which has been 

drastically modified by human activities. In most places, economic trees, 
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particularly oil palm, have been preserved and thus the sobriquet for this 

vegetation as "oil palm bush." The riverine area is divisible into three main hydro 

vegetation zones namely, the beach ridge zone, the saltwater zone and the 

freshwater zone. The beach ridge zone is vegetated mainly by fresh water swamp 

trees, palms and shrubs on the sandy ridges and mangroves in the intervening 

valleys or tidal. The  

saltwater zone is the tidal flat or swamps vegetated by the red stilts rooted mangrove 

(Flhizophora racemosa) and two other species of mangrove. 

The outliers of raised alluvial ground or coastal plain terrace within the swamps are 

vegetated by tall forest tree species and oil palm. The freshwater zone is mainly the 

Upper and Lower Delta flood plains of the Niger, having fresh water forest trees which 

are the edaphic variants of the rainforest. The Abura tree, oil palm, raffia palm, shrubs, 

lianas, ferns and floating grasses and reeds are the typical vegetation. 

1.6.4 Relief  

The land surface or Rivers State can be grouped into three main divisions: the fresh 

water, the mangrove swamps of Akuku Toru, Abual/dual, Asari Toru, Degema, Okrika, 

Ogu Bolo, Bonny, Andoni and Opobo Local Government Areas; and the Coastal Sand 

ridges zone. The freshwater zone is the plain that extends north wards from the 

mangrove swamps. This land surface is generally under 20m above sea level. 

This lower Niger floodplain has a greater silt and clay foundation and is more 

susceptible to perennial inundation by river floods. The value of the mean thickness 

appreciates upward to about 45 m in the northeast and over 9m in the beach ridge 

barrier zones to the southwest. The flood plain is a homoclinal geomorphic structure 

whose trends west wards and southwards are broken in many places by small hogback 

ridges and shallow swamp basins. The southern part is affected by great tidal influence.  
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 Most water channels in the freshwater zone are bordered by natural levees, which are 

of great topographical interest and of great economic importance to the local people for 

settlements and crop cultivation. The upland is undulating to the hinterland and 

sandwiched with NWSE and EWW direction ridges and attains a maximum height of 

30m above sea level at Okubie, to the southwest the narrow strip of sandy ridges and 

beach ridges lie very close to the open sea.  

The soils of the sandy ridges are mostly sandy or sandy loams and supports crops like 

coconut, oil palm, raffia palm and cocoyam. Fourteen of the twenty three LGAs of the 

State are located on the upland with varying heights between thirteen to 45m above sea 

level. These include Ogoni, lkwerre LGAs, Ahoada, Abual/Odual, 0gba/ Egbema/Ndoni 

LGAs and Port Harcourt LGAs. The drier upland area of Rivers State covers about sixty 

one percent while riverine area, with a relief range of 2m to 5m, covers about thirty nine 

per cent of the State. The entire topography of the State is also characterized by a maze 

of effluents, rivers, lakes, creeks, lagoons and swamps crisscrossing the low-lying plains 

in varying dimensions. 

1.6.5 Climate 

Rainfall in Rivers State is seasonal, variable, and heavy. Generally, south of latitude 05°N, 

rain occurs, on the average, every month of the year, but with varying duration. Total 

annual rainfall decreases from about 4,700 mm on the coast to about 1,700 mm in 

extreme north of the State. It is 4,698 mm at Bonny along the coast and 1,862 mm at 

Degema, (Northern part). The area experiences heavy rainfall averaging 

25000mm/annum. It rains for about eight months (March to October) during the year 

and even the months considered as dry months are not free from occasional rainfall 

(Gobo, 1990). 

Rainfall is adequate for all year round crop production in the State. The duration of the 

wet season is not less than 330 days, of which a great number is rainy days (days with 
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250 mm or more of rain). For Port Harcourt, the rainy days are about 182. Mean 

maximum monthly temperatures range from 28°C to 33°C, while the mean minimum 

monthly temperatures are in the range of 17°C to 24 °C.  

The mean monthly temperature is in the range of 25°C to 28°C. The mean annual 

temperature for the State is 26°C. The hottest months are February to May. The 

difference between the dry season and wet season temperatures is only about 2°C. 

Relative humidity is high in the State throughout the year and decreases slightly in the 

dry season. 

1.6.6 Drainage 

Drainage is poor, (see figure 1) being lowlying, with much surface water and a high 

rainfall, of between 3,420 mm and 7,300 mm. Thus, almost all riverine LGAs are under 

water at one time of the year or another. Again, some areas of the State are tidally 

flooded, while others are seasonally, thus limiting agricultural practices and 

nucleated/urban settlement development that would have enhanced social welfare 

facility provision. The State is drained by two main river systems, i.e. freshwater 

systems whose waters originate either outside or wholly within the coastal lowlands, 

and tidal systems confined largely to the lower half of the State. 

 Drainage densities of rivers within the state have typical value of 1.5 km and sinuosity 

ratios are in excess of 1.9, indicating that the meandering channels are tortuous. These 

systems have a general downstream increase in width and velocity, especially in the 

freshwater zones. The State is drained by the Bonny New Calabar river systems and by a 

maze of effluent creeks and streams. River bank levees are prominent and valley side 

slopes are very gentle and experience a great deal of erosion and accretion. All the rivers 

enter into the sea through wide estuaries. 
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1.6.7 Soils 

There are three major soil groups in Rivers State, namely: the marine and fluvial marine 

sediments; the mangrove swamp alluvial soils; and freshwater brown loams and sandy 

loams. The marine and fluvial marine sediments are found in the wet coastal region. The 

soils are organic in nature and essentially sandy in texture. 

Some consist of mud mixed with decayed organic matter. The mangrove swamp alluvial 

soils are found in the northern part of the coastal sediments zone. They are brownish on 

the surface, sometimes with an unpleasant and offensive odour. The soils of the swamps 

are rich in organic matter in the top layer, but contain too much salt especially in the dry 

season. 

The third soil group, the brown loams and sandy loams are found in the fresh water 

zone of the delta. The levees which form the common land forms of this zone are made 

up of rich loams at their crests, changing to more acidic and more clayed soils along 

their slopes. 

1.6.7.1 Soil Erosion 

Soil erosion in the mapped area is controlled by many factors including lithology, 

topographic disposition, hot and wet climate and vegetation cover. The rainfall coupled 

with few steep slopes encourages the formation of rubbles and shallow soil. The 

material eroded are transported and deposited along reaches of lower slopes at low 

velocity in thickly forested area. Generally, surface erosion is at minimum. This is as a 

result of the fact that the forest effectively protects it from rain drops that would make 

the loose soil and the bare surface of the field to chip off and eroded away.  

1.7 Geology of the Study Area   

This work, is within the coastal area of Niger Delta basin. The study area is located within 

latitudes 6˚50’ to 7˚30’N and longitudes 4˚30’ to 4˚50’E as shown in fig. 2 and 3. It falls almost 



9 
 

entirely within the lowland swamp forest ecological zone and is flanked in the east, west and 

southern limits by mangrove swamp forest (Braide et al., 2004; Chindah; 2004). The area has 

an almost flat topography and is underlain by superficial soil that consists of silty clays mixed 

with silty sands. The water table is less than 10m below ground surface. Port Harcourt is 

located within the Quaternary alluvium tidal wetlands of the Niger Delta, with strong reversing 

tidal currents.  

The geology of the Niger Delta has been extensively documented by various research including 

Reyment, (I965), Allen, (1965). The Niger Delta has an area of about 75000 km2 and the overall 

sedimentary sequence is dominantly composed of sand, shale and clay. The prodelta developed 

on the northern part of the basin during the Campanian transgression and terminated with the 

upper Maastrichian regression (Reyment, 1965). The formation of the modern Niger Delta is 

made up of marshy landmasses criss-crossed by numerous rivers and creeks whose banks are 

made up of levees with back swamps. The formation of the land mass has been explained to be 

a result of sediment deposition generally associated with the River Niger and its tributaries.  

The sub-aerial Niger Delta has an extensive saline/blackish mangrove swamp belt 

separated from the sea by sand beach ridges for most of the coastline. Water supply 

problems relating to salinity are conformed to the saline mangrove swamp with 

associated sandy islands and barriers ridges at the coast.  

Geologically, rocks of the Niger Delta are subdivided into three Formations which are 

Akata, Agbada and the Benin formations (Short and Stauble, 1967). The Benin 

Formation consists predominantly of massive highly porous sands and gravels with 

locally thin shale/clay interbeds forms a multi-aquifer system in the delta. Many 

boreholes have been drilled into the aquifer of the Benin formation yielding good 

quality water but many have also been abandoned due to high salinity. Oil and gas are 

produced from sand reservoir in the Agbada formation while Akata formation consists 

of uniform shale rocks.  
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Saltwater intrusion into unconfined and confined aquifers also occurs in the Niger Delta. 

In coastal beach ridges or sandy islands within the saline mangrove belt, fresh water 

lens floating above saltwater-bearing sands are found to occur in the unconfined 

aquifers (Oteri, 1990). Based on the depth of occurrence of the saline water sands in the 

confined aquifers of the Benin formation, the delta can be divided into two major areas: 

area where fresh water sands are encountered at shallow depth underlain by saline 

water sands and the areas where saline water sands are encountered at shallow depth 

underlain successively by fresh water sands and saline water sands. 

The Cenozoic delta basin is said to have developed during the Cretaceous times from the RRR 

triple junction (Burke et al., 1971). It is bounded by the basin flank to the north - west, the 

Calabar flank to the east west and the Anambra Basin to the north.  

 

Figure 1: Topographic Map of River State Showing Study Area 
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Figure 2: Geology of Rivers Showing Study Area 
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Figure 3. Location map of the study area 

Figure 4: Borehole Map of the Study Area Of Rivers State. 
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1.8 Hydrogeology of the Study Area 

The hydrogeology of the area is highly influenced by saline water intrusion and the 

presence of ferruginous sandy formation due to high oxidation condition of the near 

surface aquifers. The sand forms the major aquifers in the area while clay/shale forms 

the aquitards. The water table in the area varies with season. Generally, the water table 

is close to the surface, ranging from 0.6m to 1.2m below ground surface from wet season 

to dry season. The dominant fresh water aquifer is found within the Benin Formation 

which consists mostly of continental sands with clay and silt (Table 1). 

Table 1: Geologic Units of the Niger Delta (After Short and Stauble, 1967).  

Age Geological Unit Lithology 
Quaternary Alluvium (general) fresh water back 

swamp meander belt.  
Mangrove and salt water.  
Back Swamps  
Active/Abandoned Beach 

ridges Sombreiro Warri Delataic 
plain. 

Gravel, sand, clay, silt, sand, clay, some 
silt gravel.  

Medium-fine sands.  
Clay and some silt 

Miocene Benin Formation (coastal plain sand). Coarse to medium grain sand with 
subordinate silt and clay lenses. Fluviatile 
marine. 

Eocene Agbada Formation Mixture of sand, clay and silt, fluviatile 
marine. 

Paleocene Akata Formation Clay (marine shales) 

 

These materials are believed to have been deposited in a continental fluviatile to deltaic 

environment. The clay units have variable thickness ranging from 1m to as much as 15m 

in some places. The sand and clay intercalations constitute a system of aquifers 

separated by aquitards given rise to a multi-aquifer system which characterize the Niger 

Delta (Etu-Efeotor and Odigi, 1983; Amajor, 1989). Data on aquifer hydraulic 

parameters for groundwater resource evaluation are generally scanty in the study area, 

except those estimated by Nwankwoala, et al, (2008). Typical average porosity values 

range from 28% to 32%, while permeability values range between 5-7 Darcy. Ngah 
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(1990) identified three auriferous zones in the Niger Delta; An upper unconfined 

aquifer, a middle aquifer system (semi-confined) and a lower aquifer system.  

1.9 Stratigraphysical Succession of the Niger Delta 

The major tectonic framework of the delta consists of two intersecting structural 

elements. One is the zone of subsidence of the Benue trough running from NE-SW, and 

the other is the zone of the subsidence of the middle Niger trough. Three main 

formations in the subsurface of Niger Delta have been recognized (Frankl and Cordry, 

1967, Short and Stauble, 1967). These include Benin formation, Agbada formation and 

Akata formation (table 2). 

Table 2:  Stratigraphysical Succession of the Niger Delta. 

FORMATION LITHOLGY AGE THICKNESS 
(Ft) 

BENIN Continental fluviatile 
gravels and sand 

Eocene-
Recent 

6,000 

AGBADA Paraic sequence of 
interbedded sand and 
shale 

Eocene-
Recent 

10,000 

AKATA Pro-delta marine shale 
and clays with sand 
turbidities and sand 
bodies 

Eocene-
Recent 

4,000 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Review of Previous Studies  

The intrusion of Saline into coastal waters has become a major concern (Batayneh, 2006), 

because it constitutes the most common pollutants in fresh water. Fresh groundwater, in 

coastal areas, flowing from land towards the sea comes in contact with salt and sea water. 

The mixing of fresh and salt groundwater develops a transition zone (as shown in figure 6). 

The position of this transition zone depends on local circumstances such as distribution of 

hydraulic properties, climate and human interference in the form of land reclamation. This 

situation has been described by (Freeze and Cherry, 1979; Bear et al., 1999; Domenico and 

Rushton, 2003; Walton, 1970). Due to increase in urbanization taking place along the 

coastlines, it has resulted to the deterioration of groundwater quality in the coastal areas 

either by natural means such as saltwater intrusion or by anthropogenic interference (Edet 

and Okereke, 2001., Batayneh, 2006; Adepelumi, et al., 2008; Amadi, et al., 2010). 

Abandonment of water wells in many instances, is caused by salinity arising from seawater 

intrusion which is the most common and widespread form of groundwater contamination in 

coastal areas, (Frank-Briggs et al., 2006). 

Oteri, (1988) confirmed the depth to the freshwater/saline water sands interface in 

southeast Nigeria, to vary from 77m to 947m; while Nowroozi et al., (1999) mapped the 

saltwater/freshwater interface in the geological setting of the eastern shore of Virginia. 

Recently, Adepelumi et al., (2008) delineated salt water intrusion into the fresh water 

aquifer of Lekki Peninsula, Lagos Nigeria. Ehirim and Nwankwo, (2010), Nwankwo and 

Emujakporue, (2012) used geoelectric method for aquifer characteristics, groundwater 

quality evaluation and sub-soil contamination in Port Harcourt and other parts of Niger 

Delta region. Amadi et al., (2012) also investigated aquifer quality in Bonny Island using 

geophysical and geochemical techniques. 
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High demand on groundwater resources in coastal areas worldwide, has also placed these 

resources at great risk to contamination of seawater due to increased urbanization and land 

use pattern for irrigated agriculture (Kremer and Cross land 2002). The semi consolidated 

and unconsolidated sediments along the coastline helped mankind to go in for deeper 

groundwater exploration during the first half of the last century. Problems like salinity 

hazard, land subsidence, salt water intrusion etc, were faced, as the exploration advanced 

towards deeper horizons, which made the situation quite complex. Most of the coastal 

aquifers are sedimentary in nature, with a few out crops of hard rocks along the coast. The 

occurrence of ground water in multilayered alluvial and marine sands, silts, clays and 

estuarine and marine environments, carbonate rocks deposited under beach, lagoonal, is 

one of the important features of the coastal deposits. All these factors have control on the 

quality of the formation of water. The variation of the coastal configuration and land forms 

widely depend upon the intensity of wave action, tides, other currents, sediment load, stage 

of the rivers, wind action and the ever changing riverine regime. The dynamic equilibrium 

between hydrostatic heads in the fresh and saline water is controlled by the distribution of 

fresh water aquifers, hence, the coastal aquifers are highly vulnerable to seawater intrusion. 

The causes of potential salinization of groundwater and their sources are many including 

natural saline groundwater (Vengosh et al. 1999; Trefry et al. 2007; Falgas et al., 2009); 

halite dissolution (Hidalgo and Cruz-Sanjulian 2001); presence of palaeo-brackish water 

(Lozano Garcı´a and Ortega-Guerrero 1998) seawater intrusion (Kouzana et al., 2010; 

Sanford and Pope, 2010); domestic, agricultural, and industrial effluents (Danielopol et al., 

2003; Custodio 2010; Mondal et al., 2011), etc. Seawater intrusion is the most common and 

widespread sources of salinization, in coastal areas, and causes the abandonment of water 

wells in many instances (Giordana and Montginoul, 2006). 

The combination of Geophysical techniques and geochemical methods are effective tools to 

investigate the saline water intrusion and salinity source. The use of resistivity method to 
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demarcate the saltwater–freshwater interface in many coastal settings worldwide, has been 

recommended (Bugg and Lloyd, 1976; Urish and Frohlich, 1990; Van Dam and Meulenkamp, 

1967; Zohdy 1969; Frohlich et al., 1994; Nowroozi et al., 1999; Choudhury et al., 2001). The 

chemistry of groundwater is largely a function of the mineral composition of the aquifer 

through which it flows. The hydrochemical processes and hydrogeochemistry of the 

groundwater vary spatially and temporally, depending on the geology and chemical 

characteristics of the aquifer. Apodaca et al., (2002); Martinez and Bocanegra, (2002), have 

inferred that hydrogeochemical processes such as dissolution, precipitation, ion-exchange 

processes and the residence time along the flow path control the chemical composition of 

groundwater. Abimbola et al., (2002); Olatunji et al., (2001), also established that geology plays 

a significant role in the chemistry of subsurface water. The use of geochemical evolution of 

groundwater has been clarified by (Wicks et al., 1995; Plummer 1977; Bredehoeft et al., 1983; 

Hendry and Schwartz, 1990) 

There are several geochemical, and geophysical techniques used to directly or indirectly 

monitor saltwater in coastal aquifers, because of the very high concentration of chloride in 

seawater (typically about 19,000 mg/L), Abdel-Azim et al.; (1997), Tremblay et al., (1973), 

the chloride concentration of groundwater samples has been the most commonly used 

indicator of saltwater occurrence and intrusion in coastal aquifers. However, other 

indicators of groundwater salinity, such as the total dissolved-solids concentration or 

specific conductance of groundwater samples, also are used frequently (Kalpan and Saha., 

2004, and Sherif et-al., 2006 ).  

The electrical conductivity of an aquifer is controlled primarily by the amount of pore space 

of the aquifer (that is, the aquifer porosity) and by the salinity of the water in the pore 

space; increases in either the porosity or the concentration of dissolved ions result in 

increases in the conductivity of the groundwater. Because seawater has a high 

concentration of dissolved ions, its presence in a coastal aquifer can be inferred from 
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measurements of the spatial distribution of electrical conductivity (Reilly and Goodman, 

1985 and Nassir et-al., 2000). 

 

Figure 5: Saltwater intrusion in Pacific Ocean (JR Associates, 1992)  

2.2 Surface Geophysical Survey 

Surface geophysical survey as a veritable tool in groundwater exploration, and it has the 

basic advantage of saving cost in borehole construction by locating target aquifer before 

drilling is embarked upon (Obiora and Ownuka, 2005). 

Vertical Electrical Sounding (VES) is a common geoelectrical method used in measuring 

vertical alterations of electrical resistivity. This method has been recognized to be more 

suitable for hydrogeological survey of sedimentary basin (Kelly and Stanislav, 1993). 

There are approximately one hundred independent geoelectric arrays (Szalai and 

Szarka, 2008) But, Schlumberger array is found to be more suitable and common in 

groundwater exploration. It is well known that resistivity methods can be successfully 

employed for ground water investigations, where a good electrical resistivity contrast 

exists between the water-bearing formation and the underlying rocks (Zohdy et al., 

1974). 

In general, VES method with Schlumberger array assumes considerable importance in 

the field of ground water exploration because of its ease of operation, low cost and its 

capability to distinguish between saturated and unsaturated layers. This method is used 
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in solving a wide variety of groundwater problems, such as determination of depth, 

thickness and boundary of a aquifer (Bello and Makinde, 2007; Omosuyi et al., 2007; 

Asfahani, 2006; Ismailmohamaden, 2005 ), determination of zones with high yield 

potential in an aquifer (Akaolisa, 2006 ; Oseji et al., 2005), determination of the 

boundary between saline and fresh water zones (El- Waheidi et al., 1992; Khalil, 2006), 

delineation seawater intrusion in coastal Aquifer (Sung- Ho et al., 2007 ; Benkabbour et 

al., 2004 ), delineation groundwater contamination (Park et al., 2007), determination of 

groundwater quality (Arshad et al., 2007), exploration of geothermal reservoirs (Cid-

Fernández and Araujo, 2007; El-Qady, 2006), estimation of hydraulic conductivity of 

aquifer (Khalil and Monterio, 2009; Asfahani, 2007; Yadav, 1995), estimation of aquifer 

transmissivity (Yang and Lee, 2002) and estimation of aquifer specific yield (Onu, 2003). 

The electrical resistivity technique enables the determination of subsurface resistivity 

by sending an electric current into the ground and measuring the potential field 

generated by the current. The depth of penetration is proportional to the electrode 

spacing, in Schlumberger array which uses closely spaced potential electrodes and 

widely spaced current electrodes. 

The Schlumberger methods have a greater penetration than the Wenner. In the 

resistivity method, the Wenner configuration discriminates between resistivities of 

different geoelectric lateral layers while the Schlumberger configuration is used for the 

depth sounding (Olowofela et al., 2005). Separation between the electrodes in 

homogeneous ground and varying the electrodes separation provides information about 

the stratification of thse ground (Dahlin, 2001). However, in general, the depth of 

infiltration is small in this method and only shallow subsurface layers have been 

surveyed (Danielsen et al., 2007). 

For Schlumberger soundings, the apparent resistivity values (ρa) were plotted against 

half current electrode separation (AB/2) on a log-log graph and a smooth curve was 
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drawn for each of the soundings. Then, the sounding curves were interpreted to 

determine the true resistivities and thicknesses of the subsurface layers. 

2.3 Theoretical Framework 

2.3.1 Ghyben-Herzberg Relation 

The first physical formulations of saltwater intrusion were made by Badon-Ghijben, (1888, 

1889) and Herzberg (1901), thus called the Ghyben-Herzberg relation. They derived 

analytical solutions to approximate the intrusion behavior, which are based on a number of 

assumptions that do not hold in all field cases. 

The Ghyben-Herzberg relation states that a one-meter height of freshwater above sea level 

assures 33 meters of freshwater below sea level. Likewise, a 0.5m rise in sea level causes a 17 

m reduction in the freshwater thickness.  

The Freshwater-Saltwater interface can be expressed by the Ghyben-Herzberg equation, as in 

equation 2.1 and 2.13. 

Less dense fresh water tends to flow on top of surrounding or underlying saline groundwater 

(see figure 7). Under natural conditions, freshwater moves toward the ocean and prevents 

saltwater from encroaching into coastal aquifers. Freshwater and saltwater zones of coastal 

aquifers are separated by a transition zone (zone of dispersion or zone of diffusion). In this 

zone, a gradation from fresh to saline water occurs. When groundwater pumping rates 

exceed the aquifer’s ability to recharge and when pathways for natural recharge are reduced 

by urbanization, the transition zone moves inland, and saltwater is drawn toward the 

freshwater zones of an aquifer. 
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 hf  h f =33.3333hf                                                                              (2.1) 

In the equation 2.1,  

hf = thickness of the freshwater zone above sea level and 

 hs = thickness of the freshwater zone below sea level.  

The two thicknesses hf and hs, are related by Pf and Ps  

Where  

Pf is the density of freshwater and  

Ps is the density of saltwater. 

 Freshwater has a density of about 1.000 grams per cubic centimeter (g/ cm3) at 20 °C, 

whereas, that of seawater is about 1.025 g/cm3. The equation 2.1, can be simplified to 

H = h/α ≃ 40          s                                                                                                                   (2.2) 

From the definition of hydraulic head, we have 

Total Head = Pressure Head + Elevation Head                                                           

For the seawater and fresh water, separately, we have 
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                                                                                                                                    (2.3)    

                                                                                                                                    (2.4) 

In equation (2.3 and 2.4) 

H = elevation head 

P = pressure; 

γ = specific weight; 

Whereas 

Sub-indices f and s stand for fresh and sea, respectively. 

The elevation head H should be equal to a same value if we discuss at a particular point P. 

This point is chosen along the salt-fresh water interface. At any point along the salt water-

fresh water interface, the hydraulic pressure should be a constant, or in another word, the 

pressure arose from the seawater side and the fresh-water side should be equal to each 

other, so we should have Pf = Ps. 

From equation (2.3 and 2.4) 
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  Pf = (Hf−H)                                                                                                                          (2.5) 

  P s = (Hs− H)                                                                                                                       (2.6) 

  γf (Hf− H) = γs (Hs− H)                                                                                                      (2.7) 

By the geometric relations (see the figure 7)  

     

 Figure 6: Freshwater-Saltwater interface  

 Hs =H +hs                                                                                                                              (2.8) 

 H f = H s +h f =H+h s +hf                                                                                                       (2.9) 

We get 

 γf (H+ hs + h f − H) = γs (Hs+ hs − H)                                                                                (2.10) 

so we get 

 γf ( hs + h f)= γfhs + γfh f = γshs                                                                                            (2.11) 

and 

hs (γs –γf)= γfh f                                                                                                                       (2.12) 

Finally 
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 hf  h f  =33.3333hf                                                                            (2.13) 

Equation (2.13) is the so-called Ghyben-Herzberg equation. It shows that the change of 

seawater thickness in the aquifer depends on the change of fresh-water thickness. However, 

the increase of saltwater thickness has been amplified by as many as 33 times, depending on 

the specific weight of the freshwater and the seawater. For example, if the specific weights is 

unity for freshwater and 1.03 for seawater, the ration of the factor is 33. It means that 1-foot 

freshwater drawdown (or say 1-foot decrease in freshwater thickness) will induce 33 feet 

decrease of hs, i.e., the elevation of the saltwater-freshwater interface will upraise 33 feet. 

Under conditions of climate change, the rate of sea level rise is sufficiently slow so that 

groundwater heads at or near the coast will increase to respond the sea level rise, rather than 

remaining at their present position. Nevertheless, the rise in the water table near the sea 

boundary will not be necessarily associated with a similar rise in water levels at the land side, 

as seen in the fig. 8. Consequently, the gradient of the water table (for the unconfined 

aquifers) or the piezometric head (for the confined aquifers) is reduced and hence more 

intrusion can be expected. 
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Figure 7: Change of saltwater/freshwater interface caused by sea level rise (Liu, 2003).  

2.3.2 Saltwater intrusion  

Salt water intrusion is the migration of saltwater into freshwater aquifers under the 

influence of groundwater development. (Freeze and Cherry, 1979). 

Seawater intrusion is a natural process that occurs in virtually all coastal aquifers and 

limited to coastal areas only. It consists of salty water inflow from the sea towards 

freshwater aquifers and flowing inland. This inflow behavior is caused by the fact that 

seawater has a higher density (because seawater carries more solutes) than freshwater. An 

imagery line called interface is developed all along and earmark the sea-water fresh water 

interaction. The first and oldest physical formulations of saltwater intrusion were made by 

Baydon-Ghyben, (1888, 1889) and Herzberg (1901) and referred as the Ghyben-Herzberg 

formulation. 

They derived analytical solutions to approximate the intrusion behavior, which are based 

on a number of assumptions that do not hold in all field cases. The Ghyben- Herzberg ratio 

states, for every foot of fresh water in an unconfined aquifer above sea level, there will be 

forty feet of fresh water in the aquifer below sea level (Karant, 1990). Salinity (Higher TDS 

concentration), temperature, rocks heterogeneities, solute transport (density dependent 
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flow) and aquifer characteristics namely hydraulic conductivity, transmissivity are some 

key technical parameters that effect the performance of coastal aquifers and sea - water 

intrusion phenomenon. In some areas, coastal hydro-geologic condition is represented by 

an individual confined, unconfined or island aquifer system whereas in other cases the 

hydro-geologic setting may be that of a multi-layer aquifer system. In either situation, the 

aquifer system has a sea front so that there is a direct contact between continental 

freshwater and marine saltwater. 

Besides difference in viscosity between the two fluids, there exist density changes as well, 

which depends mainly on the salinity differences (TDS concentration). Under natural, 

undisturbed conditions, a seaward hydraulic gradient exists in the aquifer with freshwater 

discharging into the sea. The heavier saltwater flows in from the sea and a wedge-shaped 

body of saltwater develop beneath the lighter freshwater, with the freshwater thickness 

decreasing from the wedge towards the sea. The freshwater/saltwater interface is 

stationary under steady state condition with its shape and position determined by the 

freshwater head and gradient. 

Due to their close proximity to saltwater, coastal groundwater supplies, when overused, are 

vulnerable to chloride contamination. The secondary maximum contaminant level 

established by the U.S. Environmental Protection Agency (USEPA) for chloride in drinking 

water is 250 mg/L. Because of the high concentration of chloride in seawater, less than a 2 

percent contribution of seawater mixed with fresh groundwater will raise the chloride 

concentration above the USEPA guideline (Barlow, 2003).  

2.4 Cause and Impact of Saltwater Intrusion  

At the coastal margin, fresh groundwater flowing from inland areas meets with saline 

groundwater from the ocean. The fresh groundwater flows from inland areas towards the 

coast where elevation and groundwater levels are lower.  Because saltwater has a higher 

content of dissolved salts and minerals, it is denser than freshwater, causing it to have higher 
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hydraulic head than freshwater. Hydraulic head refers to the liquid pressure exerted by a 

water column: a water column with higher hydraulic head will move into a water column 

with lower hydraulic head, if the columns are connected. The higher pressure and density of 

saltwater causes it to move into coastal aquifers in a wedge shape under the freshwater. The 

saltwater and freshwater meet in a transition zone where mixing occurs through dispersion 

and diffusion. Ordinarily the inland extent of the saltwater wedge is limited because fresh 

groundwater levels, or the height of the freshwater column, increases as land elevation gets 

higher. 

Saltwater can contaminate freshwater aquifers by, 

 Groundwater extraction 

 Canal and drainage network 

Or when one or more of the following mechanisms occur: 

• Lateral or horizontal intrusion occurs when excessive water withdrawals from an aquifer 

cause saline water from the coast to move inland. 

• Vertical movement or up coning of saltwater can occur near a discharge well when water 

moves toward the wellhead and saltwater in the deeper aquifers rises up. 

• Cross-aquifer contamination can be caused by wells that are open to multiple aquifers or 

have casings that have been corroded or broken (Prinos et al., 2002). 

• Presence of freshwater drainage canals that lack salinity control structures, 

• Distance of stresses, such as wells and drainage canals, from the source(s) of saltwater 

intrusion, 

• The length of time that aquifer levels are lowered is long.   For example, the South Florida 

Water Management District found that if water levels were lowered for more than six 

months, permanent inland movement of the saltwater interface occurred (Prinos et al. 2002). 



28 
 

• Fluctuations in tide stages. 

• Seasonal and annual variations in groundwater recharge and evapotranspiration rates. 

• Geologic structures and the distribution of hydraulic properties of an aquifer—presence of 

confining units can prevent saltwater intrusion. 

• Long-term changes in sea level and climate.    

2.4.1 Groundwater Extraction 

Groundwater extraction is the primary cause of saltwater intrusion. Groundwater is the main 

source of drinking water in many coastal areas of Nigeria (Rivers State), and extraction has 

increased over time. Under baseline conditions, the inland extent of saltwater is limited by 

higher pressure exerted by the freshwater column, owing to its higher elevation. 

Groundwater extraction can lower the level of the freshwater table, reducing the pressure 

exerted by the freshwater column and allowing the denser saltwater to move inland laterally. 

Groundwater extraction can also lead to well contamination by causing upwelling, or 

upcoming, of saltwater from the depths of the aquifer. Under baseline conditions, a saltwater 

wedge extends inland, underneath the freshwater because of its higher density. Water supply 

wells located over or near the saltwater wedge can draw the saltwater upward, creating a 

saltwater cone that might reach and contaminate the well. Some aquifers are predisposed 

towards this type of intrusion, such as the Lower Floridian aquifer: though a relatively 

impermeable rock or clay layer separates fresh groundwater from saltwater, isolated cracks 

breach the confining layer, promoting upward movement of saltwater. Pumping of 

groundwater strengthens this effect by lowering the water table, reducing the downward 

push of freshwater.  

2.4.2 Canals and Drainage Network  

The construction of canals and drainage networks can lead to saltwater intrusion. Canals 

provide conduits for saltwater to be carried inland, as does the deepening of existing 
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channels for navigation purposes. In Sabine Lake Estuary in the Gulf of Mexico, large-scale 

waterways have allowed saltwater to move into the lake, and upstream into the rivers 

feeding the lake. Additionally, channel dredging in the surrounding wetlands to facilitate oil 

and gas drilling has caused land subsidence, further promoting inland saltwater  movement.  

Drainage networks constructed to drain flat coastal areas can lead to intrusion by lowering 

the freshwater table, reducing the water pressure exerted by the freshwater column. 

Saltwater intrusion in southeast Florida has occurred largely as a result of drainage canals 

built between 1903 into the 1980s to drain the Everglades for agricultural and urban 

development. The main cause of intrusion was the lowering of the water table, though the 

canals also conveyed seawater inland until the construction of water control gates. 

2.4.3 Effect of Saltwater Intrusion on Water Supply 

Many coastal communities around the world are experiencing saltwater contamination of 

water supply wells, and this problem has been seen for decades. The consequences of 

saltwater intrusion for supply wells vary widely, depending on extent of the intrusion, the 

intended use of the water, and whether the salinity exceeds standards for the intended use. In 

some areas such as Washington State, intrusion only reaches portions of the aquifer, affecting 

only certain water supply wells. Other aquifers have faced more widespread salinity 

contamination, significantly affecting groundwater supplies for the region. 

Drinking water standards established by the US Environmental Protection Agency (USEPA) 

(1962) require that drinking water contain no more than 500 mg/L of total suspended solids 

(TSS), a common measure of salinity. Seawater contains approximately 30,000 mg/L of TSS, 

60 times higher than the USEPA standard for drinking water. Therefore, it is evident that 

even a small amount of seawater can cause problems when mixed with freshwater reservoirs. 

Also, salinity in irrigation water can be detrimental to agriculture, reducing yields and killing 

crops. 
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2.5 Sources of Saltwater 

Although seawater in the ocean and estuaries that laterally bound the eastern seaboard is 

by far the primary source of saline water to coastal ground-water systems, a number of 

other sources can affect coastal ground-water quality (Krieger et al., 1957; Feth et al., 1965; 

Task Committee on Saltwater Intrusion, 1969; Custodio, 1997; Richter et al., 1993; Jones et 

al., 1999). These sources include: 

 Precipitati

on: Oceans are the largest single source of salts in the atmosphere, and sodium and 

chloride are the most abundant ions in air masses over the sea (Feth, 1981). Chloride 

and sodium concentrations, therefore, are high in air masses near sea coasts but 

decrease rapidly with increasing distance inland. These airborne salts are delivered 

to coastal watersheds by precipitation. Chloride concentrations in precipitation, 

however, are relatively small compared to seawater. Average chloride 

concentrations in precipitation measured at about two-dozen atmospheric 

deposition monitoring stations along the Atlantic coast in 2000, for example, ranged 

from less than 0.2 to 2.8 mg/L (National Atmospheric Deposition Program, 2001). 

Concentrations of sodium and chloride can be increased in soils, shallow surface 

waters (such as tidal lagoons), and ground water by evaporation and 

evapotranspiration.  

 Sea-spray 

accumulation, tides, and storm surges, which can be local sources of increased 

ground-water salinity in low-lying coastal areas. 

 Entrapped 

fossil seawater in unflushed parts of an aquifer: Such water either was trapped in 

sedimentary formations when they were deposited (connate water) or flowed into 
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the formations during periods of relatively high sea levels when seawater flooded 

low-lying coastal areas. 

 Dissolution 

of evaporitic deposits such as halite (rock salt), anhydrite, and gypsum (Manheim 

and Horn, 1968; Meisler, 1989).  

 Pollution 

from various anthropogenic sources including sewage and some industrial effluents, 

oil- and gas-field brines brought to the land surface during exploration and 

production, road de-icing salts, and return flows of irrigation water. 

 2.6 Freshwater-Saltwater Interactions  

Saltwater intrusion is a major concern commonly found in coastal aquifers around the 

world. Saltwater intrusion is the induced flow of seawater into freshwater aquifers 

primarily caused by groundwater development near the coast. Where groundwater is 

being pumped from aquifers that are in hydraulic connection with the sea, induced 

gradients may cause the migration of salt water from the sea toward a well, making the 

freshwater well unusable. Because fresh water is less dense than salt water it floats on 

top. The boundary between salt water and fresh water is not distinct; the zone of 

dispersion, transition zone, or salt- water interface is brackish with salt water and fresh 

water mixing. Under normal conditions fresh water flows from inland aquifers and 

recharge areas to coastal discharge areas to the sea. In general, groundwater flows from 

areas with higher groundwater levels (hydraulic head) to areas with lower groundwater 

levels. This natural movement of fresh water towards the sea prevents salt water from 

entering freshwater coastal aquifers (Barlow, 2003).  

Groundwater pumping/development can decrease the amount of fresh water flowing 

towards the coastal discharge areas, allowing salt water to be drawn into the fresh 
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water zones of coastal aquifers. Therefore, the amount of fresh water stored in the 

aquifers is decreased (Barlow, 2003). 

Generally, saltwater intrusion into coastal aquifers is caused by two mechanisms: 

 Lateral 

encroachment from the ocean due to excessive water withdrawals from coastal 

aquifers, or upward movement from deeper saline zones due to upconing near 

coastal discharge/ pumping wells. 

Saltwater intrusion into freshwater aquifers is also influenced by factors such as tidal 

fluctuations, long-term climate and sea level changes, fractures in coastal rock 

formations and seasonal changes in evaporation and recharge rates. Recharge rates can 

also be lowered in areas with increased urbanization and thus impervious surfaces. 

Intrusion has also occurred in areas because of water levels being lowered by the 

construction of drainage canals (Barlow, 2003). 

Most incidents of saltwater intrusion occur in coastal regions, as has been the focus of 

discussion thus far, but inland areas can also be affected. Salinity issues in some regions 

have been attributed to upwelling of deep-circulating groundwater, which is more saline 

due to natural underlying geologic formations (Doremus, 2008). The more saline 

groundwater is brought to the surface through pumping for irrigation and other uses.  

Similar occurrences have been noted in the Mississippi River Valley Alluvial Aquifer in 

Arkansas, where in response to pumping, there is also upward movement of saline 

water from deeper formations. 

2.6.1 The Transition Zone 

The freshwater and saltwater zones within coastal aquifers are separated by a transition 

zone (sometimes referred to as the zone of dispersion) within which there is mixing 

between freshwater and saltwater (fig. 9 and 10). The transition zone is characterized most 
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commonly by measurements of either the total dissolved-solids concentration or of the 

chloride concentration of ground water sampled at observation wells. Although there are no 

standard practices for defining the transition zone, concentrations of total dissolved solids 

ranging from about 1,000 to 35,000 mg/L and of chloride ranging from about 250 to 19,000 

mg/L are common indicators of the zone. In this report, the term "Transition Zone" implies 

a change in the quality of ground water from freshwater to saltwater, as measured by an 

increase in dissolved constituents such as total dissolved solids and chloride.   

Within the transition zone, freshwater flowing to the ocean mixes with saltwater by the 

processes of dispersion and molecular diffusion see figure 11. Mixing by dispersion is 

caused by spatial variations (heterogeneities) in the geologic structure and the hydraulic 

properties of an aquifer and by dynamic forces that operate over a range of time scales, 

including daily fluctuations in tide stages seasonal and annual variations in ground-water 

recharge rates, and long-term changes in sea-level position. These dynamic forces cause the 

freshwater and saltwater zones to move seaward at times and landward at times. Because 

of the mixing of freshwater and saltwater within the transition zone, a circulation of 

saltwater is established in which some of the saltwater is entrained within the overlying 

freshwater and returned to the sea, which in turn causes additional saltwater to move 

landward toward the transition zone (figure 9). The importance and consequence of the 

transition zone is its seaward flow and transport of saline water to the sea (Todd, 1980), 

within the transition zone, the salinity of ground water increases progressively with depth 

from that of the fresh water to that of saline water. The salt water is more pronounced in 

coastal areas because of its, low infiltration, capacity and tidal fluctuation capacity. 
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Figure 8: Zone of transition diffusion in a coastal aquifer (Todd, 1980) 

 

 

Figure 9: salt water intrusion in coastal Areas (Ophardt 1997) 

 2.7 Detecting and Monitoring Saltwater Occurrence and Intrusion 

Since the early 1900s, numerous field studies have yielded a wealth of information on the 

occurrence and intrusion of saltwater in freshwater aquifers along the Atlantic coast. Field 
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studies document the location and movement of saline water in coastal aquifers and, in a 

broader sense, are the basis for understanding the mechanisms that cause saltwater intrusion 

in different hydro geologic settings (Reilly and Goodman, 1985; Bear et al., 1999). Several 

geochemical and geophysical techniques are used to directly or indirectly monitor saltwater 

in coastal aquifers. Because of the very high concentration of chloride in seawater (typically 

about 19,000 mg/L), the chloride concentration of ground-water samples has been the most 

commonly used indicator of saltwater occurrence and intrusion in coastal aquifers. However, 

other indicators of ground-water salinity, such as the total dissolved-solids concentration or 

specific conductance of ground-water samples, also are used frequently. Several examples are 

provided in the next three sections that describe geochemical and geophysical techniques 

that are being used to detect and monitor saltwater occurrence and intrusion along the 

Atlantic coast. The geochemical techniques that are described include the commonly used 

approaches for characterizing saline water and less- frequently applied methods using 

isotope geochemistry. Geochemical isotopes are important tools in coastal-aquifer studies 

because they provide a means to differentiate among alternative sources of saline water. 

Although the case studies are focused primarily on methods for detecting and monitoring 

saltwater in coastal aquifers, it should be emphasized that a thorough understanding of the 

factors that affect the distribution and movement of saline water in a coastal aquifer also 

requires definition of the hydrogeologic framework, hydraulic properties, and physical 

boundaries of the aquifer and the distribution of ground-water levels and locations of 

ground-water withdrawals in the aquifer (Reilly, 1993). Recent summaries of many of the 

geochemical and geophysical approaches used in the study of freshwater-saltwater 

environments are provided by Jones et al., (1999) and Stewart, (1999), respectively. 
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Figure10: Fresh water moves toward the ocean and prevents saltwater from encroaching into 
coastal aquifer. 

 

2.9 Review of Geochemistry Analysis  

Sea / Ocean water is naturally alkaline and has pH of 8.0 - 8.3. The complex spectrum of 

macro and trace minerals found in sea water is the result of the interaction of natural forces 

over millions of years; a process not yet fully understood by scientists. A significant feature of 

sea water is that while the total concentration of dissolved salts varies from place to place, 

the ratios of the more abundant components remain almost constant. Many of the 

characteristics of sea water correspond to those of water in general, owing to their common 

chemical and physical properties e.g. the molecular structure of sea water resembles like that 

of fresh water and favors the formation of  bonds among molecules. However, some of the 

distinctive qualities of sea water are attributable to its salt content.  Followings are important 

to note – 

 The trace elements of sea water form a complex long chain molecule. It represents a 

dynamic structural system of elemental combinations (Saxena et al. 2005). 
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 The internal resistance to flow is higher than that of fresh water because of its higher 

salinity. Therefore, the density of sea water also is also higher. 

 Sea water's freezing point is lower than that of pure water and its boiling point is 

higher. It has significant electrical conductivity in comparison to distilled water, which 

is a poor conductor. 

 Apart from its stores of sodium chloride, sea water also constitutes a rich source of 

other commercially important chemical elements such as magnesium and bromine. 

The complex mixture of minerals and liquid that make up sea water consists of 96.5 

per cent water, 3.4 per cent salts, and smaller amounts of other substances including 

dissolved inorganic and organic materials, particulates, and a few atmospheric gases. 

It is the various salts that give sea water its taste (Saxena et al., 2004). 

 

 

2.10 Physico-Chemical Analysis of the Water Sample  

This involved visual assessment of the external features of the water samples which includes 

colour, odour, and temperature turbidity. Parameters such as total hardness, acidity, 

conductivity and minerals such as magnesium, chlorine calcium, iron and phosphate were 

determined using spectrophotometer (HACH DR, 2010) see table 3. 

Table3: Average concentrations of major dissolved constituents of seawater (from Hem, 

1989).  

Constituent Concentration (milligrams per liter) 

Chloride 19,000 

Sodium  10,500 

Sulfate 2,700 

Magnesium 1,350 
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Calcium 410 

Potassium 390 

Bicarbonate 142 

Bromide 67 

Strontium 8 

Silica 6.4 

Boron 4.5 

Fluoride 1.3 

 

 

 

 

 

 

CHAPTER THREE 

METHODOLOGY 

3.1 Materials and Methodology  

3.1.1 Materials  

The following are the main instruments used for this study were: 

ABEM Terameter SAS 1000C, Two current electrodes, Two potential electrodes, power 

source 12 volt car battery, Electrical (reel of) cables, Hammer, Tape, Compass, Master Curve, 

Tracing Paper, Log-log Paper and  Tool Kit (see fig. 12). 

(B) Maps 

 Geologic map of Rivers State 

 Location map of the study area 

 Borehole map of the study area 
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 VES parameters maps 

 Parameters Water 

samples, from wells near the VES points maps.  

(C)  Softwares 

 OFFIX 3.1 software; for computer iterative modelling of VES parameters (thickness 

and apparent resistivity data)  

 ArcGIS 10.0 software for contouring of maps. 

 SURFER 12.0 Software: used for contouring of the geophysical and geochemical 

parameters 

 Aquachem 10.2: used for graphical method of hydrogeochemical facies analysis, which 

includes, piper, stiff, scheoller, Durov diagram, Scatter chart. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Geophysical Equipments  
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3.1.2 Methodology  

Geophysical, and Geochemical techniques were used to directly or indirectly delineate and 

monitor saltwater intrusion in the coastal aquifers of the study area, because of the very high 

concentration of chloride in seawater (typically about 19,000 mg/L), In this project work, 

geophysical resistivity studies and chemical analyses of groundwater for TDS, conductivity 

and salinity of different open wells are compared. Finally, an attempt has been made to 

compare the analysis of Vertical Electrical Soundings (VES) data and chemical data of 

observation wells near the resistivity location. All the data set were brought under the same 

projection in GIS environment (ArcGIS 10.0) using a Universal Mercator (UTM) projection.   

In this study, a total of twenty three (23) VES points was carried out using the Schlumberger 

electrode array. The maximum current electrode spacing array spread in all the VES points was 

500m depending on availability of space.  

 

3.2 Data Collection 

In this work four single cables array were used. The transmitter is linked to the receivers 

with a synchro cable. Power is supplied to the instrument with the use of rechargeable 

batteries. The instrument has a high resolution. In resistivity surveying mode, the transmitter 

sends out well defined and regulated signal current. The receiver discriminates noise and 

measures current and voltage correlated with transmitted signal currents. These are 

displayed in the panel of the instrument. Other field requirements were tape and paint to 

measure and mark out stations distances; Wooden pegs to mark the measured location, 

Hammers to drive   electrodes into the ground.  

Others were compass, master curve, tracing paper, log-log paper and a tool kit. The 

procedure involves measuring the electrode spacing distances, pegging the points, coupling 

the equipment, planting the electrodes and connecting the cables and plugs to the reels for 
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current and voltage readings. The maximum half current electrode spacing AB/2= 300m to 

500m. Based on the assumption that the effective depth of transmission of electric current in 

the ground is two third (2/3) of half the current electrode separation (AB/2 equal  10m, 20m, 

40m, 60m, 80m,  25m, 100m, 150m, 200m, 250m 300m, 350m, 400m, 450m, and 500m) and 

the approximate depth probed (6.7m, 13.4m, 16.75m, 20.1m, 26.8m, 40.2m, 50.25m, 67m, 

100.5m, 134m and 201m 233m, 267m, 300m and 333m) produced. The depth of current 

penetration using the Schlumberger electrode array is 1/3 to 1/4 of AB/2. The axes of all the 

geoelectric soundings were aligned parallel to the geological strike in order to reduce the 

effects of lateral variations (N-S direction). The center point of the electrode array remains 

fixed but the spacing of the electrodes was increased so as to obtain in-formation about the 

stratification of the ground. 

The Schlumberger data are mostly taken in overlapping segments because at each step of AB 

spacing, the signals of the resistivity meter become weaker. Therefore, MN spacing was 

enlarged and two values for the same AB/2 were measured, one for the short and one for the 

long MN spacing.  The Schlumberger configuration was employed not only because it is faster 

and less likely to be influenced by lateral variations but also because it requires a lower 

number of operators. Because of extensive dense forestation and swampy terrain, soundings 

were carried out along existing foot paths or roads. 

The potential electrodes P1, P2 were placed at a fixed spacing (b) which was not more than 

one fifth of the current electrode half spacing (a) (fig.12). The current electrodes were placed 

at progressively larger distances. When the measured voltage between P1 & P2   reduces to 

very low value (owing to the progressively decreasing potential gradient with increasing 

current electrode separation) the separation of the potential electrodes was increased in 

accordance with the corresponding increase in distance between the current electrodes. The 

potential electrodes were spaced more widely apart. Measurement continued and the 

potential electrode separation increased again as necessary until the VES was completed. 
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Figure 12: The Schlumberger electrode array. 

3.2.1 Vertical Electrical Sounding [VES] 

Vertical Electrical Sounding [VES] using the Schlumberger array with maximum current 

electrode separation of 300m to 500m was used in acquiring the resistivity data. The ABEM 

Terrameter SAS 1000C was used for the acquisition of data. Actual data acquisition begins 

with the selection of a sounding point. Once the sounding location was determined, the 

Terrameter was deployed to the position. The spatial location (latitude and longitude) and 

elevation of the chosen station was read from a GPS and written in a field notebook. The 

measuring tapes were used to mark out the current and potential electrode spacing, while the 

electrodes are coupled into the ground with the hammer. In very hard grounds, where 

coupling is very difficult, water mixed with common salt is poured in such grounds to 

enhance coupling and conductivity. Transmitters send out well defined and regulated signal 

current. Receivers discriminates noise and measures voltage correlated with transmitted 

signal current (resistivity surveying mode) and also measures uncorrelated D.C potentials 

with the source discrimination and noise rejection. The microprocessor and monitor, controls 

operations and calculates result. 
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The Schlumberger electrode array was used to carry out a total of twenty  three vertical 

electric soundings, utilizing a maximum electrode spread of 300m to 500m depending on 

available space. Several of the stations were sited near existing boreholes to enhance 

interpretation and for comparative purpose and for quality control of the data. The current 

electrode spacing was increased symmetrically along a straight line about the fixed point 

while the potential electrodes were kept fixed but increased only when the measured signal 

became very small. Measurements were taken at increasing current electrodes distance such 

that in principle, the injected electric current should be penetrating at greater depths. The 

end result of the field measurement is the computation of the apparent resistivity ( ) 

according to the relation in equation 3.2b. 

3.2.1 Schlumberger array for Resistivity Survey. 

In schlumberger array (Fig. 12) the current and potential pairs of electrodes also have a 

common mid-point but the distances between adjacent electrodes defer so that: .The 

geometric factor K can be obtained, 
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                                                        (3.1a) 

 

                                                          (3.1b) 

 

                                                            (3.2a) 

We recall Apparent Resistivity (   from equation 3.2a 
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The apparent resistivity is affected by material at increasingly greater depths (hence larger 

volume) as the electrode spacing is increased. Because of this effect, a plot of apparent 

resistivity against electrode spacing can be used to indicate vertical variations in resistivity. 

Apparent Resistivity (  =                                                                          (3.3) 

Where, 

 = apparent resistivity 

K= geometric factor 

ΔV= potential difference 

I= current. 

The factors K in equations above are called the geometric factors and depend only on the 

electrode separation or intervals. R responds to the resistance of the volume of ground 

between the potential electrodes. 

sounding curves are then interpreted on the assumption that the earth is made of layers of 

The factors K in equations in equation (14b) above are called the geometric factor and 

depend only on the electrode separation or intervals. R responds to the resistance of the 
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volume of ground between the potential electrodes. If V and I are converted to volts and 

amperes respectively and the distances in meters, then the resistivity, ρ is obtained which is 

measured in Ohm-meter. It should be noted that the resistivity method in principle is based 

on resistivity contrast rather than an absolute resistivity values and the resistivity thus 

obtained are apparent resistivity of the ground. If the earth is homogenous, the resistivity 

measured is the true resistivity, otherwise, the term apparent resistivity is used and this is a 

weighted average of resistivity of the various formations. The apparent resistivity of the 

ground is calculated from measured resistance. In the vertical electrical sounding, variations 

of the apparent resistivity are measured. This is achieved by gradual increase in electrode 

spacing about the centre of the electrode array. The apparent resistivity data are interpreted 

in terms of layer resistivities and depths to the bedrock or other interfaces across which a 

strong electrical resistivity contrast exists. Depth approximately constant resistivity. The 

layers are separated on the basis of different resistivity by a plane interface (Chinyem, 2005). 

The Schlumberger technique with maximum current electrode of 300m to 500m depending 

on space was employed. The electrode movement in the field is relatively easy for the 

Schlumberger; hence it’s choice for the study. The presence of horizontal or gently dipping 

Bed of different resistivities is best detected by the expanding spread, hence  use in detecting 

depth of overburden, structures and resistivity of flat-lying sedimentary beds (Telford et 

al.,1967).In field operation, the center point of the array is kept at a fixed location, while the 

electrode locations are varied around it. The apparent resistivity values, and layer depths 

interpreted from them, are referred to the center point. VES surveys with the Schlumberger 

array are also made with a fixed center point. An initial spacing (the distance from the center 

of the array to either of the current electrodes) is chosen, and the current electrodes are 

moved outward with the potential electrodes fixed.  
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3.3 The Dar- Zurrouk Parameters (DZP) 

The Dar-Zarrouk Parameters (DZP) defined by the longitudinal unit conductance in Ω–1  

(layer thickness over resistivity), transverse unit resistance in Ω·m2 (R, layer thickness times 

resistivity).The combination of thickness and resistivity into single variables in other words 

known as Dar- Zarrouk parameters are used as a basis for the evaluation of aquifer 

properties . The concept of Dar-Zarrouk parameters was first introduced by Maillet, (1947); 

to explain the problem of non-uniqueness in the interpretation of resistivity depth sounding 

curves. Analytical relations between aquifer transmissivity and Dar Zarrouk parameters have 

been developed and various data sets tested. For a sequence of n horizontal, homogeneous 

and isotropic layers of resistivity ρi and thickness hi, the DZ parameters (longitudinal 

conductance S and transverse resistance TR) are defined respectively: The longitudinal 

conductance Si of the ith represented as:  

Si=σihi                                                                                                                               (3.4) 

Where σi is the ith layer conductivity which is analogous to the layer transmissivity, Tr of the 

ith used in groundwater hydrology (Mbonu et al., 1990).  

It is given by:  

         Tri = Ki hi                                                                                                                        (3.5) 

Where Ki, is the hydraulic conductivity of the ith layer of thickness hi.  

3.3.1 Aquifer Hydraulic Characteristics from Surface Electrical Resistivity 

i.   Total transverse resistance (TR) 

The total transverse resistance (TR) is one of the parameters used to define target areas of 

good groundwater potential. It has a direct relationship with transmissivity and the highest 

TR values reflect most likely the highest transmissivity values of the aquifers or aquiferous 

zones and vice versa. TR for each geoelectric sounding (VES) stations was computed from the 

relation:  
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TR = Σ h1 ρ1 = h1 ρ1 + h2 ρ2 +. . ……………+ hiρi                                                               (3.6) 

Where TR is the total transverse resistance, Σ is summation sign, hi is the thickness of the ith 

layer and ρi is the resistivity of the ith layer. To obtain a layer parameter, a unit square cross 

sectional area is cut out of a group of n-layers of infinite lateral extent. The total transverse 

resistance TR is given by: 

T=ℎ                                                                                                                                         (3.7) 

For a horizontal, homogeneous and isotropic medium 

= (T1−T2)/(ℎ −ℎ2)                                                                                                                (3.8) 

Where hi and ρi are respectively the thickness and resistivity of the ith layer in the section.  

ii.   Total longitudinal conductance (S) 

The total longitudinal conductance (S) is also a parameter used to define target areas of 

groundwater potential. High S values usually indicate relatively thick succession and should 

be accorded the highest priority in terms of groundwater potential and vice-versa. 

The total longitudinal conductance (S) for each of geoelectric sounding (VES) stations was 

computed from the relation: 

S = Σ (hi / ρi) = h1 / ρ1 + h2 / ρ2 + ……………+ hn / ρn                                                  (3.9) 

Where S is the total longitudinal conductance, Σ is summation sign, hi is the thickness of the 

ith layer and ρi is the resistivity of the ith layer. The total longitudinal conductance  

S i=ℎ /                                                                                                                                      (3.10) 

The longitudinal layer conductance Si can also be expressed by 

            Si=σihi                                                                                                                                       (3.11) 

Where σi is the layer conductivity. Conductivity in this case is analogous to the layer 

transmissivity 
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            T=Kihi                                                                                                                                     (3.12) 

Ki is the hydraulic conductivity of the ith layer of thickness hi.  

3.4 Geochemistry survey/Analysis 

Water samples were collected in clean polyethylene bottles from boreholes in the area of 

study. The samples were analyzed for different parameters as pH, electrical conductivity 

(EC), hardness, total dissolved solid (TDS), calcium (Ca2+), sodium (Na+), magnesium (Mg2+), 

potassium (K+), iron (Fe2+), bicarbonate (HCO-), chloride (Cl-) and sulphate (SO42-) by using 

standard techniques (WHO, 2006). The chloride concentration of groundwater samples has 

been the most commonly used indicator of saltwater occurrence and intrusion in coastal 

aquifers. However, there are other indicators of groundwater salinity, such as the total 

dissolved-solids concentration or specific conductance of groundwater samples, Na, etc.  

3.4.1 Analytical techniques 

Samples were analyzed for pH, electrical conductivity (EC), chloride, calcium, magnesium, 

bicarbonate, sodium, potassium, sulfate, and iron concentration. The pH meter and EC meter 

were used to measure the pH and EC, respectively. Chloride concentration was measured by 

silver nitrate titration. Iron concentrations were estimated using colorimetric 

spectrophotometer. Calcium and magnesium content were determined by 

ethylenediaminetetraacetic acid (EDTA) titration using Eriochrome Black T as an indicator. 

Carbonate and bicarbonate content were measured by acid-base titration. Sodium and 

potassium content were determined using a flame photometer. Sulfate content was estimated 

by the turbidimetric method using the turbidity meter. The procedures of the analysis were 

based on the quality standard SLS 614 see table 4. 
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 Table 4:  geochemical parameters and there measuring instruments  

Parameter  Analysis method  

Temperature  Thermometer  

Conductivity  Conductivity Meter  

pH   pH Meter  

TDS  Filtration and 
Evaporation  

TSS, Fe2+, Ca2+, Mg2+, 
Na+, K+, NO3-  

Spectrophotometric  

HCO3 -, Cl-  Titrimetric  

SO4 2-  Turbidimetric  

 

Geochemical data and VES measured parameters was integrated in a GIS platform. ArcGIS 

10.0 software and SURFER 12.0 software was used for the Modeling of the spatiotemporal 

parameters (like resistivity, geochemical) within the study area to map and delineate salt 

water intrusion. 

3.5 Methods for measuring salinity 

The first method recommended for measuring salinity was the chemical, Knudsen-Mohr, 

method based on the volumetric analysis of chloride, Cl- , bromide, Br- and iodide, I-. The 
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method involves the precipitation of the ions with silver nitrate, AgNO3 (aq). The mass of the 

precipitate can then be measured and the concentration of chloride ion calculated. 

The first empirical equation converting this measure of chlorinity (Cl ‰) to absolute salinity, 

S ‰, dates from 1902: 

 S= 0.03 + 1.805 (Cl)                                                                                                         (3.13) 

 

For zero chlorinity, the salinity would not be zero, which goes against the Principle of 

Constant Proportions. To overcome this contradiction, in 1969, UNESCO proposed a new 

relation; 

 S = 1.80655 (Cl)                                                                                                                  (3.14) 

A salinity of 35 ‰ corresponds to a chlorinity of 19,374 ‰. 

3.5. Computer Software 

3.5.1 Spatial Distribution Maps  

Spatial distribution maps for different parameters were developed using the with OFFIX 3.1 

software, ArcGIS 10 and SURFER 12.0 software. 

3.6 Data Processing 

After the field survey, apparent resistivity values were determined by taking the product of 

the resistance (R) as measured by the Terrameter in ohms and the geometric factor (K), a 

parameter which is dependent on the potential and current electrode spacings.  The 

geometric factor for the Schlumberger array is given by: 
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      Recall equation 3.1a. 

The sounding curve for each point was obtained by plotting the apparent resistivity on the 

ordinate against the half current electrode spacing on the abscissa on a bilogarithmic paper. 

Parameters such as apparent resistivity and thickness obtained from both partial curve 

matching and the method of asymptotes were used as input data for computer iterative 

modeling (Zohdy, 1976; Koefoed, 1977). Hence, the computer program allowed the reading 

obtained from the field to be converted to apparent resistivity values and to be stored on a 

diskette for the detailed quantitative interpretation using the OFFIX software. 

3.6.1 Iso-Resistivity Modeling  

An iso-resistivity map is a qualitative interpretation tool which shows possible variations in 

resistivity at the given electrode spacing and with no true resistivities of a definite geoelectric 

layer (Mbonu et al., 1991). 

3.6.2 Irrigation Water 

3.6.2.1 Sodium Absorption Ratio (SAR) 

SAR is an expression pertaining to cation make up of water and solution and is used for 

characterizing the sodium hazard of irrigation water. SAR value is used to calculate the 

degree to which irrigation water tends to enter into cation exchange section in the soil. The 

main problem with high sodium concentration is its effect on soil permeability. Sodium also 

contributes directly to the total salinity of the water and may be toxic to sensitive crops such 

as fruit trees. (Salinity hazard) into four classes on the basis of electrical conductivity, EC and 
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SAR (sodium hazard). The different classes of salinity hazard include low, C1 (EC<250 s/cm); 

medium C2 (EC250-750µs/cm); high, C3 (EC>750-2250µs/cm), and very high C4 (EC 

>2250µs/cm). 

The sodium hazard classes include low S1 (SAR <10), medium S2 (SAR 10-18); high, S3 (SAR 

18-26); and very high, S4 (SAR>26). 

EC leads to formation of saline soil, a high Na leads to development of an alkaline soil. The Na 

or alkaline hazard in the use of water for irrigation is determined by absolute and relative 

concentration of cations and is expressed in terms of SAR and can be estimated by the 

formular. 

 

 

It is the proportion of sodium to calcium which affects the availability of water to the crop.  

3.6.2.2 Sodium Percentage 

Sodium percentage is an important factor for studying sodium hazard. High percentage Sodium 

water for irrigation purpose may stunt the plant growth and reduces soil permeability (Joshi et 

al., 2009).  

The sodium percentage (Na %) is calculated using the formula given below: 

 

Na = [(Na + K) * 100] / [Ca + Mg + Na + K]                                                                 (3.16) 

Where all the concentrations are expressed in meq/L. Na% greater than 60-80 is Doubtful 
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3.6.2.3 The Magnesium Absorption Ratio (MAR) 

In natural waters, Mg in equilibrium state will adversely affect crop yields (Nagaraju et al; 

2006). Magnesium content of water is considered as one of the most important qualitative 

criteria in determining the quality of water for irrigation Generally, calcium and magnesium 

maintain a state of equilibrium in most waters. MAR was calculated according to Raghunath, 

(1987) as:  

 

Where all the ionic constituents were expressed in meq/liter. The MAR values exceeding 50 is 

considered harmful and unsuitable for irrigation use. (Obiefuna and Orazulike, 2010).  

3.6.2.4 Residual Sodium Carbonate (RSC) 

The RSC is a valuable parameter that has a great influence on the suitability of irrigation 

water (Bokhari and Rhan, 1992). In water having high concentration of bicarbonate, there is 

tendency for calcium and magnesium to precipitate as carbonates. To qualify this effect, an 

experimental parameter termed as residual sodium carbonate can be calculated as:  

RSC  = Hco3-Ca2++mg2+                                                                            (3.18) 

Where RSC and the concentration of the constituents are expressed in meq/litre. Water 

having less than 1.25 or equal to 1.25 epm of RSC is safe water for irrigation purpose whereas 

water having more than 2.5 epm of RSC is not suitable for irrigation purpose. 

3.6.2.5 Kelly’s Ratio (Kr)   
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Kelly, (1940) and paliwal, (1967) introduced an important parameter to evaluate irrigation 

water quality based on the level of Na measured against ca and mg. 

KR =                                                                                                  (3.19) 

Where all the ionic constituents are expressed in meq/l. waters with Kelly’s ratio <1 are 

suitable for irrigation.  

3.6.2.5 Pollution Index (P1) 

Mean concentration of PH, total alkalinity, total dissolved solids (TDS), total hardness, 

sulphate  and chloride in mg/l were used to determine the mean pollution index (PI) of the 

stream (table 10). This was done using the method in equation (33) below  

 

Where C = mean concentration of the constituent listed in table 10, L = WHO (2006) 

permissible levels. 

 Water sample with Pollution Index (PI) greater than 1 is regarded as being contaminated.  

3.6.3:   Qualitative Curve Description 



56 
 

Basically, the layer resistivity curve for the area ranges from four to eight-layer structure 

generally has one of four typical shapes, determined by the vertical sequences of the 

resistivity of the layers. Theoretically, these curves include: type K, type H, type A and type Q 

curves. 

1. 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 fig. 14a. 

 

Figure 13a: K-type curve 

2. H-type curve: the curve type H curve shows the opposite effect; 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. 14b.   

 

Figure 13b: H type curve   
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3. A-type curve: This curve type may show some changes of gradient but the apparent 

resistivity generally increases continuously with increasing electrode separation, indicating 

that the true resistivity increase with depth from layer to layer fig. 14c. 

 

Figure 13c: A-type curve 

4. Q-type curve: this curve type exhibits the opposite effect to A-type. It decreases 

continuously along with a progressive decrease of resistivity with depth fig. 14d.   

 

Figure 13d: Q-type curve 

3.6.4. Hydrogeochemical facies and classification  

3.6.4.1 Stiff Diagrams 

The Stiff diagrams are plotted for individual samples as a method of graphically comparing 

the concentration of selected anions and cations for several individual samples. The shape 
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formed by the Stiff diagrams will quickly identify samples that have similar compositions and 

are particularly useful when used as map symbols to show the geographic location of 

different water facies. 

A Stiff diagram, or Stiff pattern, is a graphical representation of chemical analyses, first 

developed by Stiff in (1951). It is widely used by hydrogeologists and geochemists to display 

the major ion composition of a water sample. A polygonal shape is created from four parallel 

horizontal axes extending on either side of a vertical zero axis. Cations are plotted in 

milliequivalents per liter on the left side of the zero axis, one to each horizontal axis, and 

anions are plotted on the right side. Stiff patterns are useful in making a rapid visual 

comparison between water from different sources.  

STIFF DIAGRAMS can be used: 1) to help visualize ionically related waters from which a flow 

path can be determined, or; 2) if the flow path is known, to show how the ionic composition 

of a water body changes over space and/or time. 

By standard convention, Stiff diagrams are created by plotting the equivalent concentration 

of the cations the left of the center axis and anions to the right. The points are connected to 

form the figure. When comparing Stiff diagrams between different waters it is important to 

prepare each diagram using the same ionic species, in the same order, on the same scale. 

Environmental laboratories typically report concentrations for anion and cation parameters 

using units of mass/volume, usually mg/L. In order to convert the mass concentration to an 

equivalent concentration the following mathematical relationship is used: 

Conversion of mg/l to meq/l 

(mass concentration) * (ionic charge) / (molecular weight) = (equivalent concentration)   

OR, 

Concentration of meq/l = concentration.mqll  

                                                  Equivalent mass                                                                     (3.21) 
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Where equivalent mass =atomic weight 

                                    Valency                                                                                      (3.22) 

 

   % EPM = x 100%                                                                                       (3.23)  

3.6.4.2   Piper Diagram 

This method was devised by Piper in (1944) to outline certain fundamental principles in a 

graphic procedure which appears to be an effective tool in separating analytical data for 

critical study with respect to sources of the dissolved constituents in water. The 

concentration of 8 major ions (Na+ ,K+, Mg2+, Ca2+, Cl-, CO32-, HCO3ˉ and SO42-) are represented 

on a trilinear diagram by grouping the K+ with Na+ and the CO32- with HCO3ˉ, thus reducing 

the number of parameters for plotting to 6. On the Piper diagram, the relative concentration 

of the cations and anions are plotted in the lower triangles, and the resulting two points are 

extended into the central field to represent the total ion concentrations. The degree of mixing 

between freshwater and saltwater can also be shown on the Piper diagram. 

The Piper diagram plots the major ions as percentages of milliequivalents in two base 

triangles. The total cations and the total anions are set equal to 100% and the data points in 

the two triangles are projected onto an adjacent grid. This plot reveals useful properties and 

relationships for large sample groups. The main purpose of the Piper diagram is to show 

clustering of data points to indicate samples that have similar compositions. 
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The Piper diagram can be used to plot all samples in the open database or selected sample 

groups. In addition, the symbols representing the sample values can be customized according 

to shape and color. Other options include individual multiplication factors for each selected 

ion to prevent data point accumulation along a base line. The highlighted sample points 

indicate samples that are selected in the database and are also highlighted on all other open 

graphical displays. 

3.6.4.3   Durov Diagrams  

The Durov diagram is an alternative to the Piper diagram. The Durov diagram plots the major 

ions as percentages of milliequivalents in two base triangles. The total cations and  the total 

anions are set equal to 100% and the data points in the two triangles are projected onto a 

square grid which lies perpendicular to the third axis in each triangle. This plot reveals useful 

properties and relationships for large sample groups. The main purpose of the Durov 

diagram is to show clustering of data points to indicate samples that have similar 

compositions. 

The Durov diagram can be used to plot all samples in the open database or selected sample 

groups. In addition, the symbols representing the sample values can be customized according 

to shape and color. Other options include individual multiplication factors for each selected 

ion to prevent data point accumulation along a base line. The highlighted sample points 

indicate samples that are selected in the database and are also highlighted on all other open 

graphical displays. 

3.6.4.4 Schoeller Diagrams  

These semi-logarithmic diagrams were developed to represent major ion analyses in meq/l 

and to demonstrate different hydrochemical water types on the same diagram. This type of 

graphical representation has the advantage that, unlike the trilinear diagrams, actual sample 

concentrations are displayed and compared. 
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The Schoeller diagram can be used to plot all samples in the open database or selected 

sample groups only. Up to 10 different parameters can be included along the x-axis and the 

symbols representing the sample points can be customized according to shape and color. The 

highlighted lines indicate specific samples that are selected in the database and are also 

highlighted on all other open graphical displays. 

 

CHAPTER FOUR   

RESULTS AND DISCUSSION 

4.0 Results Presentation 

4.1 Resistivity Results, Analysis and Discussion 

Quantitative interpretations of vertical electrical sounding data often lead to the generation 

of geoelectric layers. The information from these geoelectric layers enhances the 

identification and interpretation of layer parameters which includes aquifer depth, thickness, 

and frequency. Data from qualitative treatment of the twenty three (23) VES points, in Table 

5, were later subjected to computer assisted iterative interpretation using OFFIX 3.1 

software. This program was used to perform quantitative analysis and interpretation of the 

field curves. The software requires that the operator introduce the number, thickness, and 

resistivity of the subsurface layers. The theoretical curve for the initial input parameters is 

compared with the measured data. The starting model and its corresponding resistivity are 

transformed, refined or modified by the program to obtain a best fit relation to the field data. 

The iteration was performed until the fitting error between field data and synthetic model 

curve became least and constant. Thus, the software yields the number, thickness and 

resistivity of the various layers. Borehole (BH) data was used to minimize the choice of 

equivalent models, by fixing thicknesses and depths to certain levels and allowing adjustment 

of resistivity. The parameters such as apparent resistivity and half electrode spacing were 
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used as input data for the Computer modeling. Typical vertical electrical sounding curve 

types interpreted for the study area are shown in appendix I. 

The modeled interpretation from computer analysis revealed the presence of three to six geo-

electric layers and Nine (9) curve types for the study area, with the QH- curve type dominating 

the area, (See table 6 and appendix I), showing the number of times a curve-type occurs and 

their percentage in the study area. The shape of the geoelectric 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 because the shape of a VES curve depends on the number of layers in the 

subsurface, the thickness of each layer, and the ratio of the resistivity of the layers. The form of 

curves obtained by sounding over a horizontally stratified medium is a function of the 

resistivities and thicknesses of the layers as well as the electrode configuration (Zohdy, 1976).  
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Table 5: Summary of Results of Interpreted Layered Parameters of Study Area Geophysical Field Data  

S/N Location Longitud
e 

Latitu
de 

No Of  
Layer 

Curve Layer Resistivity( Ω-m) Thickness Of The t (meters) Depth Of Layers d(meters) 

           ρ1 ρ2 ρ3 ρ4 ρ5 ρ6 t1 t2 t3 t4 t5 d1 d2 d3 t4 d5 

1 Onyeada  4.5266 7.0446 4 QH  429 52.2 3.3 981.7     1.7 12.2 53.8     1.7 14.0 67.7     

2 Ikuru Town I 4.4754 7.4791 5 QQH  176.4 129.2 62.4 8.6 1172.4   2.1 2.4 35.8 59.1   2.1 4.5 40.3 99.5   

3 Ebuguma 4.5311 7.4415 4 QH 417.7 53.8 5.6 61.8     1.8 5.5 17.1     1.8 7.3 24.5     

4 Ataba 4.5237 7.3964 4 QH 194.0 110.7 5.9 1939.2     3.5 20.6 26.9     3.5 24.2 51.1     

5 Oprokuno Nkoro 4.54 7.4865 4 QH 98.1 53.6 199.2 67.2    3.2 3.4 53.4     3.2 6.6 60.2     

6 Nkoro I 4.54 7.4865 5 KHK 55 111.2 46.2 178.7 38.7   0.4 2.2 3.2 78.1   0.4 2.7 5.8 83.9   

7 Queen’s Town 4.5143 7.5205 4 QH 943.6 12.4 1.4 172.0     1.1 4.6 37.0     1.1 5.7 42.7     

8 Kalaibima 4.5273 7.5125 3 QQ 1660 151.8 15.1       1.0 18.7       1.0 19.5       

9 Minima Town  4.5145 7.4061 4 QH 90.3  9.9 1.8 50.8     1.3 5.0 66.0     0.4 2.7 5.8 839   

10 Opusunju 4.5131 7.5054 4 QH  80.3 5.6 1.7 61.7     1.6 6.8 61.9     1.6 3.4 70.3     

11 Opobo Town 1  4.5143 7.5265 5 HKH  593.4 8.6 18.7 1.2 1021.3   1.4 19.7 5.6 20.9   1.4 21.1 26.8 47.7   

12 Opobo Town II  4.5114 7.5428 4 QH 1567.9 30.4 1.0 62.0     0.8 3.1 44.9     0.8 4.0 48.8     
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13 Opobo Town III  4.5161 7.5382 4 QH 93.6 12.5 3.7 39.7     1.3 5.6 67.1     1.3 7.0 74.1     

14 Ekujiagu  4.8132 7.045 6 KHKH 69.5 281.5 19.1 266.2 32.5 3311 2.4 5.0 10.2 58.5 25.7 2.4 7.4 17.5 76.0 101.7 

15 Ogbakiri  4.8837 6.8699 4 AK 30.2  72.2 832.2 23.2     3.6 16.0 67.1     3.6 19.6 86.7     

16 Ibaka Town  4.7635 7.0957 4 KH 33.7 163.7 5.8 612.3     0.4 3.9 35.1     0.4 4.3 39.3     

17 P.H.  By UST  4.8035 7.9762 4 AK  31.6 3415 16047.6 6.3     1.1 0.8 4.8     1.1 1.9 6.7     

18 Borokiri .7504 7.0409 4 KH 121.0 752 75.1 19633.
9 

    0.5 1.1 19.6     0.5 1.6 21.3     

19 UPE Borokiri  4.7503 7.0408 5 KHK 63.7 197.4 11.9 285.6 2.1   0.2 2.9 4.1 12.8   0.2 3.1 7.3 20.1   

20 UST Agip P.H.  4.8034 6.9761 3 HK 105.7 3.8 138.6       6.1 142.8       6.1 148.9       

21 Abam Junction  
Okririka 

4.7635 7.0957 4 KH 65.4 190.9 21.9 13852.
7 

    1.4 7.6 12.2     1.4 9.0 21.1     

22 Ogbogbo  

4.7473 7.0839 

4 KH  69.4  250.1 20.6   18735.
8 

     2.1 5.4  11.4       2.
1 

 7.5 18.9      

23 

LNG PH. 4.7919 7.0112 4 HK 559.4 61.4 32129.6 324.3     1.0 1.6 17.9     1.0 2.6 20.4     
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Table 6: Summary of VES Curve  

CURVE TYPE Frequency PERCENTAGE 
KH 4 17.4 
AK 2 8.7 
HK 2 8 .7 
QQ 1 4.35 

QQH 1 4.35 
QH 9 39.1 

KHKH 1 4.35 
KHK 2 8.7 
HKH 1 4.35 
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Table 7: Aquifer Hydraulic Parameters Interpreted from the Geo-Electric Sections in the Study Area. 

VES NO Depth to water table 

(m) 

Aquifer Thickness  h 

(m) 

Aquifer  Resistivity Ωm Aquifer Conductivity  
Seimens 

Transverse Resistance (TR)  Ωm2 Longitudinal 

Conductance 

S 

Seimens metre 
1 67.7 53.8 981.7 0.00102 52815.46 0.05480 
2 4.5 2.4 129.2 0.00774 310.08 0.01858 
3 24.3 17.1 61.8 0.01618 1056.78 0.27670 
4 51.1 26.9 1939.3 0.00052 52167.17 0.01387 
5 60.2 53.4 199.2 0.00502 10637.28 0.26807 
6 83.9 78.1 178.7 0.00560 13956.47 0.43704 
7 42.7 37.0 172.0 0.05814 6364 0.21512 
8 19.5 18.7 151.8 0.00659 2838.66 0.12319 
9 72.3 66.0 50.8 0.01969 3352.8 1.2992 
10 70.3 61.9 61.7 0.01621 3819.23 1.00324 
11 47.7 20.9 1021.3 0.00098 21345.17 0.02046 
12 74.1 67.1 39.7 0.02519 2663.87 1.69018 
13 48.8 44.9 62.0 0.01613 2783.8 0.72419 
14 7.4 5.0 281.5 0.00355 1407.5 0.01776 
15 86.7 67.1 832.2 0.00120 55840.62 0.08063 
16 39.3 35.1 612.3 0.00163 21491.73 0.05732 
17 6.7 4.8 16047.6 0.0000623 77028.48 0.000299 
18 21.3 19.6 19633.9 0.000051 384824.44 0.00100 
19 20.1 12.8 285.6 0.00350 3655.68 0.04482 
20 6.1 6.1 105.7 0.00946 644,77 0.05771 
21 21.1 12.2 13852.7 0.000072 169002.94 0.0008807 
22 18.9 11.4 18735.8 0.000053 213588.12 0.00608 
23 20.4 17.9 321.29 0.00311 5751.091 0.05571 

 

4.1.1 Iso-Resistivity of the Study Area 

Based on the assumption that the effective depth of transmission of electric current in the 

ground is two third (2/3) of half the current electrode separation (AB/2), the iso-

resistivity at the sounding points across the study area were calculated (see Table 8 and 

fig. 21a-21n), of  AB/2 equal  10 m, 20 m, 30 m, 40 m, 60m, 100 m, 150 m, 200 m, 250 m, 

300 m, 350 m, 450 m, and 500 m, (6.7m, 13.4m, 20 m, 26.7m, 40 m, 67 m, 100 m,133.3 m, 

166.7 m, 200 m, 233.3 m, 266.7 m, 300 m and 333.3 m approximate depth probed) 

produced, appendix III. There were very low resistivity below the depth of 25 metres, 
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below the earth surface were the first aquifer system is suppose to be found from the 

geology of the study area. 

Table 8:  Iso-Resistivity Depth Probe of the study Area 

VES 
NO. 

LATITU
DE 

LONGI
TUDE 

AB/2 
= 10 

AB/2 
= 20 

AB/2 
= 40 

AB/
2 = 
60 

AB/
2 = 
80 

AB/2 
= 
100 

AB/2 
= 
150 

AB/
2 = 
200 

AB/
2 = 
250 

AB/
2 = 
300 

AB/
2 = 
350 

AB/
2 = 
400 

AB/
2 = 
450 

AB/
2 = 
500 

ELEV
ATIO
N 
(M) 

1 
4.5266 7.0446 56.5 40.5 10.5 6.2 8.2 15.3 12.2 

11.
5 

11.
8 

13.
4 

10.
4 

14.
2   9 

2 
4.4754 7.4791 

115.
6 70.5 55.4 45 

17.
5 11.2 13.5 

12.
7 

54.
3 

49.
6 

52.
5 

38.
6 

36.
5 

35.
6 3 

3 
4.5311 7.4415 42.5 23.5 20.4 7.2 7.3 11.5 21.1 14 

13.
6 

17.
6 

12.
6 

17.
8   5 

4 
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 Figure 14a: Iso–Resistivity map. AB/2=10 of the study area (approximately 6.7m depth). 

 

Figure 14b: Iso–Resistivity map. AB/2=20 of the study area (approximately 13.3 m 

depth). 
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Figure 14c: Iso–Resistivity map. AB/2=40 of the study area (approximately 26.7m 

depth). 

 

Figure 14d: Iso–Resistivity map. AB/2=60 of the study area (approximately 40.0m 

depth). 



70 
 

 

Figure 14e: Iso–Resistivity map. AB/2=80 of the study area (approximately 53.3m 

depth). 

 

Figure 14f: Iso–Resistivity map. AB/2=100 of the study area (approximately 66.7m 

depth). 
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Figure 14g: Iso–Resistivity map. AB/2=150 of the study area (approximately 100m 

depth). 

 

Figure 14h: Iso –Resistivity map. AB/2=200 of the study area (approximately 

133.3m depth). 
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Figure 14i: Iso –Resistivity map. AB/2=250 of the study area (approximately 

166.7m depth). 
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Figure 14j: Iso –Resistivity map. AB/2=300 of the study area (approximately 

200.0m depth). 

 

 

Figure 14k: Iso –Resistivity map. AB/2=350 of the study area (approximately 

233.3m depth). 
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Figure 14l: Iso –Resistivity map. AB/2=400 of the study area (approximately 

266.7m depth). 

 

Figure 14m: Iso –Resistivity map. AB/2=450 of the study area (approximately 

300.0m depth). 
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Figure 14n: Iso –Resistivity map. AB/2=500 of the study area (approximately 

333.3m depth). 

The surface geophysical survey method provides indirect evidence of subsurface 

formation, bearing in mind that the resistivity of rock formation is inversely proportional 

to its conductivity. It is also important to note here that both dry sand and dry clay show 

high resistivity values, but in different degrees, whereas saline and polluted layer show 

very low resistivity values. 

From the result of the vertical electrical sounding (VES) in this study, three to six layers 

were delineated in all the locations. The first top layer in all the locations maintained a 

resistivity, ranging from 30.2 Ωm-1660 Ωm which indicate a clean horizon compose of 

sandy clay which acts as seal to the percolation of leachate to the surface (see TSable 5). 

According to Abdel-Azim et al., (1997), they reveal that groundwater quality may be 

delineated in zones based on apparent resistivity, ρt value. The fresh water zone  (ρt ˃ 15 

Ωm), brackish zone (ρt 5-15 Ωm), and saline ground water zone (ρt <5 Ωm) and from the 
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geology of the study area,  generally, the water table is close to the surface, ranging from 

0.6 m to 1.2 m. Since coastal environment is made up of multiple aquifer system; the 

second and third layers in the study area have resistivity values ranging from 3.8-3415 

Ωm and 1.0-32129.6 Ωm respectively were the first aquifer system is supposed to be 

found; therefore it is polluted, considering low resistivity values of this layer. The fourth to 

fifth layers in the study area have resistivity value range of 1.2-19633 Ωm for the fourth 

layer and 2.1-1021.3 Ωm for the fifth layer, there is an abrupt increase is the resistivity 

values which are an indication that potable freshwater may be found, within this layers.   

Typical curve types characteristic of saline water intrusion zones were observed such as 

KH, AK, HK, QQ, QH, QQH, KHK, HKH, and KHKH (see Table 6). The curves were found to 

descend gently indicating conductivity.  

Aquifer Resistivity ranges from 39.7 Ωm to 19633.9 Ωm at VES 18 (Table 7 and fig. 16), 

with a mean value of 3786.8556 Ωm.  Aquifer Thickness ranges from 2.4 m to 78.1 m at 

VES 6 (Table 7 and fig. 17) with a mean value of 31.4 m. Static Water Level ranges from 

4.5m at VES 2 to 83.9 m at VES 6 (Table 7 and fig. 18), with a mean value of 37.456 m. 

Conductivity ranges from 0.000051 σ-1 to 0.02519 σ-1 at VES 12 (Table 7 and fig. 19), with 

a mean value of 0.007490532 σ-1. Transverse Resistivity ranges from 310.08Ωm2 at VES 2 

to 384824.44 Ωm2 at VES 18 (Table 7 and fig. 20), with a mean value of 57511.80964Ωm2. 

Transverse Conductivity ranges from 0.000299 σ-1m at VES 17 to 1.69018 σ-1m at VES 12 

(Table 7 and fig. 21), with a mean value of 0.331932348 σ-1m.  
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Figure 15: GIS map of aquifer resistivity distribution cross section of the study area. 
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Figure 16: GIS map of Aquifer thickness cross section of the study area. 

 

Figure 17: GIS map of static water level cross section of the study area. 
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Figure 18: GIS map of conductivity distribution cross section of the study area. 

 

Figure 19: GIS map of transverse resistivity distribution cross section of the study area.  
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Figure 20: GIS map of transverse conductivity distribution cross section of the study area.  

4.2 Geochemical Results, Analysis and Discussion 

Water samples were collected in clean polyethylene bottles from boreholes in the area of 

study. The samples were analyzed for different parameters as pH, electrical conductivity 

(EC), hardness, total dissolved solid (TDS), calcium (Ca2+), sodium (Na+), magnesium 

(Mg2+), potassium (K+), iron (Fe2+), bicarbonate (HCO-), chloride (Cl-) and sulphate (SO42-) 

by using standard techniques (WHO, 2006). 

Electrical Conductivity (EC) ranges from 11.42 μS/m at VES 15 to 1013.4 μS/m at VES 19 

(Table 9 and fig. 21, 36 and 37), with a mean value of 206.68 μS/m, some location is above 

the WHO 2006, standard for drinking water. Total Hardness ranges from 2.63 at VES 22 to 

550 at VES 19 (Table 9 and fig. 22, 40 and 41) with a mean value of 53.59. Total Dissolved 

Solid (TDS) ranges from 5.73 at VES 40 to 5006.5 at VES 16 (Table 9 and fig. 23, 42 and 

43), with a mean value of 27 9.37. Ph ranges from 4.69 at VES 20 to 8.5 at VES 9 (Table 9 

and fig. 24, 38 and 39) with a mean value of 6.6272, indicating that the study area is more 
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of acidity. Salinity ranges from  25.29 mg/l at VES 15 to 704.57 mg/l at VES 23 (Table 9 

and fig. 25, 44 and 45), with a mean value of 4494.71 mg/l. Chloride (Cl-) ranges from 

14mg/l at VES 15 to 390 mg/l at VES 23 (Table 9 and fig. 26, 46 and 47), with a mean 

value of 90.73 mg/l. Bicarbonate (HCO3-) ranges from 0.01mg/l at VES 23 to 88 mg/l at 

VES 2 (Table 9 and fig. 27, 52 and 53), with a mean value of 22.33 mg/l. Nitrate (NO3-) 

ranges from 0.0mg/l at VES 1 to 1.8mg/l at VES 5 (Table 9 and fig. 28, 50 and 51), with a 

mean value of 0.90 mg/l. Sulphate(SO42-) ranges from 0.78mg/l at VES 11 to 80.6 mg/l at 

VES 20 (Table 9 and fig. 29, 48 and49), with a mean value of 14.70 mg/l. Iron (Fe2+) ranges 

from 0.01 mg/l at VES 14 and 23 to 0.48mg/l at VES 4 (Table 9 and fig. 30, 54 and 55), 

with a mean value of 0.24 meg/l, some location is above the WHO 2006, standard for 

drinking water. Potassium (K+) ranges from 0.225mg/l at VES 17 to 2.06 at VES 2 (Table 9 

and fig. 31, 58 and 59), with a mean value of 0.899348 mg/l. Magnesium (Mg2+) ranges 

from 0.22 mg/l at VES 3 to 54.18 mg/l at VES 2 (Table 9 and fig. 32, 60 and 61), with a 

mean value of 8.126783mg/l. Calcium ranges from 0.61mg/l at VES 4 to 23.11 mg/l at VES 

2 (Table 9 and fig. 33, 56 and 57), with a mean value of 8.528 mg/l. Sodium ranges from 

0.23 mg/l at VES 3 to 24.23 mg/l at VES 2 (Table 9 and fig. 34, 62 and 63), with a mean 

value of 3.848783 mg/l. 

Table 9: Summary of groundwater physico-chemical parameters in parts of Rivers 

State 

BH 
NO 

LOCATIO
N 

LATITU
DE 

LONGI
TUDE EC 

HAR
DNE
SS TDS Ca2+ Na+ Mg2+

 K+ Fe HCO3
- Cl- SO4

2- NO3
- PH 

SALINIT
Y (mg/l) 

BH 1 
UNYEAD
A 4.5266 7.0446 270.1 21.4 110.2 19.6 15.6 52.3 1.57 0.48 64.2 95 11.6 0 

6.9
2 

171.62 

BH 2 
IKURU 
TOWN I 4.4754 7.4791 297.3 18.4 120.71 23.11 24.23 54.18 2.06 0.46 88 98.4 10.3 0.45 6.5 

177.61 

BH 3 
EBUGUM
A 4.5311 7.4415 280.51 12.1 31.7 11.31 0.23 0.22 1.95 0.25 67.41 

96.3
1 

10.3
2 0.4 7.1 

173.99 

BH 4 ATABA 4.5237 7.3964 247.6 11.2 90.71 0.61 4.5 4.53 1.08 0.32 64.5 87.4 3.4 1.4 
6.8
2 

157.90 

BH 5 

OPROKU
NO 
NKORO 4.54 7.4865 83.7 60 41.85 12.63 2.46 4.1 1.42 0.24 8.95 40 0.79 1.8 6.7 

72.26 
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High chloride concentrations in groundwater can be considered rather definite proof of 

saltwater contamination. From this study Chloride (Cl-) ranges from 14mg/l at VES 15 to 

390 mg/l at VES 23 (Table 9 and fig. 26, 46 and 47), with a mean value of 90.73 mg/l, 

which means water from the study area is contaminated.  

 

 

BH 6 NKORO II 4.5326 7.4961 84.6 62.4 42.64 10.45 2.425 3.865 1.63 0.26 8.46 42.5 0.81 1.64 6.9 76.78 
BH  
7 

QUEEN'S 
TOWN 4.5143 7.5205 94.3 

47.7
5 65.3 6.762 2.28 3.95 

0.77
8 

0.37
6 10.358 

71.7
5 0.92 1.42 7 

129.62 

BH 8 
KALAIBIA
MA 4.5273 7.5125 80.6 38.9 55.4 7.45 2.53 3.64 0.85 

0.26
5 8.56 60.3 0.91 1.34 8.5 

108.94 

BH 9 
MINIMA 
TOWN 4.5145 7.4061 92.5 45.5 63 6.62 3 3,9 0.76 0.37 0.34 

69.2
4 0.79 1.51 7.2 

125.09 

BH 
10 

OPUSUNJ
U 4.5131 7.5054 90.28 49 62.6 6.55 2.4 3.852 

0.75
5 0.37 10.35 71.5 0.82 1.39 

6.8
1 

129.17 

BH 
11 

OPOBO 
TOWN I 4.5143 7.5265 94.42 48 65.6 6.781 2.3 4 

0.78
1 0.38 10.361 72 0.78 1.58 

6.7
6 

130.08 

BH 
12 

OPOBO 
TOWN II 4.5161 7.5382 93.6 46.2 63.5 6.64 3.1 3.92 

0.76
3 

0.37
5 10.342 71 0.79 1.36 

6.7
9 

118.15 

BH 
13 

OPOBO 
TOWN III 4.5114 7.5428 88.5 41.5 59.3 6.84 2.26 3.65 0.7 036 9.83 65.4 0.81 1.7 

6.8
5 

128.27 

BH 
14 

OKUJAG
U P.H 4.8132 7.045 137.3 7 12.6 7.523 1.777 0.277 

0.40
1 0.01 20.713 48 9.7 

0.00
1 

5,8
3 

86.72 

BH 
15 

OGBAKIR
I JUNC. 4.8837 6.8699 11.42 134 5.73 7.66 2.16 2.12 0.63 0.16 10.82 14 3.42 0.02 6.8 

25.29 

BH 
16 

BAKA 
TOWN 4.7635 7.0957 12.6 5.71 120.4 4.01 6.81 1.71 0.73 

0.05
9 25.4 60.4 3.31 

0.00
2 6.4 

109.12 

BH 
17 

AGIP/UST 
FENCE 
P.H 4.8035 7.9762 700 3.86 36.7 6 2.249 8.75 

0.22
5 

0.01
5 21.46 

140.
6 75  5.3 

254.01 

BH 
18 

G.C.S.S. 
BOROKIR
I 4.7402 7.0349 140.5 4.67 35.8 7.56 2.03 2.2 

0.56
7 0.12 6.5 46.5 20.5  7.2 

84.01 

BH 
19 

UPE 
BOROKIR
I 4.7503 7.0408 1013.4 550 5006.5 8.23 2.32 2.111 

0.67
8 0.1 7.11 1705 

22.0
3  

7.1
1 

303.03 

BH 
20 

UST/AGIP 
P.H 4.8034 6.9761 750.6 4 40.54 5.34 1 8.721 0.44 0.05 12.712 

160.
3 80.6  

4.6
9 

289.60 

BH 
21 

ABAM 
JUN. 4.7635 7.0957 18.5 6.07 130.5 6.74 1.05 7.64 0.6 0.3 28.2 65.3 1.1 

0.00
1 6 

117.97 

BH 
22 

OGBOGB
O 
OKIRIKA 4.7473 7.0839 15.4 2.63 105.3 3.94 1.57 2.98 0.75 0.12 19.08 50.4 4.61 

0.00
3 6.3 

91.05 

BH 
23 LNG P.H 4.7919 7.0112 56 

12.3
S4 59 13.788 0.241 4.3 

0.56
7 0.01 0.01 390 

74.7
1  

6.0
1 

704.57 

 Max   1013.4 550 5006.5 23.11 24.23 54.18 2.06 0.48 88 390 80.6 1.8 8.5 704.57 
 Minimum   11.42 2.63 5.73 0.61 0.23 0.22 0.22

5 
0.01 0.01 14 0.78 0 4.6

9 
25.29 

 Average   206.68
39 

53.5
9261 

279.37
3 

8.528 3.8487
83 

8.1267
83 

0.89
9348 

0.23
6957 

22.333
3 

90.7
3043 

14.6
9652 

0.88
9833 

6.6
27
2 

4494.71 

 WHO 
2006 

  1400 <150 1500 200  150  0.3S  500 400  6.5
0-
9.0
0 
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4.2.1 Ionic Ratio and Irrigational Water 

For this study Na2+/ Cl- ranges from (0.000149- 5.97mg/l) while SO42-/Cl- ranges from 

(0.0020-0.534mg/l) see (Table 10). While in almost all the boreholes, the Cl-/HCO3- ratio 

is greater than two which indicates saltwater intrusion, except in BH1,2, 3, 4, and 15 

where the ratios are below 2.00 (see Table 10).  

Sodium absorption ratio SAR, of the study area ranges from (0.019-0.718 meg/l), see 

Table 10, while magnesium absorption ratio MAR, ranges from (2.090- 92.407meg/l), 

see Table 10, but for this study RSC ranges from (-4.215-0.655meg/l), see Table 10. 

Waters with Kelly’s ratio <1 are suitable for irrigation. But for this study KR, ranges from 

(0.017-0.869meg/l), see Table 10. Water sample with Pollution Index (PI) greater than 1 

is regarded as being contaminated. But for this study PI ranges from (0.566-8.39 meg/l), 

see Table 10. The water from the study area is suitable for irrigation but there should be 

constant monitoring of the increase in the salt water intrusion. 

TABLE 10: verification of sea- water contamination 

VES 

NO. 

Na+2/Cl- SO42-

/Cl- 

Cl-/HCO3 Ca2+/Mg2+ Na% SAR MAR RSC  KR PI 

1 2.56 0.122 1.48 0.375 11.997 0.4198 81.39 -4.215 0.1288 0.8104 

2 5.97 0.105 1.12 0.427 35.769 0.6299 79.32 -4.147 0.1884 0.7631 

3 0.000549 0.107 1.43 51.409 5.502 0.0185 3.0898 0.522 0.0171 0.8136 

4 0.232 0.0389 1.36 0.135 35.783 0.437 92.409 0.6552 0.4871 1.1100 

5 0.15 0.0020 4.47 3.081 12.871 0.1538 34.74 -0.821 0.1106 0.9180 

6 0.138 0.019 5.02 2.707 14.928 0.1627 37.75 -0.701 0.1256 1.3495 

7 0.072 0.0128 6.93 1.712 15.237 0.1723 48.92 -0.492 0.1498 1.1833 

8 0.106 0.015 7.04 2.047 16.438 0.1899 44.48 -0.531 0.1640 0.9870 

9 0.13 0.0114 203.65 1.697 4.052 0.0982 90.62 -3.522 0.0370 0.8549 
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10 0.0806 0.0115 6.91 1.700 16.037 0.1839 40.08 -0.474 0.1622 0.8173 

11 0.0735 0.0108 6.95 1.695 15.248 0.1732 49.16 -0.497 0.1499 0.8112 

12 0.147 0.0121 6.32 1.694 19.183 0.2359 49.18 -0.484 0.2063 0.8105 

13 0.0719 0.0114 7.22 1.874 15.324 0.1735 46.66 -0.480 0.1532 0.8124 

14 0.066 0.202 2.3 27.159 19.901 0.1729 5.691 -0.059 0.1936 0.6595 

15 0.333 0.244 1.29 3.613 19.400 0.1965 38.047 -0.279 0.2056 0.9145 

16 0.768 0.055 2.38 2.345 48.018 0.7175 41.144 0.076 0.8692 0.7316 

17 0.0360 0.534 6.54 0.686 9.277 0.1371 70.507 -0.665 0.0961 0.6255 

18 0.089 0.441 7.15 3.436 15.58 0.1670 32.297 -0.452 0.1581 0.8118 

19 0.032 0.129 23.98 3.899 16.785 0.1866 17.621 -0.468 0.1726 8.3895 

20 0.0062 0.502 12.63 0.612 5.212 0.0621 74.211 -0.773 0.0443 0.5656 

21 0.0169 0.0168 2.20 0.882 5.957 0.0658 65.012 -0.499 0.0474 0.6894 

22 0.0489 0.0915 2.64 1.322 16.477 0.1453 55.35 -0.129 0.1547 0.7152 

23 0.000149 0.0192 390.01 3.206 7.378 0.09457 23.448 -1.042 0.0655 1.1837 

 

 

Figure 21: GIS map of electrical conductivity distribution cross section of the study area. 
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Figure 22: GIS map of hardness distribution of the study area. 

 

Figure 23: GIS map of TDS distribution of the study area. 
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Figure 24:  GIS map of PH level cross section of the study area. 

 

Figure 25:  GIS map of salinity distribution cross section of the study area. 
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Figure 26: GIS map of chlorine distribution cross section of the study area. 

 

Figure 27: GIS map of hydrogen carbonate distribution cross section of the study area. 
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Figure 28: GIS map of NO3- distribution cross section of the study area. 

 

Figure 29: GIS map of sulphate distribution cross section of the study area. 
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Figure 30: GIS map of Iron distribution cross section of the study area. 

   

Figure 31: GIS map of potassium distribution cross section of the study area. 



90 
 

 

Figure 32: GIS map of magnesium distribution cross section of the study area. 

 

Figure 33: GIS map of calcium distribution of the study area. 
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Figure 34: GIS map of sodium distribution of the study area  

 

Figure 35: Electrical conductivity cross section of the study area. 
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Figure 36: Display of 3-D electrical conductivity cross section of the study area. 

 

Figure 37: PH cross section of the study area. 
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Figure 38: display of 3-D PH cross section of the study area. 

 

Figure 39: Total hardness cross section of the study area. 
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Figure 40: Display of 3-D Total hardness cross section of the study area. 

 

Figure 41: TDS cross section of the study area. 
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Figure 42: Display 3-D TDS cross section of the study area. 

 

Figure 43: Salinity cross section of the study area. 
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Figure 44: display of 3-D salinity cross section of the study area. 

 

Figure 45: Chlorine ion cross section of the study area. 
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Figure 46: display of 3-D chlorine ion cross section of the study area. 

 

Figure 47: Sulphate ion cross section of the study area. 
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Figure 48: display of 3-D sulphate ion cross section of the study area. 

 

Figure 49: Nitrate ion cross section of the study area. 
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Figure 50: display of 3-D Nitrate ion cross section of the study area. 

 

Figure 51: Bicarbonate ion cross section of the study area. 
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Figure 52: display of 3-D Bicarbonate ion cross section of the study area. 

 

Figure 53: Iron ion cross section of the study area. 
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Figure 54: display of 3-D Iron ion cross section of the study area. 

 

Figure 55: Calcium ion cross section of the study area. 
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Figure 56: display of 3-D Calcium ion cross section of the study area. 

 

Figure 57: Potassium ion cross section of the study area. 
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Figure 58: display of 3-D Potassium ion cross section of the study area. 

 

Figure 59:  Magnesium ion cross section of the study area. 
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Figure 60: display of 3-D Magnesium ion cross section of the study area. 

 

Figure 61: Sodium ion cross section of the study area. 
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Figure 62: display of 3-D Sodium ion cross section of the study area. 

4.2.2 Hydrogeochemical facies and classification 

The chemical composition of groundwater is primarily dependent on the geology 

as well as on the geochemical processes which take place within the groundwater 

system. The Piper trilinear diagram (Piper, 1944) has been used for the purpose of 

characterizing the water types present in the area (Table 11). Water types are 

often used in the characterization of waters as a diagnostic tool (Leybourne et al., 

1998; Pitkanen et al., 2002). In addition, Piper diagram also permits the cation and 

anion compositions of many samples to be represented on a single graph in which 

major groupings or trends in the data can be discerned visually (Freeze and Cherry, 

1979). Furthermore, it is used to assess the hydrogeochemical facies. A few 

conclusions can be inferred from the piper diagram of the collected samples 

(Figure 65, 71, 77, and 83). First, it shows that groundwater in the watershed is of 

the same type which evolve from surphate type. Secondly, large percentages of the 

samples fall within the Ca-SO4 category type. Thirdly, chloride is the dominant 
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anion found in the groundwater in the study area with the concentration ranging 

from 14mg/l  to 390 mg/l. 

High concentration of Cl- may be due to leaching of saline soil residues into the 

groundwater system, a typical characteristic of arid and semi-arid regions 

(Zaheeruddin and Khurshid, 2004). Finally, Piper plot shows that calcium with 

mean a value of 8.528 mg/l dominates the cationic components of the 

groundwater, although the sum of sodium and magnesium is higher that calcium. 

(Figure 65, 71, 77, and 83) illustrates the spatial distribution of different water 

types throughout the watershed and shows that Ca-SO4 type waters are mainly 

concentrated in the plain part of the study area. 

Figure 63: Cluster Map of the Study Area 
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Figure 64: Piper Diagram of Group A of the Study Area 
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Figure 65: Durov Diagram of Group A of the Study Area 
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Schoeller Diagram
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Figure 66: Schoeller diagram of group A of the study area 

Stiff Diagram (BH 14)
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Figure 67: Stiff diagram of BH 14 -group A of the study area  
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Stiff Diagram (BH 20)
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Figure 68: Stiff diagram of BH 20 -group A of the study area  

Stiff Diagram (BH 23)
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Figure 69: Stiff diagram of BH 23 -group A of the study area  
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Figure 70: Piper diagram of group B of the study area 
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Figure 71: Durov Diagram of Group B of the Study Area 
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Figure 72: Schoeller diagram of group B of the study are 

Stiff Diagram (BH 16)
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Figure 73: Stiff diagram of BH 16 -group B of the study area  
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Stiff Diagram (BH 18)
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Figure 74: Stiff diagram of BH 18 -group B of the study area  

Stiff Diagram (BH 19)
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Figure 75: Stiff diagram of BH 19 -group B of the study area  
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Figure 76: Piper Diagram of Group C of the Study Area 
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Figure 77: Durov Diagram of Group C of the Study Area 
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Figure 78: Schoeller diagram of group C of the study area 
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Stiff Diagram (BH 3)
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Figure 79: Stiff diagram of BH 3 -group C of the study area 

Stiff Diagram (BH 4)

Cations Anionsmeq/L

0.0 0.5 1.0 1.5 2.0 2.50.51.01.52.02.5

Mg SO4

Ca HCO3 + CO3

Na + K Cl  

Figure 80: Stiff diagram of BH 4 -group C of the study area 
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Stiff Diagram (BH 9)
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Figure 81: Stiff diagram of BH 9 -group C of the study area 
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Figure 82: Piper Diagram of Group D of the Study Area 
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Figure 83: Durov Diagram of Group D of the Study Area 
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Figure 84: Schoeller diagram of group D of the study area 
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Stiff Diagram (BH 5)
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Figure 85: Stiff diagram of BH 5 -group D of the study area 

Stiff Diagram (BH 6)
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Figure 86: Stiff diagram of BH 6 -group D of the study area 
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Stiff Diagram (BH 7)
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Figure 87: Stiff diagram of BH 7 -group D of the study area 
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Figure 88: Stiff diagram of BH 8 -group D of the study area 
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Stiff Diagram (BH 10)
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Figure 89: Stiff diagram of BH 10 -group D of the study area 
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Figure 90: Stiff diagram of BH 11-group D of the study area 
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Stiff Diagram (BH 12)
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Figure 91: Stiff diagram of BH 12-group D of the study area 

 

Stiff Diagram (BH 13)
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Figure 92: Stiff diagram of BH 13 -group D of the study area 
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Stiff Diagram (BH 21)
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Figure 93: stiff diagram of BH 21 -group D of the study area. 
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Figure 94: stiff diagram of BH 22 -group D of the study area.         
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Table 11: summary of hydrogeological facies of the study area  

 

CLUSTER  VES WATER TYPE SOURCE OF WATER 

A 14 CaNa+K-ClSO4 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage.  

20 MgCa-ClSO4 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

23 CaMg-ClSO4 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

B 16 Na+KCa-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

18 CaMg-ClSO4 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

19 CaMg-ClSO4 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

C 13 CaNa+K-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

4 MgNa+K-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

9 CaMg-ClSO4 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

D 5 CaMg-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

6 CaMg-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 
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ground water and mine drainage. 

7 CaMg-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

8 CaMg-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

10 CaMg-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

11 CaMg-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

12 CaMg-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

13 CaMg-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

21 CaMg-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

22 MgCa-ClHCO3+CO3 Ca-SO4 water: Typical of gypsum 

ground water and mine drainage. 

  

4.3 Correlation of Resistivity and Geochemical Data of the study areas 

The combination of hydrogeochemical and geophysical investigations can be very 

effective tools to detect contaminated zones, the contaminant migration in groundwater 

due to waste disposals, seawater intrusion, and oil field leakage and mine seepage 

(Warner, 1969; Bernstone and Dahlin, 1997; Barker and Moore 1998; Bisdorf and Lucius, 

1999; Abu- Zeid et al., 2004). 
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It is reported by many researchers (e.g. Cartwright and Sherman, 1972), that it possible to 

determine the correlation between the observed Earth Resistivity and the amount of total 

dissolved solid TDS, in the soil. For the purpose, of this research, we plotted TDS against 

Earth Resistivity ρa, (see appendix II) and the following empirical relationship was obtain  

TDS = 2944.58 ρa + 17.8572                                                                                   (4.10) 

At uncertainty: ρa 5%, TDS 5%, Confidence: r2 = 0.00435686 and χ2 probability = 

0.000000 

Where, TDS is the total dissolved solid in ppm, and   ρa is the Earth Resistivity. 

To ensure that the observed values are representative of saturated zone, the earth 

resistivity was measured at a half electrode spacing approximately 13m. The best-

fit straight line between TDS and earth resistivity was taken, despite great data 

scatter. 

Similar procedure were followed to plot salinity S, against TDS, (see appendix II), to 

obtain,  

S = 1.44627 TDS+ 23.7442                                                                                    (4.11) 

At uncertainty: TDS 5%, S 5%, Confidence: r2 = 0.0503544 and χ2 probability = 

0.000000 

While Aquifer Conductivity AC, is plotted against TDS (see appendix II), the 

following relation were produced,  

AC = 0.000362545 TDS – 0.00620892                                                                (4.12) 

At uncertainty: TDS 5%, AC 5%, Confidence: r2 = 0.0107389 and χ2 probability = 

0.000000 
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Plot of Electrical Conductivity EC, against TDS, (see appendix II), produced the 

relation,  

EC = 0.531748 TDS+ 0.595014                                                                              (4.13) 

At uncertainty: TDS 5%, EC 5%, Confidence: r2 = 0.44322 and χ2 probability = 

0.000000 

Plot of Aquifer Conductivity AC, against Electrical Conductivity EC, (see appendix 

II), produced the relation,  

AC = 0.000120894 EC – 0.00165812                                                                    (4.14) 

At uncertainty: EC 5%, AC 5%, Confidence: r2 = 0.0235888 and χ2 probability = 

0.000000 

Plot of Aquifer Conductivity AC, against Salinity S, (see appendix II), produced the 

relation,  

AC = 0.000181323 S – 0.0120726                                                                          (4.15) 

At uncertainty: S 5%, AC 5%., Confidence: r2 = 0.0168193 and  χ2 probability = 

0.000000 

Plot of Electrical Conductivity EC, against Salinity S, (see appendix II), produced the 

relation,  

EC = 2.02882 S – 76.6647                                                                                        (4.16) 

At uncertainty: S 5%, EC 5%, Confidence: r2 = 0.119777 and   χ2 probability = 

0.000000 
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4.4 Discussion of Results   

The electrical resistivity method was applied in this study due to its efficiency in detecting 

the slightest changes in pore water conductivity, which denotes the freshwater-saltwater 

interface in coastal regions. The result of the geophysical survey reveals that the top 

subsurface aquifers are rich in saline content, which was indicated by the low resistivity 

values and it can be attributed to infiltration from various anthropogenic sources into the 

water table, which agreed with some findings, that saltwater intrusion, can be due to 

pollution from various anthropogenic sources including sewage and industrial effluents, 

oil- and gas-field brines, brought to the land surface during exploration and production, 

road de-icing salts, and return flows of irrigation water are some of the sources of salt 

water, that can affect coastal ground-water quality (Krieger et al., 1957, Feth et al., 1965, 

Task Committee on Saltwater Intrusion, 1969, Custodio, 1997; Richter et al., 1993; Jones 

et al., 1999).  

Chemical analyses helped to set some criteria in order to check the variability and extent 

in aquifer water quality due to sea water intrusion. An increase in chloride (Cl-) content 

indicated sea water intrusion. However, the variations in the concentration of other ions 

were frequently ignored due to their modification resulting from the interaction with 

aquifer minerals (Mercado, 1985). The level of Chloride in the water averages 90.73 mg/l 

with a minimum value of 14 mg/l and a maximum of 390 mg/l. except at BH15, where the 

concentration of Chlorine is below 40mg/l. In other boreholes (locations), chlorine 

concentration is above 40 mg/l which shows salt water encroachment (table10). 

According to Tremblay et al., (1973), chloride content up to 40 mg/l in water indicates salt 

water contamination. Harris, (1967) stated that Cl contents in water in excess of 50 mg L-1 

indicate salt water contamination. Chloride moves through aquifers at nearly the same 
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rate as the intruding water (Hem, 1985), and where no other source of saline 

contamination exists, high chloride concentrations in groundwater can be considered 

rather definite proof of saltwater contamination.  

Ionic ratios are good hydrochemical markers to identify the salinity source, Na2+/Cl - ratio, 

0.85–1 and SO42-/Cl- <0.05 indicate seawater intrusion (Vengosh and Ben- Zvi, 1994; 

Howard and Mullings, 1996; Vengosh et al., 1999), for this study Na2+/Cl- ranges from 

(0.000149- 5.97 mg/l) while SO42-/Cl- ranges from (0.0020-0.534 mg/l) see (Table 10). 

According to Revelle, (1941), the criterion for the identification of seawater in 

groundwater is the ratio of Cl- and bicarbonate quantities in groundwater. It is stated as 

ratio of Cl- to HCO3- being greater than 2(Cl- /HCO3- >2) (Table 10). From the study almost 

all the boreholes, the Cl-/HCO3- ratio is greater than two which indicates saltwater 

intrusion, except in BH1, 2, 3, 4, and 15 where the ratios are below 2.00 (see Table 9). This 

problem had earlier been identified in other parts of Rivers State by Udom et al., (1999), 

Ngerebara & Nwankwoala, (2008), Nwankwoala et al., (2008), Nwankwoala and Udom, 

(2011).  

From the graphical method of geochemical analysis (piper, stiff, schoeller, dorvour 

diagrams), the dominate water type is CaMg-ClHCO3 water type (see table 11).  

Classification of the study area hydrogeochemical facies using piper and stiff, diagram 

revealed that the area is of Ca-SO4 waters; typical of gypsum groundwaters and mine 

drainage, which is a clear revelation of the kind of activities going on, in the study area.  
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion  

Integrated, geophysical survey and geochemical analysis methods were employed to 

assess the subsurface geologic formations, aquifer geometry and seawater intrusion, if any 

in the area. Salt water contamination is a common groundwater pollution problem in most 

coastal areas of the world, particularly where there is over abstraction of groundwater 

from the hinterland, causing the saltwater freshwater interface to move inland. 

Electrical resistivity method was adopted in investigating the intrusion of saltwater into 

groundwater in the study Area. The low resistivity is a characteristic of saltwater intrusion 

which is caused by the reduction of groundwater gradients that allows saline water to 

displace fresh water in the aquifer. This intrusion of saltwater from the coastal region 

gives room to high corrosive groundwater. The lowering of resistivity was due to the 

encroachment of seawater in to the freshwater zones. 

As resistivity is a fundamental electrical property of rock material closely related to their 

lithology, the determination of the subsurface distribution of resistivity from 

measurements on the surface can yield useful information on the structure or composition 

of buried formation.  

The fact that the aquiferous materials in the study area are highly permeable and 

relatively shallow and unconfined, suggests that the groundwater has a high propensity of 

being contaminated over large area once the aquifer receives a load of contaminant dose 

from any surface source. 

Major ionic compositions effectively indicated effects of the seawater intrusion and 

particularly Chloride concentrations are the simplest indicators for assessment of 
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salinization process, the level of chlorine concentration in the study area is above 

40mg/l and the Cl- /HCO3- ratio greater than two, shows salt water encroachment 

(table 5 and 6).  

The type of water that predominates in the study area is CaMg-ClHCO3 water type 

(see table 11). The area is of Ca-SO4 waters; typical of gypsum groundwaters and 

mine drainage, which is a clear revelation of the kind of activities going on, in the 

study area. TDS and other major ions are within the specified limit for irrigation 

purpose. Important parameters such as RSC, SAR, MAR, PI and KR, reveal good 

quality water for irrigation purposes. The water from the study area is suitable for 

irrigation but there should be constant monitoring of the increase in the salt water 

intrusion. 

 In this study, value of chloride concentrations are found to be very high indicated that the 

saltwater intrusion is due to in situ salinity of groundwater in the marine clays rather than 

lateral movement of sea water. 

This observation via geochemical analysis of the groundwater samples agreed with 

the findings of geophysical survey, which indicated saline intrusion in the geo-

electric section. Various anthropogenic sources brought to the land surface during 

exploration and production and excessive withdrawal of fresh groundwater 

through numerous boreholes has grossly disturbed the hydrodynamic equilibrium 

in the aquifer and has caused a reduction of groundwater gradients thereby 

causing saltwater intrusion. The synergy in correlating geophysical survey with 

geochemical investigation has been successfully demonstrated in this study.  

By combining the geophysical data, hydrogeological data and salinity data, useful 

empirical relationships have been obtained between Earth Resistivity, TDS, salinity, 
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Electrical Conductivity, Aquifer Conductivity AC. Earth Resistivity and the amount 

of total dissolved solid TDS, salinity S, against TDS, TDS against Earth Resistivity ρa, 

Electrical Conductivity EC, against Salinity S, Aquifer Conductivity AC, against 

Salinity S, Electrical Conductivity EC, against TDS, Aquifer Conductivity AC, is 

plotted against TDS, salinity S, against TDS. 

The relationship between earth resistivity, and TDS, together with the apparent 

resistivity depth and geoelectric longitudinal section is very useful in predicting the 

average TDS concentration at any depth at any sounding.   

The cross plots, (appendix II) reveals that the earth resistivity is strongly affected 

by salinity and hence provides a reaffirmation of the basis for applying resistivity 

and geochemical methods to study ground- water contamination. 

The results from the study shows that there is saltwater intrusion in the study area 

considering the low resistivity value in the study area and the concentration of chlorine 

(which is a major component of saltwater), is greater than 40mg/l for all the study area. 

5.2 Recommendations  

Seawater intrusion is a natural phenomenon in coastal aquifers. Whether we like it or not, 

it occurs. Ways in which this happens have been examined. However, it becomes 

problematic when man withdraws water close to coastal areas and disposes pollutant to 

their surroundings. So in attempting to minimize the problem, monitoring its expansion 

and retreat, a geophysical approach has been proposed.  

 Monitoring should be carried out based on the proposed monitoring scheme 

periodically on all the industries. This will guide the formulation of strategies to 

prevent or minimize salt water intrusion for the area. 
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 There should be a deeper drilling of wells to avoid contamination from industrial 

and domestic wastes being disposed in the study area. 

  Water quality analysis should be carried out to ensure water meet WHO standard. 

 Regular monitoring of groundwater level and water quality for compliance, within 

the study area is recommended. 

 Tapping of shallow aquifers for domestic purposes should stop due to their 

vulnerability to pollution. Subsequent boreholes/hand-dug wells should tap water 

from deeper aquifer that are less prone to contamination. 

5.3 Contribution to Knowledge  

 I was able to use resistivity and geochemical data (method) to establish a 

modeled relationship between earth resistivity and saltwater (TDS, EC and 

Salinity).  

 I have successfully used vertical electrical sounding (VES) and geochemical 

method to effectively delineate saltwater intrusion zone in the study area. 
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APPENDIX I 

COMPUTER MODELED VES CURVES 

 

 
Figure 95: BH 1 ONYEADA 
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Figure 96: BH 2 IKURU TOWN I 

 

Figure 97: BH 3 EBUGUMA 



154 
 

Figure 98: BH 4 ATABA 

 

Figure 99: BH 5 OPROKUNO NKORO 
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Figure 100: BH 6 NKORO II 

Figure 101: BH 7 QUEEN'S TOWN 
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Figure 102: BH 8 KALAIBIAMA 

 

Figure 103: BH 9 MINIMA TOWN 
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Figure 104: BH 10 OPUSUNJU 

Figure 105: BH 11 OPOBO TOWN I 
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Figure 106: BH 12 OPOBO TOWN II 

 

Figure 107: BH 13 OPOBO TOWN III 
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Figure 108: BH 14 OKUJAGU P.H 

 

Figure 109: BH 15 OGBAKIRI JUNC. 
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Figure 110: BH 16 BAKA TOWN 

  

Figure 111: BH 17 AGIP/UST FENCE P.H 
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Figure 112: BH 18 G.C.S.S. BOROKIRI 

 

Figure 113: BH 19 UPE BOROKIRI 

 

 



162 
 

Figure 114: BH 20 UST/AGIP P.H 

 

 

Figure 115: BH 21 ABAM JUN. 
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Figure 116: BH 22 OGBOGBO OKIRIKA 

 

 

Figure 117: BH 23 LNG P.H 
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                                                        APENDIX II  

CROSS PLOT BETWEEN RESISTIVITY AND GEOCHEMICAL PARAMETERS  

 

 

  
Figure 118 Cross Plot between TDS and Resistivity 
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Figure 119 Cross Plot between Salinity and TDS 

 

Figure 120 Cross Plot between Aquifer Conductivity and TDS 
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Figure121 Cross Plot between Electrical Conductivity and TDS 

 
Figure 122 Cross Plot between Aquifer Conductivity and Electrical Conductivity 
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Figure 123 Cross Plot between Aquifer Conductivity and Salinity 

 
Figure 124 Cross Plot between Electrical Conductivity and Salinity 
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APENDIX III 

ISO–RESISTIVITY MAP OF THE STUDY AREA 

 

Figure 125:  Iso–resistivity Map, of AB/2=10 of the study area. 

  

Figure 126: Display of 3-D Iso–resistivity Map, of AB/2=10 of the study area. 
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Figure 127:  Iso–resistivity Map, of AB/2=20 of the study area. 

 

Figure 128: Display of 3-D Iso–resistivity Map, of AB/2=20 of the study area. 

 

Figure 129:  Iso–resistivity Map, of AB/2=40 of the study area. 
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Figure 130: Display of 3-D Iso–resistivity Map, of AB/2=40 of the study area. 

 

Figure 131:  Iso–resistivity Map, of AB/2=60 of the study area. 

 

Figure 132: Display of 3-D Iso–resistivity Map, of AB/2=60 of the study area. 



171 
 

 

Figure 133:  Iso–resistivity Map, of AB/2=80 of the study area. 

 

Figure 134: Display of 3-D Iso–resistivity Map, of AB/2=80 of the study area. 

 

Figure 135:  Iso–resistivity Map, of AB/2=100 of the study area. 
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Figure 136: Display of 3-D Iso–resistivity Map, of AB/2=100 of the study area. 

 

Figure 137:  Iso–resistivity Map, of AB/2=150 of the study area. 

 

Figure 138: Display of 3-D Iso–resistivity Map, of AB/2=150 of the study area. 
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Figure 139:  Iso–resistivity Map, of AB/2=200 of the study area. 

 

Figure 140: Display of 3-D Iso–resistivity Map, of AB/2=200 of the study area. 

 

Figure 141:  Iso–resistivity Map, of AB/2=250 of the study area. 
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Figure 142: Display of 3-D Iso–resistivity Map, of AB/2=250 of the study area. 

 

Figure 143:  Iso–resistivity Map, of AB/2=300 of the study area. 

 

Figure 144: Display of 3-D Iso–resistivity Map, of AB/2=300 of the study area. 
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Figure 145:  Iso–resistivity Map, of AB/2=350 of the study area. 

 

Figure 146: Display of 3-D Iso–resistivity Map, of AB/2=350 of the study area. 

 

Figure 147:  Iso–resistivity Map, of AB/2=400 of the study area. 
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Figure 148: Display of 3-D Iso–resistivity Map, of AB/2=400 of the study area. 
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